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Preface 
On May 23-26, 2017 JINR hosted the 25th International Seminar on Interaction of 

Neutrons with Nuclei: Fundamental Interactions & Neutrons, Nuclear Structure, Ultracold 
Neutrons, Related Topics (ISINN-25), dedicated to the 60th anniversary of the Frank Laboratory 
of Neutron Physics (FLNP). The Seminar is conducted by FLNP annually and attracts 
experienced and young scientists from JINR laboratories and many countries. About 130 
physicists from JINR and the leading neutron centers and universities of Belarus, Belgium, 
Bulgaria, Canada, China, Estonia, Egypt, France, Germany, Georgia, India, Iran, Poland, 
Romania, Serbia, Slovakia, South Africa, Turkey, USA, and Russia attended ISINN-25. 

· The Seminar program traditionally includes reports on new results obtained in the field of 
fundamental interactions and physics of ultracold neutrons (UCN), nuclear fission, nuclear 
analytical methods in biology and ecology, nuclear reactions with fast neutrons, the structure and 
decay of excited nuclei, methodological aspects of experiments with neutrons, subcritical systems 
controlled by accelerators. This year the program was supplemented by a number of review 
reports related to the FLNP Jubilee and to the 25th anniversary of the Seminar. In just four days 
66 oral and more than 40 poster presentations were presented (for more details, see 
http://isinn.jinr.ru/past-isinns/isinn-25/program.html). 

The first plenary session was opened with a review-report by P. Geltenbort (ILL) on the 
.history of cooperation between ILL (Grenoble) and FLNP JINR, as well as the role of ISINN 
annual seminars in this cooperation. The reporter participated in these meetings more than 20 
times and is the co-author of many joint works carried out by the FLNP and other Russian 
institutes at ILL. World-class results, such as the extremely precise measurement of the lifetime of 
a free neutron, the discovery of quantum neutron states in the Earth's gravitational field and the 
effect of small UCN heating, the measurement of parity violation effects in the interaction of 
thermal polarized neutrons with light nuclei at a record low (I o·8) level of accuracy, are the 
subject of legitimate pride of cooperating institutes. 

A report by A. Frank (FLNP JINR) reviewed the results of many years of research on the 
quantum optics of UCN performed in the JINR-ILL collaboration. The results of experiments on 
precision verification of the dispersion law for neutron waves in media, on nonstationary 
diffraction by moving gratings, and on the propagation of neutron waves in accelerated media 
were considered. The obtained fundamental results have received the deserved world recognition 
and, that is especially important, are a basis and stimulus for the further researches. As new 
experimental results in the field the study of the diffraction of cold neutrons on surface acoustic 
waves (SA Ws) were presented by G. Kulin (FLNP JINR). They showed that with the use of 
standing SA Ws, the applicability of the theory of the effective potential in the case of giant 
acceleration of the medium can be verified. S. Doege (ILL) reported the results of the first direct 
studies of the growth of hydrogen and deuterium crystals used in promising sources of UCN. A 
keen interest was generated by the report given by V. Nesvizhevsky (ILL), on estimations of the 
inelastic interaction of neutrons with nanostructured media at low energies and temperatures. 

New important information on parameters of weak nucleon-nucleon interaction, which 
was obtained from a very precise study of the P-odd asymmetry of a-particle emission in the 
reaction 10B(n,u)7Li measured with intensive polarized thermal neutron beam of the ILL high flux 
reactor, was reported by P. Sedyshev (FLNP JINR). 

In the session devoted to study of fast-neutron induced reactions, N. Fedorov (FLNP JINR 
and Lomonosov MSU) and D. Grozdanov (FLNP JINR) presented the first results obtained by 
TANGRA collaboration with tagged 14 MeV neutrons in inelastic scattering on light nuclei. The 
results demonstrate an effectiveness of tagged neutrons for study of different nuclear reactions. 

The investigation of structure and properties of excited nuclei by slow neutrons is a 
tradition topic of the Seminar. As usually, new results were reNorted by Dubna-Hanoi 
collaboration on study of (n,2y)-reaction. New measurements of 71 Yb(nth,2y)-reaction and 
respective data analysis were presented. The modified approach to study of the phase transitions 
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of the superfluidity-Fermi gas in the excitation spectra of heavy nuclei was presented by Vu o) 
Cong (FLNP JINR). D. Khlyustin (INR RAS) reported on the creation and characteristics ofthel 
INES facility on the base of the Moscow meson factory. l 

The traditional for ISINNs and very popular among the JINR member-states topic -: 
"Nuclear analytical methods in the life and material sciences", was presented by some plenaryi 
talks. The coordinator of the United Nations Program on Air Pollution Research in Europe M. \ 
Frontasieva (FLNP JINR) reported on the results of an extensive study of atmosphericl 
precipitation by heavy metals and other toxic elements in the last 25 years. A striking impression\ 
was made by review talk of I. Zinicovscaia (FLNP JINR) devoted to recent results in! 
bionanotechnology, conducted jointly by biophysicists from Moldova, Georgia and Russia at the 1 
IBR-2 reactor. Many interesting reports were done in parallel sessions by young scientistsl 
working in the field. Among them the talk by M. Gustova (FLNR JINR) on the study of cosmic! 
dust in the meteor shower of the comet ISON caused a lively discussion. i 

The methodical aspects of experiment with neutrons were presented in many original; 
talks. Sh. Zeinalov (FLNP JINR) reported on an important improvement in the positional-I 
sensitive method of detecting nuclear fission fragments in combination with the registration ofl 
prompt fission neutrons. In a series of reports by colleagues from the Iranian Institute of Nuclear\ 
and Technological Studies E. Bavmgin and Z. Gholamzadeh, an overview of the methodologicall 
possibilities of applied research at the Tehran Research Reactor was done. D. Wang (XJTU, l 
Xi'an) and J. Zhang (NWINT, Xi'an) presented an original proton imaging systems for the/ 
magnetic proton recoil neutron spectrometer. \ 

The last day of the Seminar was entirely devoted to discussing various aspects of nuclear l 
fission. In the reports of I. Guseva (NRC KI PNPI) and A. Gook (JRC, Gel), the experimental ! 
study of so-called ROT and TRI effects in binary and ternary fission induced by polarized thermal ( 
neutrons were described. Yu. Kopatch (FLNP JINR) told about a first measurement with a hot' 
beam of polarized neutrons provided by the reactor in Munich. The experiment was aimed at 
investigation of the same effects in the lowest neutron resonance of 235U, which, with increasing 
experimental statistics, can significantly improve our understanding of the nuclear fission nature. 
S. Kadmensky (VSU, Voronezh) presented one of the quantum-mechanical approaches to the 
description of ROT and TRI effects. 

A. Vorobiev (NRC KI PNPI) reported on the precise study of angular and energy 
distributions of the prompt fission neutrons from thermal neutron-induced fission of 239Pu. In A. 
Gagarsky's (NRC Kl PNPI) talk the new measurements of the angular anisotropy of fission 
fragments from fission of lead and plutonium, caused by neutrons with energies up to 200 MeV, 
were discussed. The mechanisms of formation of angular distributions and high spins of fission 
fragments were considered in the second talk ofS. Kadmensky (VSU). 

D. Gremyachkin and K. Mitrofanov from IPPE, Obninsk presented very interesting results 
on study of delayed neutrons from fission of 241 Am and 235U induced by thermal and fast neutrons. 

The Seminar program was concluded by the reports ofD. Kamanin (FLNR JINR) and Yu. 
Pyatkov (MEPhl), devoted to the situation with the study of exotic fission mode, the so-called 
collinear cluster decay. A comparison was done between the results of recent measurements 
carried out in ILL, France and the data of previous experiments performed in Dubna. The 
conclusion was made about the need for new measurements to resolve the inconsistencies 
between these results. 

The success of the Seminar showed that its format is useful not only for presenting the 
results obtained, but also for discussing the ongoing work and the creation of new working 
collaborations. 

ISINN-25 Co-chairmen 
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THE PROBLEM OF THE REACTOR ANTINEUTRINO SPECTRUM ERRORS AND 
PROPOSED SOLUTION IN THE SCHEME WITH REGULATED SPECTRUM 

V. I. Lyashuk 

Institute for Nuclear Research, Russian Academy of Sciences, Moscow, Russia 
National Research Center "Kurchatov Institute", Moscow, Russia 

.. Abstract: The investigation devoted to development and research of performance for 
novel type of Ve -source which ensures: 1) ha;d antineutrino flux which significantly larger 

th~n reactor ve -flux; 2) rate of antineutrino detector counts> 103 per day. 
The proposed scheme is based on 7Li (n,y)8Li activation near the reactor active zone 

(AZ) and transport of the fast P"-decaying 8Li (T 112(
8Li) = 0.84 s) toward a remote neutrino 

detector and back in the closed loop to AZ for the next (n,y)-activation of lithium in the 
continuous cycle. Ve-spectrum of 8Li is well known and hard: mean energy - 6.5 MeV; it's 

maximum - up to 13 MeV. For the neutrino investigations the source of such combined hard 
ve:spectrum (from 8Li and P"-decays of fission products in AZ) has the serious advantages 

compare to nuclear reactors Ve -spectrum because the neutrino interaction cross section 

depends on the energy as cr- E~. For increasing of hard lithium antineutrinos part in the total 

spe.ctrum a being pumped reservoir is installed near the ve -detector. Such an installation will 

~nsure not only harder Ve -spectrum in the detector volume but also an opportunity to register 

Ve -interaction at different summary spectrum hardness varying smoothly (without stop of the 

experiment) a rate of 8Li (or it's chemical compound) pumping in the closed loop. 
The proposed installation with combined ve -spectrum can ensure hard antineutrino flux 

(in the detector position) significantly higher compare to reactor one. The rate of neutrino 
detector counts in such hard flux can be increased strongly (from times to order and more) 
compare to counts from reactor ve -flux part. High count rate allows to use compact detectors 

with volume about - m3
• The calculation confirmed that count errors in such combined v0 -

spectrum can be decreased in two times and more compare to errors in reactor Ve -spectrum. 

1. INTRODUCTION. ANTINEUTRINO SPECTRUM FROM 8LI AND REACTOR 
ACTIVE ZONE. GENERALIZED HARDNESS OF THE TOTAL NEUTRINO 

SPECTRUM (FROM ACTIVE ZONE PLUS FROM 8LI) 

The results in registration, accumulation and understanding of neutrino data in many cases 
aie determined by characteristics of the neutrino source, such as neutrino flux and spectrum. 
First of all the main problems of neutrino detection are associated with extremely small cross 
sections of these reactions. What is why a high neutrino flux is determining requirement for 
obtaining of reliable results. Today the maximal intensive neutrino flux is ensured by nuclear 
reactors - the most widely and traditionally used ve -sources. 

In spite of the apparent superiority on neutrino flux the nuclear reactors has a 
disadvantage: too-small hardness of ve -spectrum. This character is extremely negative as the 
probability of registration strongly depends on neutrino energy. For the considered here 
reactor antineutrino energy the neutrino cross section is proportional to it's energy squared -

av- E~. Antineutrinos ve emitted at p- -decay of fission fragments in a nuclear reactor have 
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rapidly decreasing spectrum and energy Ev~ 10 MeV (i.e., them spectrum is too-small). 
The disadvantage of rapidly dropping spectrum can be filled having realized the idea [l] 

to use a high-purified isotope 7Li for construction of lithium blanket (also called as converter) 
around the active zone of a reactor [2]. A short-lived isotope 8Li (T½ = 0.84 s) is created under 

flux of reactor neutrons in the reaction 7Li(n;y)8Li and at p- -decay it emits hard antineutrinos 

of a well determined spectrum with the maximum energy E?"' =13.0 MeV and mean value 

£;;=6.5MeV. 
The neutrino spectrum from 235U (as the main fuel component) is presented in the Fig. 1 

in comparison with 8Li neutrino spectrum [3,4]. The advantages of hard v,-spectrum of 8Li is 
clear visible on the example of sharp rise for cross section of inverse beta decay reaction 

(ve+p-rn+el-> (see Fig.I). 

~ 
iu 

1.5 ,........,,........,---,---,---,---.--,---,---,--,--,--,--, J 2 

11 5 F' I S if . . fi 13· JO': ig. . pectrum o antmeutrmos rom -
9 1, decay of 8Li [4] (see left axis) and fission 
8 ; fragments of 235U [3] (left axis). Cross 
7 g section of ( ii e, p )- reaction is given on the 
6 ·-
5 j rightaxis[5]. 

0.5 4 i:l 
3 8 So, this blanket will act as a converter 

of reactor neutrons to antineutrinos. In fact 
the such construction of the blanket around 
the active zone (as a neutron source) is the 
most simple scheme of lithium antineutrino 
source. We can call this type of the 

0 

0 1 '' i---CI 2~ 0 ::b-1 I , J •> ,, io .._, 
2 4 6 8 JO 12 

Ev,, MeV 

Ye source as steady spectrum source [2, 6-8]. As a result the total v,-spectrum from the active 

zone of a reactor and from decays of 8Li isotope becomes considerably harder in comparison 
with the pure reactor neutrino spectrum. Note that reactor antineutrino spectrum is specified 
also with another problem as instabilitl in time due to dependence of partial spectra from 
nuclear fuel composition (235U, 239Pu, 23 U, 241Pu) which vary in time in operation period. The 
distribution of the total reactor Ye -spectrum is known with significant errors which strongly 
rise at the energy above - (5-6) MeV [9,6]. 

Let us define the productivity factor of the blanket k ( or possible to call k as coefficient ' 
of blanket efficiency) as number of 8Li nuclei produced in the lithium blanket per one fission 
in the active zone. It is clear that the hardness of the total spectrum will more larger as 
productivity factor k will be more higher. An illustration of the resulting total spectrum in 
case of rising productivity factor is given in the Fig. 2. 

For our purpose (creation of the neutrino source of significantly larger hardness than 
possible to obtain by above mentioned simple scheme) let us introduce the definition of the 
generalized hardness for total neutrino spectrum [10,11]. Let Fu(i') and F Az(r) - densities of 
lithium antineutrinos flux from the blanket and antineutrino flux from the active zone, 
nv = 6.14 - number of reactor antineutrinos emitted per one fission in the active zone. We 

admit that the hardness of the summary Ye - spectrum at the point r equals one unit of 

hardness if the ratio of densities Fu(r)/ F AZ(r) equals to I/nv . Then the total spectrum 
generalized hardness is: 

14 



H(-) _ _ Fu(r) r -nv--- . 
FAZ(r) 

(!) 

This definition is very convenient as in so doing the averaged (over the blanket volume) 
value generalized hardness (for the total Ve -spectrum) of steady spectrum sources (these 

models are also considered in [2,6-8]) is estimated by the value of its productivity factor k of 
the blanket. Taking into account this definition of the hardness the values of productivity 
factors k on the Fig. 2 coincide with values of the generalized hardness H for total spectra. 

2 4 6 8 10 12 Fig. 2. Neutrino spectrum from: 235U [3], 8Li {4] and total 
spectra (from combination of active zone and 7Li blanket) 
for different factors k indicated for curves {2,11,12]. 

2. ANTINEUTRINO SOURCE WITH VARIABLE 
AND REGULATED SPECTRUM ON THE BASE OF 

8LI ISOTOPE 

It is possible to supply powerful neutrino fluxes of 
considerably greater hardness by means a facility with a 
transport mode of operation: liquid lithium is pumped over 
in a closed cycle through a blanket and further toward a 
remote neutrino detector (Fig. 3). For increasing of a part 

2 4 6 8 10 12 of hard lithium antineutrinos a being pumped reservoir is 
Ev., MeV constructed near the Ve -detector. Such a facility will 

, ensure not only more hard spectrum in the location of a detector but also an opportunity to 
investigate ve -interaction at different spectrum hardness varying a rate of lithium pumping 
over in the proposed scheme with the closed loop [10-13]. 

.R.4.DU.TION SlllELD -..................._ 

PUMPEDYDL 

___________ ;;::.v::.~1Y-------

DEVICES FOR 
~~ ~- MAINTENANCE OF TllE REGIME 

{PUMPING OF THE U111JUM, 
NEUTRON SOURCE TEMPEIUTURE CONTROL. 

BLANKET) (A.CTIJ'li' ZONE) TRJTHIUM RECOVERY ET AL.) 

Fig. 3. The 
principal scheme 
of the neutrino 
source with 
variable 
(regulated and 
controlled) 
spectrum. 

Lithium in the blanket (activated by reactor active zone neutrons) is pumped continuously 
through the delivery channel to the remote volume (reservoir, which is set close to the 
neutrino detector) and further back to the blanket. The rate of pumping can be smoothly 
varied by the installation for maintenance of the regime. L1 - distance between lithium blanket 
and pumped reservoir. Li - distance from the reservoir center and neutrino detector. La - the 
lithium layer in the blanket. L3 - straight length of the channels before (and after) the channel 
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turning along the direction of lithium pumping. D - the diameter of channel turning. 
Due to the geometrical factor the total v,-spectrum in the detector volume (i. e., the 

resulting v, -spectrum formed by v, -flux from the reactor active zone plus from ~- -decay of 
8Li) will be more harder compare to reactor antineutrino spectrum. It is clear that the closer to 
the reservoir will be detector the total spectrum will be harder. From the other side if the 
detector will be farther from the reactor then the part of the soft reactor v, -spectrum in the 
total spectrum wiIJ be more small. For the fixed distance L1 between the lithium blanket and 
the reservoir and fixed Li (from the detector to the reservoir) the most harder spectrum is 
ensured for the position along the direction from the lithium blanket to the pumped reservoir. 

3. DEPENDENCE OF (v, ,p)- CROSS SECTION AND ERRORS OF THE TOTAL v, -
SPECTRUM FROM THE GENERALIZED HARDNESS H. 

The v, -cross section in the total spectrum is the additive value of the cross sections in the 
v,-flux from the active zone and from 8Li antineutrinos [2,11,12,14]. In fact the total number 
of Ve (entering to the neutrino detector) is: 

N - = N + H(r) NAz V, AZ _ , (2) 
n 

where N A'Z - number of Ve from the active zone, n v - number of Ve from the active zone per 
one fission, H (r) - averaged generalized hardness of the total spectrum in the detector 
position. The second summand determines the number of lithium antineutrinos. 

More strictly for density of the total v, -flux in the point r we can write: 

' 

1~ 
'~ 

F v.Cr) =FAZ Cr)+ H(r) FA:.m, 
n 

le, 
!~ 

(3) ! Lr, i, 
~ where FAZ(r)· density of the v,-flux from the active zone, H(r) - the exact value of the 

generalized hardness in the point r . 
As the cross section is the additive value then (similar to (2) and (3)) for the inverse beta 
decay reaction (ve+p---rn+e+) we can write the cross section for the total v, -spectrum: 

.§ 16~~~-~~~-~~ O"v,p(r) =a:,;+ H(r)XO"i,ip. (4) 

~ U The threshold of the reaction is 1.8 MeV but often 
13 g ---''-------~. (depending on the background) the used threshold is 
,..,"' 11 --"--- ✓ 3 MeV. Taking into account the data of [5] the cross 
1:, 1Z section (4) was calculated as function of the hardness H a ~ for the Ethreshold = 3 MeV (see Fig. 4). 
.g 6 
u 5 
~ 4 
"' 3 
"' 2 8 I 
~ QC I I I I I I I I I I I I I I I P I I 

~ 0.0 0.5 1.0 _ 1.5 ii'. Hardness of the total Ve -spectrum 

Fig. 4. Cross section of (ve+p➔n+e+)-reaction in the 
total Ve -spectrum as function of the hardness H. Values 

of cross sections at H=O correspond to Ve- spectrum 
from pure 235 U. The results are given for different 
thresholds of registration: 3, 4, 5 and 6 MeV. 

At increase of H-value the double rise (and more) of the cross section is caused by 
enlarged part of lithium neutrinos in the total spectrum and energy squared dependence 

O'v---E~-
For lithium spectrum the relative yield to the cross section ( 4) ensured by more high energy 
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neutrinos is significantly larger compare to the the reactor spectrum (here in calculation we 
used v0 -spectrum of 235U [15] as a single fuel isotope). This fact suggest to us to recalculate 

the cross section for more higher thresholds. The results (for thresholds - Et1ireshold = 4, 5 and 
6 MeV) show that for hard total spectrum the lithium yield to the cross section strongly 
dominates the reactor part [12,14] (see Fig. 4). 

For the perspective experiments we need to evaluate the advantages from the combined 
v0 -flux (from AZ plus from W-decay of 8Li) given by well known 8Li spectrum. Last years 

the problem of v0 -spectrum errors become very serious as the recent measurements of ve -

spectrum in Daya Bay, Reno and Double Chooz experiments reveal significant excess of 
neutrinos with energy 5-7 Mev in the spectrum [16]. This bump in experimental spectrum 
caused active discussion of the used models, nuclear databases and understanding of some 
results in reactor oscillation experiments. 

Here we want to confirm the decrease of count errors in case of such combined ve -flux. 

For this purpose we calculated the dependence of errors (in the total ve -spectrum) on the 

energy of antineutrinos and then these errors were averaged on their total ve -spectra for every 

of thresholds: Et1ireshotd = 3, 4, 5, 6 MeV [12,14]. 
_The result dependences of averaged errors on hardness H for the combined spectrum 

.(from AZ with bump in the spectrum plus from 8Li) for specified thresholds are presented in 
Fig. 5. In the first evaluation of the count errors (caused by errors of the ve -spectrum of AZ 

~ we had realized the more simple way: the count errors were averaged for whole energy 
~ interval from Et1ireshotd up to o the maximal energy in the total spectrum of the considered 
~hardness H. After that the obtaned error (specified for the every considered H) were used to 
~ ca.lculation of the relative count errors for the every considered hardness H. In spite of the 
~ simplicity of the evaluation this rough calculation had allowed to reveal the promising way: to 
~decrease the errors by means of increase of hardness H from one side and increase of the 

threshold Et1ireshotd of registration from the second side . 
. But the more accurate calculation with detailed energy bins and evaluation of errors for 

each of bins depending on the hardness H gives more sharp decrease of errors for more harder 
v. -spectrum. These results are strongly important as demonstrates the possibility to decrease 

6.5 .,-------,......,--..,..~--------, the count errors in several times 
,.,. ~ 6 compare the significant errors in case 
~ § 5.5 f - t f AZ 
S"iil 5 -~--~~ o Ve -spec rum o . 
l::t;: 4 5 accurate calculation: 
"" . Ev,>3 MeV, 
§ 1l_ 4 Ev,>4 MeV, 
8 ! 3.5 Ev, >5 MeV, 
1J '-' 3 Ev, >6 MeV; 
~~2.5 ---
"' 2 
<i:::'1.5 

-----------------
-;; 1 
so.s 

0 
0.0 

--- -------

0.5 1.0 1.5 2.0 
Hardness of the total Ve -spectrum 

Fig. 5. Dependence of the averaged 
errors of the total Ve -spectra from 
value of the hardness H for the 
indicated E,hreshold = 3, 4, 5, 6 MeV 
(the error values for rough and 
accurate (i.e., detailed) calculations 
in energy bins) [12,14]. The AZ Ve· 

spectrum was taken into account with 
bump as in Daya Bay experiment 
[16]. 

The next task of the work is to evaluate the expected ve - fluxes at the detector position 

and number of (ve,P)-interaction in the scintillator Ve- detector. The geometry for calculation 
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is presented in the Fig. 6, where the detector position was shown by dotted lines (detector; 
position along the line from lithium blanket center to the center of the pumped reservoir:! 
S=l7.9 m, Lz=3.5 m [11,17]); the detector position appointed by solid lines corresponds thej 
common case. In the calculation the applied proton concentration was typical - abouq 
6.6 • 1022 cm-3 (as in KamLAND liquid scintillator [18]). The considered volume of thel 
detector is small [namely owing to the high density of ve- flux and large hardness H of the l 
total antineutrino spectrum (see below)] - 1 m3

• The expected number of interaction in the( 
detector volume is normalized per day (24 hours). The specification ofregistration efficiency\ 
was not take into modelling and was considered conditionally as 100%. The all calculations I 
were normalized on the power of the nuclear reactor power 1000 MW. The density ofl 
Ve - flux from a nuclear reactor is determined by its power P and for distance R is: l 

F[cm-2 -s-1]= nP / 4rrR2 E = J.5-1012P [MW] I K[m], (5)\ 
where n= 6.14 - mean number of W-decays for both fission fragments of 235U, E = 200 MeV i 

- mean energy released at 235U-fission. : 
f 

Fig. 6. The installation scheme \ 
used for calculation of Ve - fluxes [ 
and counts at the detector position. \ 
The detector position used for the i 
calculation is shown by dotted ; 
lines { it is the position along the \ 
line connected the centers of the ;' 
blanket (around the reactor active 1 
zone -AZ) and pumped reservoir]. \ 

.] 
\ 

The obtained ve - flux densities at the detector position are shown in the Fig.7. The 
reactor neutrino fluxes don't depend on the hardness of the total antineutrino flux and are 
indicated by four levels corresponding to thresholds Ethrcshold = 3, 4, 5 and 6 MeV. Ve-fluxes 
from 8Li rise strongly depending on the hardness H. 

· ✓from 8Li: Ev,> 3 MeV Fig. 7. The Ve -fluxes densities 
1E+012 '1 .--:-from 8Li: Ev,> 4 MeV _ 

-from 8Li: E- > 5 MeV from Ve of AZ and from whole 
~ 
(!) 
ci, 
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~ ·.; 
:ii 1E+011 
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:, 
Q) 
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""-from 8Li: E~' > 6 MeV mass oif 8Li in the installation 
1 50-c .c: ' 

"' __., '-from AZ: Ev > 3 MeV (of the geometry - Fig.6, 
' S=17.9m,L2=3.5m) depending 

on the hardness Hf or dijf erent 
from AZ: Ev,> 4 MeV thresholds (Eihreshold = 3, 4, 5 

and 6 MeV). The all results 
are nonnalized on the reactor 

"-from AZ: Ev,> 5 MeV power 1 GW. 

"-from AZ: Ev,> 6 MeV 
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Knowing the antineutrino fluxes we calculated the expected number of interaction in the 
detector volume 1 m3

: the obtained results are presented in the Fig.8. It is clear that counts 
ensured by the 8Li antineutrinos are strongly dominates owing to the hardness of Ve -

spectru~ of 8Li. It is very important to note that the realistic values of the hardness H that can 
be achievable are about H "' 1 [ 11, 17]. The achievable rate of counts is exclusively high even 
for the considered small detector volume about 1 m3 (Fig.8). 

'"c~o-un_t_s -fro_m_8_Li_, 1-/-(m--=3~.d-a-y--G-W-----) 
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(!) 
>, 

"' J four curves fr 
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i 1E+003 from AZ: Ev,> 4 MeV 
:§ ...,._..,_ _ _..,_ _____ ,......_ ....... __ from AZ; Ev,> 5 MeV 
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"' .S from AL Ev,> 6 MeV 

~ 
8 1E+002+--~~~--~~--~~~ 

0 0.4 0.8 1.2 1.6 2 
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Fig. 8. The expected counts (from AZ ve -fluxes and from 8Li antineutrinos) in the 1 m3 

detector volume depending on the hardness H for different thresholds E1hreshold = 3, 4, 5 and 
6 MeV. Calculation were realized for the geometry of the Fig.6 (S=l7.9 m, L2=3.5 m) with 
position of the detector shown by dotted lines. The efficiency of registration was assumed as 
_ 100% (by convention). The all results were nonnalized on the reactor power 1 GW. 

4. CONCLUSION 
Here we considered the perspective variant of intensive Ve -source on the base of 7Li 

isotope in the loop scheme with nuclear reactor (as neutron source). 
It was proposed the definition of the generalized hardness Hof the total Ve -spectrum (i.e., 

the summary Ve -spectrum from nuclear reactor and from 8Li) at the detector position. Due to 

the well defined and hard Ve -spectrum of 8Li (that is very important as the Ve -cross section 

is proportional to energy squared - av - E~) this type of the lithium antineutrino source 

becomes very perspective to ensure: 1) high Ve -count rate in the detector and 2) significanly 

lower errors compare to nuclear reactors as traditional high flux v e - source. 
It was obtaned the dependence of the averaged errors of the total ve -spectra from value of 

the hardness H for the indicated thresholds (Ethreshold = 3, 4, 5 and 6 MeV) of neutrino 
registration. This results reveal the possibility to decrease the errors of the total ve -spectrum 
in several times (compare to reactor active zone antineutrinos). That is why this result can be 
considered as solution of the problem for reactor Ve -spectrum errors. 
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The obtained spectrum at the detector position becomes hard and name!~ lithium 
antineutrinos ensure high count rate (> Hf per day) in the detector with small (- 1 m ) volume 
that is very exclusively important for sterile neutrino search and another neutrino experiments. 
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Abstract: We consider peculiarities of the inelastic interaction of cold neutrons with 
nanostructured media (NSM) of two types: 1) powder of spherical nanoparticles, and 2) 
irregular composition of cylindrical nanowires. Quantitative estimations allow us concluding 
that cold NSM of these types do not thermalize cold neutrons but reflect them elastically. 

Neutron moderators decrease the energy of fast neutrons close to the moderator 
thermal energy. Much attention is paid to designing moderators with temperatures 20-100 K 
(1-11]. Neutrons with a temperature of 1-10 K can also find promising applications in 
neutron research, for designing sources of verr cold neutrons (VCNs), or even for designing 
self-standing neutron sources (12]. Below 10 K, medium structure and peculiarities of the 
inelastic interaction of neutrons have to be taken into account. We will leave other motivation 
for the following calculations for a detailed publication in the future but simply consider 
inelastic interaction of slow neutrons with NSM of the two types mentioned above. 

Here, we consider the features of the inelastic interaction of cold neutrons with 
nanostructured media (NSM) at low temperatures. In the following, matter characteristics 
correspond to diamond. Tem~erature Tis related to energy E as £ = nOJ= k8 T for phonons 

and E = ti2k2 I (2m) = 3k8T / 2 for neutrons, where n is the Planck constant, a; is the phonon 

frequency, k8 is the Boltzmann constant, k is the neutron wave-vector, and m is the neutron 

mass. 

I. A minimum frequency of elastic oscillations for a nanoparticle equals OJmin = 
2lic I Ainnx, where Ainax is the maximum wavelength of elastic oscillations in the nanoparticle; 

c is the sound velocity in the nanoparticle medium. Let c1 and c, be the velocities of 

propagation of longitudinal and transverse oscillations respectively. For diamond, c1 = 

17.5·103 mis, and c, = 12.8-103 mis. 

In a spherical nanoparticle of diameter d, /4~~ = 2ffd and /4~~~ = 2d for surface (S) 

and volume (V) elastic oscillations. For diamond nanoparticles, d = 4.5 nm (a typical size for 
detonation nanodiamond), and minimum energies of surface and bulk phonons are: nw~~~ = 
l.85·10-3 eV = 22 K and nw~~ =5.81·10-3 eV = 69 K. Thus, neutrons with an energy of 

below 20 K cannot slow down to lower temperatures in a nanopowder consisting of such 
diamond nanoparticles. Therefore, the nanopowder is ineffective for use as a neutron 
moderator to temperatures of 1-10 K. 
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II. Consider another model of the nanostructured medium: an irregular composition of 
diamond nanowires (nanorods) of diameter d1 ~ 1-20 run and length L1~ 1-100 µm. For the 

following calculations, we take d, = 5 run and L, = 1 µm, 5 µm, 10 µm. 

We denote J,~~~ =2L, the maximum wavelength of the linear (L) elastic waves of the 

nanowire (L - phonons). Minimum energies of L-phonons are hw,~~~ =2.65•10-5 eV (0.31 K), 

5.30·10-6 eV (0.061 K) and 2.65·10-6 eV (0.031 K) for the lengths L, = 1, 5 and 10 µm, 

respectively. Minimum energies of surface and bulk phonons in the nanowire are 
l.67·10-3 eV (20 K) and 5.23-10-3 eV (62 K), respectively. 

Basing on these estimations, we conclude that at temperatures below 20 K, the surface 
and bulk oscillations in the nanowire are practically absent. Elastic linear oscillations 
(L-phonons) exist in nanowires down to temperatures of10-2-10-1 K. Therefore, a cold 
neutron has the theoretical possibility of slowing down to low temperatures via inelastic 
interaction with L-phonons. 

At low temperatures, only the low-frequency part of the phonon spectrum of linear 
elastic vibrations is excited. In this case, the frequency distribution function g(w) of the 

phonon spectrum of L-phonons has the form [13, 14]: g(w)=L,/(4trc1), where (c1t 1 = 

(c,r1 + 2(c,r1
, cl is the effective velocity. 

The surface of matter can be considered as its separate region, which has physical 
properties, different from the matter bulk properties. This near-surface region of matter has a 
characteristic depth h of 3 to .5 atomic layers, can contain defects and structural atomic 
disorder. Denote by N" the number of atoms contained in the near-surface layer of the 

nanowire material of thickness h. Introduce the value o = N" IN, where N is the total 

number of atoms in the nano wire. Denoting the nanowire cross-section radius R, = d, I 2, we 

obtain o = [ R,2 -(R, - h)2] I R,2 
• The atomic density of diamond nc = 17 .6· 1028 m-3 [15], the 

average distance between carbon atoms is ac = (nc t 113 = l. 78 A. Taking h = (3-5)ac, we get 

an estimation o =0.38-0.59. 

III. Consider the inelastic scattering of a cold neutron on a nanowire with loss of 
energy (exciting one L-phonon). We assume the initial energy of the neutron and the 
temperature Tofthe nanowire to be below 20 K. 

We introduce the notation: E0 is the initial energy of the neutron (before scattering); 

£ 1 and EI are initial and final energies of the scatterer, respectively; t: = E1 - EI is the 

change in neutron energy during scattering; ko and k are the neutron wave-vectors before and 
after the collision with the nanowire, respectively; K = ko- k is the phonon wave-vector. 

We direct the z axis of the orthogonal coordinate system Oxyz along the direction of 

the neutron initial motion ko (Fig. 1 ). The nanowire is located at an angle 01 to the direction 

ko, and the projection of the nanorod on the xOy plane make
1t an angle <p1 with the x axis. 

The phonon wave-vector K is directed along the nanowire. The angle 0 is the angle of 
neutron scattering on the nanowire; the direction of the vector k after the scattering is given 
by the angles 0 and ( <p1 + 1t). 
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· Double-differential cross-section of incoherent neutron scattering on a nanostructured 
sample, referred to one nucleus (atom) of matter is: 

. -( d
2
u ) =.!:_ _1_ .!_ {,[(/. )2 +o(f )2] e-2w, "'Jdt e-Utl~ X 

d"'d k 2 1, L.., J,mc J,coh 
•• & inc O Ji II r J=I -«> 

\ 

ko 

X 

exp{ _ _.!._ f liG(mJ IKeJ i2 (e-;"','e""'''2koT +e;"','e-""',12knT )}. 
NI A=l 2Mj 

z 

I 
I 
I 
I 

' I 
'l 

y 

Here, are denoted: dfi is the solid 
angle element into which _ the 
neutron with momentum lik is 
scattered; ko = lkol, k = lkl; N1 is 

the number of elementary cells in 
the sample, r is the number of 
nuclei (atoms of matter) in one 
unit cell, N = rN1 is the total 

number of atoms in the sample; 
the indexj serves to designate the 
nucleus in the unit cell; ~ = 

Fig. l. Scattering of a neutron on a nanowire. 

a/A1 + 1) / A1 is the neutron 

scattering length on the fixed j-th 
nucleus, ai is the neutron 
scattering length on the free j-th 
nucleus, Ai is the atomic weight of 
the j-th atom; M.J is the mass of 
the nucleus ofthej-th atom of the 

unit cell; ~ = ~.coh + fj,inc the 

coherent and incoherent neutron 
scattering lengths at the j-th fixed 
nucleus, respectively; exp(-2rlj) 
is the Debye-Waller factor [16], 
at low temperatures we shall 

consider it equal to 1; o is the relative proportion of structurally disordered atoms in the total 
number of sample atoms; t is an integration variable having the dimension of time; function 

G(()})= w-1[1-exp(-lim/ kBT)r exp(-liml2k J); m). is the frequency of a phonon with a 

wave-vector 1C and a polarization index s, the index 2 denotes a pair of indexes s and JC; eJ is 

the unit polarization vector for the displacement of the nucleus of the j-th atom of the unit 
cell. 

The nanowire has no physically distinguished directions "top" or "bottom", therefore 
physically different directions of the orientation of the nanowire in space are limited by the 
angles O ::; 0, ::; 11:/2 and O ::; <p1 ::; 11:. 

At low sample temperatures and neutron energies, the main contribution to inelastic 
scattering is due to one-phonon scattering. The neutron is inelastically incoherently scattered 

on individual nuclei. For processes with the excitation of a single phonon, we have [dt x 
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exp(-ist/li)-exp(-ico,1t)=21tli-o(e+co,1Ji). Therefore, the cross-section for incoherent inelastic 
scattering of a neutron by a nanowire with excitation of a single phonon, assigned to one 
nucleus (atom) of matter, is: I e 

..!!...!!_ =~.!_~[(I" )2 +o(f )2] ...!__ "~l1ee• 12/•m,1l2knT X ( 
2 Jlph+ JN nG( ) 

d!J.d k L, J }.Inc J.coh N L, 2M J 8 inc o r J•l 1 -<=I j 

o(e+ co,1n)•o(rp- <p,- 1t)·0(-e- binin)-

lt is taken into account that the L - phonon energy in a nanowire is limited by the i / 
quantity bin;0=JiOJ~i~=1rc1Ji/ L1 , thus the function 0(x) ={ 1, for x~0 I 0, for x<0} is introduced. 

It should be noted that the motion of atoms of nanowire material is spatially three- . 
dimensional: each atom oscillates near its equilibrium position as a three-dimensional object. i 1 
Only the collective vibrational motion of the atoms of the nanowire substance, interpreted as 
excitation of the quantum of oscillations (I-phonon), has the form of a one-dimensional 
quasiparticle (plane wave) due to the limited transverse dimensions of the nanowire and the 
low temperature of the matter and neutron energy. 

We make further simplifications. As a scatterer, we consider a separate nanowire. Let 
us denote by & = (k/ - Jc) Ji2 

/ (2m) >0 the energy of a phonon excited as a result of inelastic 
neutron scattering. We consider a simple chemical substance possessing cubic symmetry for 
the Bravais lattices. Summation over normal oscillations is replaced by integration over the 

phonon spectrum g(m) [16]: r~:I (Ke·)2 /(w.) =(K2 I 3) tax dw g(co)/{co). We denote fine 
mm 

and f coh are incoherent and coherent neutron scattering lengths at the bound atomic nucleus 

of the scatterer substance; N is the total number of atomic nuclei of a substance in one 
nanowire; Mis the mass of the nucleus. After the transformations, .we obtain an expression for 
the cross-section of incoherent inelastic neutron scattering by a substance of one nanowire 
with the excitation of one phonon assigned to one nucleus (atom) of the nanowire substance: 

d 2a _ k 2 
0 

2 K exp &/ k ;r Ji & 

( J
lph+ ( 2 J ( ) ( ) 

d!J.d& inc - k
0 

[(J;.J + (/,,.,)] 6MN [exp(&/k
11
T)-1] ~-g h x 

o( <p- <p, - 7t)·0( &- binin)-

We introduce the notation: a 1(0,,rp1) = ..!!...!!_ d!J.d& - the total cross-section of ( 
2 Jlph+ 

d!J.d& inc 

incoherent inelastic scattering of a neutron with the excitation of a single phonon, attributed to 
one nucleus (atom) of a nanowire substance, when the nanowire is oriented in space in the 
direction of the angles 0, and <p1 (Fig. 1). 

The variation of variables in the integration of the inelastic neutron scattering cross

section will be in the range: k0 cos 0,- fl:,; K :,; k0 cos 0, + /3, where /J = [ k; cos2 0, -

2m& I Ji2 J2
; and binin :,; E :,; E0 cos2 01 = Ji2 k; cos2 0, I (2m), where E0 = ti2 k; I (2m) is the initial 

neutron energy (before scattering). After the transformations, we get: 

a1(01,<p1) = ffJde-drp·dKo(rp- <p,- 1t)[ k0K I k2 -k; cos 0, I k2 +cos0,-K2 cos 0, I k2 + 

+koKcos2 0, I k2] _!_ [UinJ2 +oUcoS] (~J exp(&lk;I') ~ ...!:i__ 
k0 6MN [exp(&! k8T)- I] & 41rc1 

26 



C 

e . 
We introduce a new dimensionless variable ,; = & I E0 , where ,;min 5:a,; 5:acos2 01 , ,;min = 

&mi, I E0 , and after the transformations we obtain: 

<11(0,,q,,) = Au [/1(0,,q,,) + I2(0,,q,,)+ li0,,q,,) + li0,,q,,)+ ls(0,,q,,)]. (1) 

Here, the notations are: Au= [(J; • .)2 +b"(fcoSl L,1i I (24n.MNc1); 

- 4mEo cosJ2 0, I 2 ( 2 cos2 0, - ,; ) exp(,;Eo / k ,1) . 
/ 1(0,,rp,)--2 cos0, d,; vcos 01 -,; ( ) r ( ) ]' 

1i " . 1-,; ,; Lexp ,;£0 / k8 T -1 
'::,mm 

4mEo cosJ20, / 2 (4cos20,-,;) exp(,;Eolk,1) 
l 2(0,,rp,)=--2-cos01 d,;vcos0,-,; () rp( ) ]; 

31i qmin 1 -,; ,; Lex ,;£0 / k8T -1 

1(0 )= 4mEo cos0 cosJ2d,; /cos20 -,; (4cos20,-,;) exp(,;Eolk,1) . 
l ,,rp, 31i2 ' qmin V ' ,; [exp(,;Eo / kBT)-1 ]' 

cos20 ~-- ( ) _ 4mE0 J' / 2 1 exp ,;£0 /k,1 
/ 4(0,,rp,)-,--2-cos0, d,; vcos 0,-,; _( _)_ r ( ) ]x 

51i qmin 1-,; ,; Lexp ,;E0 / k8T -1 

[5cos4 01 +10cos2 01 ( cos2 0,-,;)+( cos2 0,-,;)2]; 

- 4mEo 3 cosJ2 0, I 2 ( 2 cos2 0, - ,; ) exp(,;Eo / k ,1) 
/ 5(0,,rp,)- - 2- cos 01 d,; vcos 01 -,; ( ) r p( ) ] . 

1i qmin 1-,; ,; Lex ,;Eo / kBT -1 

We denote by ( u 1) = J u 1 { i9i, tp1 ) dU, / J d~ the average value of the total cross section 

of incoherent inelastic neutron scattering by a substance of one nanowire with the excitation 
of one phonon assigned to one nucleus (atom); averaging is performed for all spatial 

orientations (for all angles 01 , q,1 ) of the nanowire (Fig. 1 ); ( u 1) = 
l 1r 1r12 • 

- fdrp1 J cr1(01,q,1 )sm01d01 • 

7f O 0 

Denote &,, (t9i,q,1) = Jc { d 2u/ dn.d& );:h+ dn.dt:. For a nanowire oriented in space in 

the direction of the angles 01 and q,1 , the quantity (c1)
1 
= &,,(01,q,1 ) I u 1(01 ,q,1 ) is the average 

value of the phonon energy generated in the incoherent inelastic scattering of a neutron on 
this nanowire. 

We denote by (c1) = [ n-1 J(c1) 1 CT1 (0,,q,, )dn., ]/[n-
1 f u 1 (0,,q,1)dU1 ] the mean value 

of the energy of a phonon excited during incoherent inelastic scattering of a neutron on 
substance of one nanowire; averaging is performed over all spatial orientations of -the 

nanowire; (c1) = [ n(u1)r Jcu(01,q,1)dU1 • 

After the transformations, we get: 
&,,(01,q,1) = Au [B1(01,q,1)+ Bi(0,,q,,)+ B3(01,q,1)+ B4 (0,,q,1)+ B5(01,q,1) ]. (2) 

Here, we denote: 

4mE02 cos20, / 2 (2cosz0,-,;) exp(,;Eo/k,1) . 
B1(0,,q,1)= - 2- cos0, Ja,; vcos 01 -,; ( ) [ p( ) ]' 

. 1i qmin 1-,; ex ,;E0 /k8T -1 
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4mE0
2 cosf281 ✓~--(4cos2 0,-;) exp{;£0 /k;I') 

B2 (0,,<p,) =--2- cos 0, dqcos201 -; ( ) [ ( ) ] ; 
31i ~. 1-q exp;£0 fk8T -1 

r:,mm 

2 cos
2

8, ~-- p( ) 
4mE0 f J: ✓ 2 ( 2 ) ex qE0 /k;I' B3(0,,<p,)=--2-cos0, d':Jcos 01 -q 4cos 0,-; [ ( ) ]; 

31i ~. exp;E0 fk8T -1 
~mm 

cos
2

8 ~-- p( ) 
_ 4mE/ f' ✓ 2 1 ex qE0 /k;I' 

Bi0,,<p1)---2-cosO, dqcos 01 -q -( -) [ ( ) ( 
51i ~. 1-q exp;£0 /k8T -1 

r:,mm 

[5cos4 01 + 10cos2 01 ( cos2 0,-;)+( cos2 0,-;)2]; 

_4mE/ 3 cos20, 2 (2cos20,-;) exp(;Eo/k;I') 
Bs(0,,<p,)- 2 cos 0, I dq ✓cos 0, -; ( ) [ ( ) r 

Ii qmin 1-q exp;EolkBT-1 

Note that the quantities u 1(01 ,<p1 ) and &u(01 ,<p1) in (1), (2) do not depend explicitly 

on the variable <p" so we rewrite o-1(01) = u1(01 ,<p1) and &"(01 ) = &"(0,,<p,). The amount of 
energy transferred from the neutron to the scatterer in an inelastic scattering cannot be smaller 
than the value &min = liw~;~, i.e. the minimum L-phonon energy. Therefore 

( I )lph+ 
d 2u d!!d& . = 0 when E <&min; 0-1(0,) =0 and Eu(0,) =0 for cos20, < fmin. To simplify 

me 

the writing of finite computational formulas, we introduce the notation: y = cos 20,, C0 = 

4/4imE0 I 1i2 • After the transformations, we finally get: 
1 I 

(0-1)= 2 f dy•u1(Y), u1(y)= C0 l(y), (3) 
qmin 

where/(y)= f dq[ exr;Eolk~)] .Jy-q {(2y-~-(4y-~/3+ 
qmin exp qE0 /k8 T -1 (1-q)q 

+ (4y- ~(1- ~/3-[5/ + IOy(y-~ + (y-~2]/5 + y(2y-m; 

(e1)= 
2
(~i) f dy·eu(Y)=E0 [ f dy•B(y)][ f dy•l(y)]-

1

, (4) 
~mm ~mm tmm 

where &u(y)= C0 £0 B(y), B(y)= ql~q [e:;::::~~l] 1:--q~ {(2y-~-

-(4y- ~/3 + (4y- ~(I -~/3-·[5/ + IOy(y-~ + (y-~2)/5 +y(2y-m. 
The total average cross-section (u) of inelastic incoherent neutron scattering on a , 

single nanowire of a simple substance containing N atoms (nuclei), averaged all spatial 
orientations of the nanowire is equal to ( u) = N ( 0-1) • 

IV. We have obtained all the necessary analytical formulas for performing numerical 
calculations. Let us estimate the characteristic values of the quantities for the following 
parameters. For convenience of comparison and interpretation of the results, we will use the 
temperature scale of energy measurements. For the minimum energy of L-phonons 
&min = k8Tmin, we select a characteristic value Tmin = 0.1 K. The initial energy of a neutron 
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(before collision with a nanowire) E0 = 3k8 1'o /2; we select a characteristic value To =20 K. 

The value ¢°min = &min / E0 = 2Tmin I (31'o) = 3.33 · I 0-3
• The characteristic temperature of the 

nanowire is T = 1 K. Substituting the values of the parameters in (4), after the calculations, 
we obtain (c,), the average value of the energy of the phonon excited in the incoherent 

inelastic collision of a neutron with the substance of one nanowire; ( &1) = 0.04 £0 , which 

corresponds to an average phonon energy of 1.2 K. In (4), the integration was carried out 
numerically using the software package Mathcadl 1. Thus, for one inelastic collision with a 
nanowire, the cold neutron reduces its energy on average by ~ 1 K. 

Consider NSM, irregular composition of nanowires. We assume that the substance 
from which the nanowires are made actually takes 5 % of the total volume of NSM, that is, 
the NSM has a porosity of p = 0.95 and a packing factor of r = 0.05, respectively ( p + r = 1 ). 

Nanostructured elements in the NSM are nanowires in the form of straight cylinders L, = 

10 µmin length and d1 =5 nm in diameter, the substance is diamond. For diamond,M Im= 

12, (c,r' =2.134· 10-4 s/m. The constants are 1i = l.055· 10-34 J·s; kB= l.381 · 10-23 J-K-1
• 

For the value 1'o = 20 K from (3) after the calculations, we get (a) = N ( a1) = 106. 7x 

[(.t;,c}2 + o(fc0S]. The characteristic value is [(J;nc)2 +o(fc0S] = 10-28 m2
• The volume 

ofa single nanowire is V, = 1rd1
2 L, I 4 = 1.963 · 10-22 m3

• The concentration of nanowires n1 in 

the volume of NSM will be n1 = r IV, = 2.55 · J020 m-3
• The macroscopic cross section of 

incoherent inelastic scattering of cold neutrons with the excitation of a single phonon in the 
NSM consisting ofnanowires will be L(lph+) = (a) n

1 
= 2.72·10-6 m-1

• 

The mean free path 1<Jph+l of a cold neutron before an inelastic scattering with the 
excitation ofa single phonon in the NSM consisting of nanowires will be /(lph+J = I/ L(lph+) = 

3.68-105 m. The neutron velocity is vn = (3k8 T0 I m)112 = 704 mis. The mean time interval 

between neutron inelastic collisions is flt= /<1
Ph+) /vn =523 s. The neutron lifetime is •n = 

900 s. Then the mean total number Ninet of inelastic collisions of a cold neutron with the 

NSM does_ not exceed the value Ninet < •n I !:,.t = 1. 7 ( even neglecting neutron absorption). 

From the estimates obtained, it follows that cold neutrons cannot effectively slow 
down to lower temperatures in NSM consisting of nanowires. Therefore, the types of NSM 
considered in this paper are ineffective for use as neutron moderators down to temperatures 
of 1-10 K but provide excellent properties of the elastic reflection of slow neutrons. 

This work was prepared within the framework of the basic part of the State Task to 
Moscow Polytechnic University, Project No 3.4880.2017/8.9. 
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Abstract 

The precise knowledge of UCN cross sections in solid deuterium is pivotal to the design and 
improvement of new UCN sources, which promise to provide higher UCN densities than the 
long-time frontrunner - the "turbine" at lnstitut Laue-Langevin (ILL) in Grenoble, France. 
However, previous experimental results in this field have been distorted by UCN scattering on 
rough surfaces and have not been able to describe the size and concentrations of defects 
present in solid deuterium. In this paper we present a new sample container with highly 
polished silica windows that eliminate UCN scattering on rough sample surfaces. Preliminary 
experimental results for UCN scattering cross sections in liquid and solid deuterium are 
shown. The size and concentration of defects in the deuterium crystals are estimated using the 
Guinier model. 

Key words: cryogenic seal, neutron scattering, optical properties, ultracold neutrons 

I. Introduction 

Ultracold neutrons (UCNs) are a versatile tool for fundamental physics experiments, such as 
the exact determination of the free-neutron lifetime [l], the search for a possible non-zero 
neutron electric dipole moment [2] and other aspects important to cosmology, quantum 
mechanics and particle physics [3]. It is common to all these experiments that their statistics 
would be considerably improved, if stronger UCN sources were available. 

Supertherrnal UCN converters [4] based on superfluid helium and solid deuterium (sD2), see 
for example [5,6,7], promise higher UCN fluxes than the currently strongest continuously 
operating converter - the "turbine" at lnstitut Laue-Langevin (ILL) in Grenoble, France [8]. 
This promise has, however, only partially been kept. The output of operational UCN 
converters based on sD2 in pulse mode is more.than an order of magnitude lower than initially 
predicted [9] and only the best one has a UCN density somewhat higher than that of the 
turbine [10]. This was the motivation for re-measuring the scattering cross sections of sD2 in 
the UCN and lower VCN energy range. 
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II. Previous Experiments 

To our knowledge, the first very cold neutron (VCN) transmission measurements on solid 
deuterium were done by a group at PNPI, Gatchina [11]. They froze out deuterium from the 
liquid phase at four different speeds (freezing time 20 min, 1 hour, 2 hours, 3 hours). It was 
expected to see an unambiguous correlation between freezing speed and VCN transmission. 
The slower the crystal was frozen, the more transparent for VCNs it should be. The results, 
however, painted a different, unclear picture, see Fig. 1. 

One problem was that the sample container was made from machined (unpolished) titanium. 
The amount of surface scattering on the container windows could not be quantified. It was 
equally impossible to optically verify both the fill height of the liquid in the sample container 
and the uniform freezing of the solid. Instead, the fill level was inferred from the container 
volume and the pressure difference in the gas reservoir. Therefore, the exact sample thickness 
was not well known. Also, it is possible that part of the liquid froze out on the walls of the 
sample container above the liquid level, thereby reducing the sample thickness. The VCN 
transmission was measured vertically. 
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Figure 1. Scattering cross sections for solid deuterium crystals of various freezing speeds as 
inferred from VCN transmission [ 11 ]. 

The only other direct slow-neutron transmission experiments on deuterium that we are aware 
of, were carried out by a group from Paul Scherrer Institut in Switzerland [12,13] who used 
UCNs and VCNs. These experimenters employed an aluminum sample container with neutron 
windows made from machined aluminum A1Mg3. During the experiments these windows 
bulged due to pressure differentials and introduced an error to the cross sections of about 
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10%. The final results were modeled using an effective sample thickness. The crystals could 
be observed laterally through a sapphire window. Photos from [13] suggest cracks being 
present in the crystals frozen from the liquid phase. The rough surfaces of the aluminum 
windows, and consequently also the rough surfaces of the deuterium crystals, attenuated the 
UCN beam by an unquantified magnitude. 

IIL Experimental Setup 

Total UCN cross sections of hydrogen and deuterium were determined in transmission 
geometry with a time-of-flight (TOF) setup using collimated UCNs, see Fig. 2. The measured 
transmitted UCN flux through the filled and empty sample containers can be related to the 
total cross section by Equations 1 and 2: 

/filled = e-r:w,d = e-a"~Nvd 

!vacuum (1) 

I J ( /,,acuum) 
cr,o, = Nvd n /filled ' (

2
) 

where/ is the UCN count rate at the detector (with the subscript vacuum for vacuum in the 
sample cell and filled with a sample), d is the sample cell thickness, and Nv the molecular 
number density of the sample. The condition .E101d < 1 must be met in order to reduce multiple 
scattering and not to distort the single-scattering cross section, which is measured. 

The. scattering cross section was obtained by subtracting from the total cross section the 
absorption cross section of hydrogen and deuterium, respectively, which obeys a 1/v behavior 
from thermal neutron energies down to the UCN range. 

cryosystem sample 
Cascade cell 
detector 

neutrons 

\ / heat 
monitor chopper 

173mm 
I shield 282mm 

detector ;,, I 

Figure 2. Time-of-flight (TOF) setup used to obtain the experimental results reported in this 
article. 

For the first time, the deuterium crystals and liquids were measured in a sample container 
with highly polished (Ra < 3 .Angstrom) and optically transparent windows made from 
amorphous silica [15], see Fig. 3. This reduced UCN surface scattering [16] to a minimum 
and allowed for proper online observation of the sample along the beam axis prior to the 
transmission measurement with UCNs. The sample container was mounted directly onto the 
cold-head of a closed-cycle helium refrigerator and was used in the same cryostat described in 
[17]. 
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l t 
The key advantages of the new sample container over previous containers using aluminun/ 
neutron windows were: [ 

• well defined sample thickness with an uncertainty of ~0.05 mm over the entire sample! 
area • I 

• highly polished (Ra< 3 A) and thin (d = 1.0 mm) amorphous silica windows, which do! 
not show any small-angle scattering [18) ! 

• optically transparent windows with a low neutron-optical potential (90 neV fori 
amorphous SiO2) and of high purity (no scattering length density inhomogeneities in1 

the material) 
• vacuum seal that is hydrogen-tight down to 4.5 K 

The para/ortho-deuterium concentration was monitored before and after each UCN 
measurement run by Raman spectroscopy. The main results were obtained for Cortho = 0. 982+/-i 
0.002. Details on the nuclear spin and rotational states (species) of deuterium are given in [17Jt 
and a comprehensive review of hydrogen and deuterium properties was published in [19]. 

Figure 3. Copper sample container with transparent amorphous silica (Si02) windows used to 
obtain the UCN scattering cross sections presented in Section V. 

The new sample container itself is described in detail in [20]. 

IV. Observations at Cryogenic Temperatures 

After the first condensation trials it became clear that it was not possible to freeze a crystal 
from the gaseous phase in our sample container. Therefore, we focused on producing 
transparent hydrogen and deuterium crystals from the liquid phase. The liquid was condensed 
into the sample container by keeping the container's temperature and the gas pressure at the 
respective substance's triple point (deuterium: 18.7 K, 171.3 mbar [21]). Within a few 
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minutes, the container was completely filled with liquid while a solid layer had already started 
forming from the bottom and the side walls of the container. Since the container body was 
made out of copper, it was well thermalized to the cold-head temperature. Before the entire 
liquid reservoir became frozen, the gas inlet froze over and no additional liquid could enter 
the container to fill the space that was vacated during the liquid-to-solid phase transition. 

In the case of deuterium, the density increases by 12%, that of hydrogen by 11 % upon 
freezing [21]. This volume shrinkage resulted in the formation of bubbles that rose to the top 
of the unfrozen liquid reservoir, see Fig. 4 (b). As the freezing progressed radially inward, 
these bubbles were pushed towards the middle of the sample container. In the end, as almost 
all the liquid had frozen, the boundaries of the bubbles curled up and formed a phase than can 
best be called "snow", see Fig. 4 (c). 

Figure 4. View of the sample container along the neutron beam axis as seen through the 
viewport and mirror. The upper part of the sample container is blinded out for ultracold 
neutrons by a 0.5 mm thick cadmium absorber. The marking lines on the absorbers are for 
reference and are 5 mm apart from each other. Picture ( a) shows an empty sample container 
and (b1) show liquid and solid para-hydrogen at various stages of freezing, d,ample = 4.5 mm. 
Picture (b) shows a liquidjilled para-hydrogen crystal ring with bubble fonnation in the 
liquid phase; (c) freshly frozen solid para-hydrogen, irregular solid-liquid-vacuum phase 
boundaries ("snow") in the center of the sample container; visible radial streaks; (d) the 
previous crystal after one melt-refreeze cycle; (e) the previous crystal after about JO melt
refreeze cycles, where the irregular phase boundaries have disappeared and a void with a 
smooth surface has f onned; (f) the previous crystal after 15 hours at constant temperature 
(T = 9 K) and one short melt-refreeze cycle, the radial marks have disappeared as they were 
located not in the crystal bulk, but only on the crystal-window interface. 
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Since UCNs are very sensitive to surfaces and interfaces, see [14], it was clear that UCN 
transmission measurements through this snow would not yield any useful data. And that snow 
always ended up right in the center of the container and hence at the spot of the highest UCN 
flux. To remedy this problem, the snowy area was melted and refrozen by minimal 
temperature changes of a few 0.1 K, see Fig. 4 (d). After about ten melt-and-refreeze cycles, 
the snow had vanished and there remained only one void in the center of the container, see 
Fig. 4 (e, f). 

After observing and learning about the process of bubble formation, we decided to use a flap
shaped 0.5 mm thick cadmium absorber to blind out that area of the UCN window, where the 
bubble would reliably form Since that diminished the transmitted UCN flux considerably, the 
entire sample container was lifted up by placing a 9 mm thick aluminum disk between the 
cold-head and the sample container. This way, the highest UCN flux passed through the 
crystal area just below the cadmium absorber. In the end, all measurements on solid samples 
were done in this configuration, see Fig. 5. · 

Figure 5. A frozen and temperature-cycled ortho-deuterium crystal ( d,ample = 6.5 mm) cooled 
to T = J OK is shown. The central void (filled with deuterium gas at its corresponding vapor 
pressure) was blinded out by a 0.5 mm thick cadmium absorber for UCNs. 

V. Preliminary Experimental Results for Liquid and Solid Deuterium 

The preliminary total cross sections (scattering plus absorption, corrected for reflection at the 
vacuum interface) of liquid ortho-deuterium (cor1ho = 0.98) for UCNs are shown in Fig. 6. The 
experimental data for the temperatures 19.0 K, 20.6 Kand 23.0 K overlap well with the model 
published in [17], which was calculated for the respective temperatures using the self
diffusion coefficient of liquid deuterium from O'Reilly et al. [22] and Guarini et al. [23]. 
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The temperature uncertainty for the experimental data was ±0.2 K. The new experimental data 
on liquid deuterium should be seen as an improvement (and replacement) of the experimental 
data published in [ 17] and [24]. 
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Figure 6. Preliminary experimental data (solid colored symbols) for the total cross section of 
liquid ortho-deuterium at various temperatures. The theoretical model [ 17 J was calculated for 
T= 19 K/20.6 Kl 23.0 Kat Co,tho = 0.98 (solid colored lines). 

The preliminary total cross sections (scattering plus absorption, corrected for reflection at the 
vacuum interface) of solid ortho-deuterium (cortho = 0.98) for UCNs are shown in Fig. 7. The 
black squares represent nonnal-deuterium at 15 K. Below them, the red circles represent solid 
ortho-deuterium at 10 K and the green down triangles stand for the same crystal at 14.5 K. 
The blue up triangles stand for the same crystal after the temperature cycling 10 Kl 14.5 Kl 
10 K. It is clear that temperature cycling does not lower the scattering cross section of a 
crystal. In the best case, it remains the same. Qualitatively similar findings were published 
in[12,13]. In the particular case shown here, the cross section increased slightly as a result of 
temperature cycling. The red dots from Fig. 8 (solid ortho-deuterium at 10 K) are plotted 
again in Fig. 8. There, they are decomposed into their constituents: 1-phonon up-scattering, 
incoherent elastic nuclear scattering and elastic scattering contributions from defects 
(Rd= 88 A, c = 8.2x10·11 per D2 molecule) as calculated using the Guinier approximation 
[25). This is the first time that an estimation of the size and concentration of defects in 
deuterium crystals was done for the purposes of UCN scattering. 
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Figure 7. Preliminary experimental data for solid nonnal-and ortho-deuterium at T= JOK 
and 15 Kand after no and after one temperature cycling. The theoretical model (incoherent 
approximation for I-phonon up-scattering, solid green line) was calculated for T = 15 K 
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Figure 8. Preliminary total scattering cross section of solid ortho-D2 (T = 10 K) and its 
decomposition into I-phonon up-scattering, incoherent elastic nuclear scattering and the 
elastic scattering contributions from defects (Rd= 88A., c = 8.2x10·11 per D2 molecule) as 
calculated using the Guinier approximation {25 ]. 
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VI. Conclusion 

We have conceived, constructed and tested a sample container for cryogenic liquids and solids 
that'procluces samples with low surface roughness and allows for optical inspection of the 
sample preparation process. The highly polished silica windows suppress surface scattering as 
much as possible and do not bulge under pressure. This sample container design addresses the 
issues of previous sample containers and permits reliable UCN transmission measurements on 
cryogenic crystals, such as solid deuterium (sD2 ). Measurements of this kind are needed to 
interpret the performance of operating sD2 -based UCN sources worldwide. 

We have used this sample container in recent UCN transmission measurements and were able 
to determine precise total cross sections of liquid and solid ortho-deuterium for UCNs and 
determine the concentration of defects in an ortho-deuterium crystal. 
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Abstract 

We present measurements of P-odd asymmetry of emission of a-particles in · the 
10B(n,u)7Li nuclear reaction, which are carried out using beams of polarized cold neutrons at 
Petersburg Nuclear Physics Institute (PNPI, Gatchina, Russia) and Institut Max von Laue -
Paul Langevin (ILL, Grenoble, France) nuclear reactors. The a-particle detector is an 
ionization chamber with insensitive gaseous layer. 

' We measured the P-odd asymmetry coefficient to be equal <[p,odd = - (11.2 ± 3.4)· 10-8
• 

Introduction 

Experimental investigations of spatial parity in reactions of polarized neutrons with 
light nuclei is an important topic in the framework of exploring the fundamental problem of 
manifestations of weak interaction in nuclear processes as well as evaluating constants of 
weak nucleon-nucleon (NN) potential. To describe the contribution of weak interaction, the 
problem is often parameterised in terms of single (7t, p, co) and multiple (7t7t) meson exchange 
with one weak and one or more strong vertices (see [1, 2] for reviews). Within this 
parameterisation, neutral and charged weak currents are described with dimensionless 
coupling constantsf.,,and h0

p, respectively. Several models attempt to relate these couplings to 
more fundamental theory. The quark model by Desplanques, Donoughe and Holstein (DOH) 
predicts "best values" fa= 4.6·10-7 and h0

p = -11.4·10-7 within "allowed ranges" [3]. The 
soliton model of nucleon by Kaiser and Meissner (KM) [ 4, 5] predicts lower values for these 
couplings. During last years, the weak NN interaction effects have been analyzed actively in 
the framework of the effective field theory [6-8]. This approach is more general and 
systematic compared to the one-meson-exchange model. Anyway, one needs new precise 
relevant experimental data in order to verify theories. 

While the observation of parity violation in proton-proton scattering is a manifestation 
of charged weak currents in accordance with theory [9, 10], no nonzero observation has yet 
been claimed· for neutral weak current contributions in NN-interaction in nuclei. A popular 
system for the theoretical and experimental investigation of P-odd effects is the radiative 
neutron capture by protons, (n,p)-+(d;y). As shown in ref. [2], the coefficient Ay of the P-odd 
asymmetry for y emission depends on the weak neutral current alone, A1 = -0. l lfn, The "best 
value" of the DOH model forfn corresponds to P-odd asymmetry of the order of 5-10-3

• The 
model of KM predicts an even smaller value. Such a tiny observable and the fact that the 

41 



cross section for neutron absorption is much smaller than that for scattering, present 
considerable difficulties to perform a statistically significant measurement. 

Until recently, effects of parity violation in reactions with neutron absorption had been 
observed only in reactions with medium and heavy nuclei, where peculiar enhancement 
effects may occur [11]. Measurements of P-odd asymmetry coefficients for such nuclei have 
not provided information on constants of weak interaction in view of the complexity of 
calculations and corresponding uncertainties [2]. On the other hand, considerable progress has 
been made in the theoretical description of light nuclear systems involving up to 10 nucleons, 
starting from phenomenological potential models for NN interactions and including three• 
body forces. In the absence of parameter-free description of light nuclear systems, we analyse 
in the following our data using the cluster model. 

A set of light nuclei can be described up to the excitation energy of 20--25 MeV as 
combination of a limited number of clusters; a neutron reaction with such a light nucleus can 
be considered as reaction in the field of one or a few a-particles. Then the problem can be 
solved in terms of constants of meson-nucleon interaction. The coefficient of P-odd 
asymmetry in triton emission in the 6Li(n,a)3H reaction is calculated in ref. [12] in terms of 
weak couplings; it is equal to a'p-odd :::::-0.45J,, + 0.06h0

p = -2.8·10·7, where weak constants are 
"best values" of the DDH model. The measured coefficient is a'p-od,i(6Li) = -(8.8 ± 2.1)·10~ 
[13]. This result constrained the neutral current constant as O $.f,, $. l.1·10·7 at the 90% 
confidence level. This value is smaller than the "best value" in the DDH model. Calculation 
[14] of P-odd asymmetry coefficient of y-quantum emission in the reaction 10B(n,a1)7Li*-, 
7Li(g.s.) + y, (E., =0.478 MeV) provided the following expression: a7p-odd::::: 0.16J,,- 0.028h0

p= 

1.1 · 10·7 with the DDH "best values". Measured value of this P-odd asymmetry coefficient 
equals a 7p-odd(

10B) = (0.0±2.6,1a1±1.1,y,)·10·8 [15]. Performed experiments would not contradict 
to calculations if the value of neutral current constant is smaller than the theoretical "best 
value" and close to zero. That is why a measurement of P-odd asymmetry in the emission of 
a-particle in the reaction 10B(n,a)7Li, with the predicted effect as high as 10·7_10-6 in the ao· 
transition [16], is of interest. Observation of a non-zero effect in another nuclear reaction 
accompanied with theoretical calculations would allow one better evaluating neutral and 
charged current constants. 

Reaction 1°B(n,a)7Li 

Energy released in this reaction equals 2. 79 Me V; it is distributed over reaction 
products as follows: Eao = 1.78 MeV, Euo = 1.01 MeV and, Ea1 = 1.47 MeV, ELil = 0.84 MeV 
(see Fig. 1). 

Unfortunately, in view of complexity of 10B nucleus, theoretical calculations in terms of 
meson constants have not yet been performed. In accordance with the two level approach 
[17], S- and P- states with equal spin and opposite parity have to be mixed in order to provide 
P-odd asymmetry. Here, a single pair of resonances is present in the input channel: p. 
resonance (Ep = 0.53 MeV, J" = 5/2') and S-resonance (Es= 0.17 MeV, J" = 5/2+) [18]. The 
width of a 1 transition for S-resonance equals zero; thus, P-odd asymmetry for this transition 
associated with the input channel is absent. A P-odd effect can be associated only with ao
transition (for the given method of introduction of parity violation). A P-odd effect in the exn 
reaction channel was evaluated in ref. [19]; it is an order of magnitude smaller than its 
expectation for the a0-transition in the input channel. Besides, if P-odd asymmetry exists in 
a 1-transition, a P-odd effect should exist also in 0.478 MeV y-transition from 1st excited to 
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ground state in 7Li. Performed experiments [15] constrained the P-odd asymmetry coefficient 
ofy-quanta emission I a1p-od,t(1°B) I < 4.3·10·8 at the 90% confidence level. Thus P-odd effect 
in a1-transition in the exit channel is absent in first approximation, and one could consider 
experiments with mixture of a-transitions, where a 1 is a background transition not 
contributing to the effect. 

3+ 0 

3/2- 0 

Fig. 1. A scheme of the 7Li nucleus formation following the capture of cold neutron in 
10B nucleus. 

Unfortunately, in view of complexity of 10B nucleus, theoretical calculations in terms of 
meson constants have not yet been performed. In accordance with the two-level approach 
[17], S- and P- states with equal spin and opposite parity have to be mixed in order to provide 
P-odd asymmetry. Here, a single pair of resonances is present in the input channel: P
resonance (Er = 0.53 Me V, J" = 5/2") and S-resonance (Es = 0.17 Me V, J" = 5/2+) [ 18]. The 
width of a 1 transition for S-resonance equals zero; thus, P-odd asymmetry for this transition 
associated with the input channel is absent. A P-odd effect can be associated only with no
transition (for the given method of introduction of parity violation). AP-odd effect in the exit 
reaction channel was evaluated in ref. [19]; it is an order of magnitude smaller than its 
expectation for the no-transition in the input channel. Besides, if P-odd asymmetry exists in 
a1-transition, a P-odd effect should exist also in 0.478 MeV y-transition from 1st excited to 
ground state in 7Li. Performed experiments [15] constrained the P-odd asymmetry coefficient 
ofy-quanta emission I a1p.0 ,1d{ 10B) I < 4.3· 10·8 at the 90% confidence level. Thus P-odd effect 
in a1-transition in the exit channel is absent in first approximation, and one could consider 
experiments with mixture of a-transitions, where a 1 is a background transition not 
contributing to the effect. 

In first measurements of P-odd asymmetry, rather significant P-even left-right effect 
was observed in nearly all neutron reactions with light nuclei accompanied with emission of 
charged Pcarticles. The coefficient of left-right asymmetry for the 1.78 MeV transition in the 
reaction °B(n,a)7Li was measured to be equal aa01r = (0.77 ± 0.06)· 104

; the coefficient of left
right asymmetry for a 1-transition was estimated as aa1

1r = -(0.28 ± 0.14)·10·5 [20]. As left
right 'asymmetry has to accompany P-odd asymmetry, the later estimation also indicates that 
P-odd asymmetry is expected to be present only in a 1-transition. 
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Ionization chamber 

The experimental geometry and the experimental setup were the same as in ref. [13] 
studying the reaction 6Li(n,a)3H (see Fig. 2). 

4 3 

_____ / ---------- 2 

q; 
l+l+H+++H+.>k--.,,;; ::.,,..-.j 

s 

Fig. 2. A sketch of the ionization chamber in the neutron beam: 1 - ionization chamber; 2 -
6LiF beam-stop for absorption of neutrons at the chamber exit; 3 - solenoid for guiding the 

magnetic field; 4 - grids and 10B targets; 5 - base plate of the ionization chamber. 

Due to large partial ionization losses, passes of a-particles are small, thus solid film 
absorbers cannot be used for absorbing the heavy component and defining certain mean 
cosine of a-particle emission. Instead, we created insensitive gas volume with the thickness of 
9 mm installed an additional greed between target and signal electrode. Working gas was 
argon at the pressure of 0.3 bar. Operation of the ionization chamber was simulated using 
Monte-Carlo method for these parameters and for the actual detector geometry; the target 
thickness was assumed to be distributed non-uniformly in accordance with the normal 
statistical law; the mean target thickness was 180 µg/cm2

• The mean cosine of ao-particle 
emission angle is calculated to be equal <cos(anPa)> = 0.77 (an and Pa are unit vectors of 
neutron spin and emitted a-particle momentum). Calculated contributions of the reaction 
products (energies taken into account) into the current measured in the detector are equal: 
ao(E = 1.78 MeV)- 11.4%, Lio(E = 1.01 MeV)- 0.8%, a1(E = 1.47 MeV)- 82.0 %, Li1iE= 
0.84 MeV) - 5.8%. To shape the neutron beam, we installed three collimators made of LiF 
ceramics inserted in Al foil envelopes inside the chamber along its total length. The beam is 
smaller than the target size at both the entrance to and the exit from the chamber. The 
deviation of the neutron beam along the vertical axis is smaller than 5 mm. The chamber is 
installed on concrete blocks so that the horizontal misalignment between the neutron beam 
and the chamber axis is smaller than 5 mmlm. A solenoid wired around the ionization 
chamber produced the longitudinal magnetic field, which guided the neutron spin. The 
direction of magnetic field in the chamber is aligned along the chamber axis with the accuracy 
better than 1°. For this geometry, a contribution of left-right asymmetry into P-odd effect is 
suppressed by 4-5 orders of magnitude compared to its maximum value. 

24 double targets and detection chambers are installed inside the ionization chamber 
along the longitudinally polarized neutron beam. Targets were produced using sedimentation 
of amorphous B suspended in acetone to Al foils with the thickness of 20 µm. Each double 
chamber is equipped with two targets folded back to back so that each B-coated side looks to 
its own chamber. Target substrates totally absorb reaction products. One half of a double 
chamber detects a-particles emitted along the neutron momentum ("forward"), another half 
detects a-particles emitted against the neutron momentum ("backward"). Due to the 
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correlation (a0pa), P-odd effects in "forward" and "backward" particle ermss1on are of 
opposite signs. Signal electrodes of chambers are connected to two common electronic lines: 
"forward" for chambers detecting a-particles emitted along the neutron momentum and 
"backward" for chambers detecting a-particles emitted in the opposite direction. Signals of all 
detector chambers "forward" ("backward") are sent to respective preamplifiers (PA), which 
transform ionization chamber current into voltage. The voltage at the PA exit is recorded in 
PC using programmable analog-to-digital converter (ADC). 

PA divides signals into variable and constant parts. Variable part is amplified and then 
recorded. The amplification coefficient is calibrated sending a rectangular-step signal of 
known amplitude to the PA entrance. 

Measuring procedure 

To achieve maximum accuracy, we used the scheme of two detectors ("forward" and 
"backward") and special procedure of measurements. The principle of the scheme is based on 
the fact that both detector channels measure simultaneously the same process, however the 
signs of real effects are opposite while the effect of synchronous fluctuations is the same. 

P-odd asymmetry in nuclear reactions with polarized neutrons is defined as: 

a= (N. -N_)t(N+ +N_), (1) 

where N+ and N. are detector counts corresponding to the emitted particle momentum parallel 
and antiparallel to the neutron spin, respectively. For the integral measuring method applied, 
"number of events" per time interval is equivalent to the sum of variable U and constant Uc 

parts of the signal integrated over this interval and thus the asymmetry coefficient O.p-odd is 
written as follows: 

a _ (U/+U+!K)-(Uc-+U-IK) 
P-odd- (U/+u·tK)+(Uc-+u-1K) 

(2) 

Here U/, Uc-, u+, U are respectively constant and variable parts of the signal for different 
neutron spins relative to the detected particle momentum. K is amplification coefficient for 
variable part. As Uc >> U and Uc+ = Uc- = Uc, thus normalized asymmetry coefficient 
equals: 

aP-odd = (u• -u-)/(K. 2U c) · (3) 

Time diagram of measurements is shown in Fig. 3. For each detector channel, tetrads 
U/, Ui", U/, U/ of variable part of signals from PA averaged over period Tare combined in 
single measurements and calculated as follows: u+ = U1 + + U4 +, U = u2• + u1•. Signs "+" 
and"." correspond to different neutron spin directions. This combination allows eliminating 
linear drifts in amplifies. The asymmetry is calculated for single measurement for each 
detector. N consequent single measurements in both channels are combined in one series; 
constant signal part is measured ones in each interval T; mean, over the series, values of 
constant signals are used in the normalized asymmetry coefficient. Results are treated after 
the series. 
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Fig. 3. Time intervals in the experiment. 

Synchronous fluctuations of reactor power in measured signals are compensated due to 
subtraction of asymmetry coefficients for single measurements in two detectors (measuring 
effects of opposite sign) and summation of these differences at the end of series. Thus, the 
effect is doubled while reactor power fluctuations are subtracted. 

The procedure of data treatment and relevant formulas are described in detail in ref. 
[13]. 

In the time diagram in Fig. 3: main time of measurement T = 0.1 s, integration time 0.09 
s, neutron spin is flipped each 0.2 s, a series consists of N = 250 single measurements, i.e. 
continues for 100 s. Final result is obtained by weighted averaging over many series. 

To avoid false asymmetries, the direction of magnetic field in the chamber (guiding the 
neutron spin) is reversed after each series; the numbers of series with opposite directions of 
the guiding field are equal. Averaging procedure takes into account that reversion of magnetic 
field changes the sign of P-odd effect to the opposite one. Thus, combined treatment of data 
for two detectors and two magnetic field directions eliminates parasitic effects as repeatedly 
verified in experiments [16], [21], [22]. Earth's magnetic field and external stationary 
magnetic fields from surrounding are not compensated for; they can increase the contribution 
of left-right asymmetry into P-odd asymmetry. The sign of corresponding left-right 
asymmetry does not change when the guiding magnetic field reverses [21]; subtraction of 
results for opposite directions of guiding field eliminates the contribution of this effect. 

Measurements 

P-odd asymmetry of a-particle emission in the reaction 10B(n,a/Li was measured 
earlier for the sum of a-lines [16]. This experiment was carried out at the vertical polarized 
neutron beam at the PNPI reactor (Gatchina, Russia). The integral neutron intensity was - (l• 
3)·1010 s·'; the mean neutron polarization was P = 0.8. Corrected for the mean cosine of a. 
particle emission angle and for the neutron polarization, the result was equal 

a~~~(1°B,PNPI) = -(17.4± 12.2)· 10-8
• 

Second experiment was carried out at the horizontal polarized neutron beam of PF!B 
[23] facility at the ILL (Grenoble, France). The mean neutron wavelength is 'J,.., =4.7 A; the 
integral flux of polarized neutrons is (4-5)· 1010 s"1

; the neutron polarization is P = 92 ± 2%. 

46 

_.Ii.,. 



Neutron polarization is flipped using an adiabatic spin-flipper with the efficiency close to 
100%. Fig. 4 shows experimental results; explanations are in the caption. 

The experiment at ILL provided the P-odd asymmetry value, corrected for the neutron 
polarization and the mean cosine of emission of a0-particle, equal: 

a;~~ (1°B,ILL) = -(10.7 ± 3.5) · 10-s. 

The two results provide the value of P-odd asymmetry coefficient of a-particle emission 
in the reaction 10B(n,a)7Li equal 

a;~:i(1°B) =-(11.2±3.4)·10-8
• 
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Fig. 4. All results of the presented experiment. A) P-odd asymmetry measured for one 
direction of the guiding magnetic field (--> ), C) P-odd asymmetry measured for the opposite 
direction of the guiding magnetic field ( <-), E) the resulting P-odd asymmetry. B), D), F) 

respective distributions, in comparison with Gaussian distributions. 

Control experiments 

Ref. [13] presents detailed analysis of possible background P-odd effects in different 
reactions of neutrons with the construction materials of the experimental setup. As reliable 
calculation of these effects is complicated, we had to verify experimentally the contribution of 
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possible false asymmetry caused by neutron reactions with other-then-B nuclei. Thus, we 
measured P-odd asymmetry with all targets covered with foils completely absorbing reaction 
products. We performed this experiment in studied of P-odd asymmetry of triton emission in 
the reaction 6Li(n,a)3H [13]. The chamber and all surrounding of the chamber in the two 
experiments are equivalent. Taking into account earlier analogous measurements at PNPI 
[16], the result is 

abackgr = (0,2 ± 0.5) • lQ-&, 

This value can be used also for experiments with B, as the detector of charged particles, 
the ionization chamber, is the same. Thus, we can state that the effect of P-odd asymmetry in 
the presented experiment is associated with the reaction 10B(n,a)7Li. 

Conclusion 

The precision of measurement of P-odd asymmetry in the emission of a-particles in the 

reaction 10B(n,a)7Li ( a~::;;/0B) = -(11.2 ±3.4) • 10-8
) is comparable with the precision of 

measurement of P-odd effect in the reaction 6Li(n,a)3H [13]. The non-zero result in the 
reaction 10B(n,a)7Li is obtained for the first time. 10B is the second light nucleus, after 6Li, 
where P-odd effect has been observed. 

P-odd effect in the reaction 10B(n,a)7Li can be theoretically calculated within the cluster 
model; it would be of high importance to describe the considered reaction also from "first 
principles". 
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MACROSCOPIC MANIFESTATION OF THE STRONG NUCLEAR 
INTERACTION IN THE OPTICAL SPECTRA OF SOLIDS 

V.G. Plekhanov 

Fonoriton Sci. Lab., Garon Ltd., Lasnamae 22 - 3, Tallinn 11413, Estonia 

Abstract, Artifical activation of the strong interaction by adding of one neutron to the nucleus 
causes the global reconstruction of the macroscopic characteristics of solids.The experimental 
evidence of macroscopic manifestation of the strong interaction in optical spectra of solids which are 
differ by term of one neutron from each other has been presented. This evidence is based on two 
independent results: I) The increase exciton energy on 103 meV is caused by the adding of one 
neutron (using LiD crystals instead LiH ones); 2) After increasing the amounts by one neutron the 
energy of LO phonons has decreased by 36 me V. The last one is directly seen from luminescence 
and scattering spectra. As far as the gravitation, electromagnetic and weak interactions are the same 
in both of kind crystals, it only changes the strong interaction. Therefore a logical conclusion is made 
that the renormalization of the energy of electromagnetic excitations (excitons, phonons) is carried 
out by the strong (nuclear) interaction. The Standard Model is insufficiently underlined. 

I. Introduction 

As is well known, the neutron is not only an investigation object but also a powerul instrument of the 
study of the nucleus and condensed matter properties. The neutron is one of the main particles of the 
Standard Model (SM) [I] which is perfectly described by Quantum Chromodynamics (QCD)[2]. 
Our present knowledge of physical phenomena suggests that there four types of forces between 
physical bodies (see, e.g. [3, 4]): 
1) gravitational; 
2) electromagnetic; 
3) strong; 
4)weak. 
Both the gravitational and the electromagnetic forces vary in strength as the inverse square of the 
distance and so able to influence the state of an object even at very large distances whereas the 
strong and the weak forces fall off exponentially and so act only at extremely short distances. The 
strong forces does not act on leptons (electrons, positrons, muons and neutrinos), but only on protons 
and neutrons (more generally, on baryons and mesons - this is the reason for the collective name 
hadrons). It holds protons and neutrons together to form nuclei, and is insignificant at distances 
greater than 10-15 m [3]. Its macroscopic manifestations are restricted up to now to radioactivity and 
the release of nuclear energy. The three forces which are relevant to elementary particles can be 
recognized in the three kinds of radioactivity: a - radiation is caused by the strong force, f3 - radiation 
by the weak force, and r - radiation by the electromagnetic force. The characteristics of these forces 
are summarized in Table I. 
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Table 1. The four fundamental forces 

Interaction FQ Mass Range (m) RS Spin TC - S (m
2

) TIS (s) 

Strong Gluon 0 10-15 1 1 10-30 10-23 

Weak w±,z 81, 93 GeV/c
2 10-18 10-s 1, 1 10-44 10·8 

Electromagnetic Photon 0 00 a= 1/137 1 10-33 10-20 

Gravity Graviton 0 00 10-38 2 

Here - FQ field quant, RS relative strength, TC - S Typical cross - section, TIS - Typical time scale. 

This table given for the strength and range of the forces come from a comparison of the effects they 
produce on two protons. In some respect these resemble an ordinary Newtonian force between the 
protons, varying with the distance between them as if the force was derived from a potential 
function: 

V(r) = ke,~rl• (1) 

for some n. This is an inverse - power force which is diminished by an exponential factor at distances 
larger than a certain distance R, the range of the force. The strength of the force is measured by the 
constant k. The unit of strength is hc/2rr where h is Planck's constant and c the speed of light. We 
should add that the weak force does not appear to be particularly weak on this reckoning: the reason 
for its very short range (see Table 1) rather than its intrinsic strength. Since the protons and neutrons 
which make up the nucleus are themselves considered to be made up of quarks are considered to be 
held together by the color force [2], the strong force between nucleons may be considered to be a 
residual color force (see, also [l, 3]). In the SM, therefore the base exchange is the gluon which 
mediates the forces between quarks. The modem quantummechanical view of the three fundamental 
forces (all except gravity) is that particles of matter (fermions = neutrons, protons, electrons) do not 
directly interact with each other, but rather carry a charge, and exchange virtual particles (gauge 
bosons= photons, gluons, gravitons) which are the interaction carriers or force mediators. As can be 
see from Table 1, photons are the mediators of the interaction of electric charges (protons, electrons, 
positrons); and gluons are the mediators of the interaction of color charges (quarks). In our days, the 
accepted view is that all matter is made of quarks and leptons (see Table 2). 

Table 2. Quarks and leptons 

Leptons 

Quarks 

Family 

1 2 3 

e· µ· r· 

Ve Vµ Vt 

U C t 

d s b 

Electric charge ( e) 

- 1 

0 

2/3 

- 1/3 

As can be see, of the three pairs of quarks and leptons, one pair of each - the quark u and d and the 
leptons e- and v; (electrons neutrino) - are necessary to make up the every day world, and a world 
which contained only these would seem to be quite possible. 
The facts, summarized in the modem nuclear physics (see, e.g. [5, 6]) allow to draw several 
conclusions in regard to nuclear forces, most notably that the binding energy of a nucleus is 
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proportional to the number of nucleons and that the density of nuclear matter is approximately 
constant. This lead to conclude that nuclear forces have a "saturation property". It seems from the 
last conclusion it is enough to change the number of neutrons in nucleus to change strength of 
nuclear force. But the last one constitutes the main ideas of the isotope effect [4]. 
Below we will briefly describe the results of the optical spectroscopy of isotope - mixed solids. The 
apparatus used in our experiments has been described in several previous publications [7 - 9]. For 
clarity, we should mentioned here that immersion home - made helium cryostat and two identical 
double - prism monochromators were used . One monochromator was used for the excitation and the 
other, which was placed at right - angle to the first for analyzing the luminescence and scattering of 
light. In our experiments we investigated two kinds of crystals (LiH and LiD) which are differ by a 
tenn of one neutron. 

II. Results 

As demonstrated early (see, e.g. review [IO]) most low - energy electron excitation in LiH crystals 
are the large - radius excitons [11]. Exciton luminescence is observed when LiH (LiD) crystals are 
excited in the midst of the fundamental absorption. The spectrum of exciton photoluminescence of 
LiH crystals cleaved in liquid (superfluid) helium consists of a narrow (in the best crystals, its half -
width is AE $ 10 meV) phononless emission line and its broader phonon repetitions, which arise due 
to radiative annihilation of excitons with the production of one to five longitudinal optical (LO) 
phonons (see Fig. I). 

Fig. 1. Photoluminescence spectra of free excitons at 2 K in LiH and LiD crystals cleaved 
in superluid helium. 

The phononless emission line coincides in an almost resonant way with the reflection line of the 
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exciton ground state which is indication of the direct electron transition X 1 - X4 of the first Brillouin 
zone [12].The lines of phonon replicas form an equidistant series biased toward lower energies from 
the resonance emission line of excitons. The energy difference between these lines in LiH crystals is 
about 140 meV, which is very close to the calculated energy of the LO phonon in the middle of the 
Brillouin zone [13] and which was measured in [14]. The isotopic shift of the zero - phonon emission 
line ofLiH crystals equals 103 meV. As we can see from Fig. 1 the photoluminescence spectrum of 
LiD crystals is largely similar to the spectrum of intrinsic luminescence of LiH crystals. There are, 
however, some distinctions one is related. 
Firstly the zero - phonon emission line of free excitons in LiD crystals shifts to the short -
wavelength side on 103 meV. The second difference concludes in less value of the LO phonon 
energy, which is equal to 104 meV. 
At the excitation below the intrinsic absorption adge (E

0
_ 1, = 5.043 eV for LiD [10]) we have 

succeeded in observing the multiphonon resonance Raman scattering (RRS) with the creation ofup 
four phonons (Fig. 2). Indeed, the energy difference between peaks in the RRS spectrum is equal the 
energy of the LO phonons in the center of the Brillouin zone [13]. 

LiD 

LHcT 
~ . I\ I I, I I 
·.;; 
t= 
QJ 

~'1 
,. -·· 

5.0 4.9 4.B 4.7 E,eV 

Fig. 2. Resonant Raman scattering of a Lill crystals at the excitation E = 4.992 eV at 4.2 K, 

To pay attention the large half - width of observable lines in the RRS spectrum. As was shown in the 
paper [15] their half - width are always larger than of the excitation line. The proximity of the 
exciting light frequency to the energy of exciton transitions leads to an essential modification of the 
selection rules for light scattering. The presence of the second - order TO (r) (hrorocn = 76 meV for 
LiH) in the RRS spectrum may be explained by a relatively strong scattering deformation mechanism 
in these crystals, where, however the main mechanism, as was seen from both figures, is Froehlich 
mechanism ofintraband scattering. The logwavelength displacement of the excitation line frequency 
relatively exciton resonance a monotonic decrease the intensity ofRRS spectrum as whole more than 
60 - fold in both LiH and LiD crystals. Comparison the experimental results on the luminescence and 
light scattering in the crystals which differ by a term of one neutron only is allowed to the next 
conclusions; 
I. At the adding one neutron (using LiD crystals instead LiH ones) is involved the increase exciton 
energy on 103 meV. 
2. At the addition one neutron the energy of LO phonons is decreased on the 36 meV, that is direct 
seen from luminescence and scattering spectra. Both characteristics are macroscopic. 
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III. Discussion 

The modem concept of the atom emerged at the beginning of the 20th century , the particular as a 
result of Rutherford's experiments [5,6]. An atom is composed of a dense nucleus surrounded by an 
electron cloud. The nucleus itself can be decomposed into smaller particles. After the discovery by 
Chadvick of the neutron in 1932, there was no longer any doubt that the building blocks of nuclei 
are protons and neutrons -( collectively called nucleons). The elementary particles came to considered 
the electron, proton and neutron [l, 4]. The primary aim of nuclear physics is to understand the force 
between nucleons, the structure of nuclei and how nuclei interact with each other and with other 
subatomic particles. 
As say above, an atom consists of an extremely small, positively charged nucleus (see Fig. 3) 
surrounded by a cloud of negatively charged electrons. As can we see from Fig. 3 the nucleus is less 
than one ten - thousandth the size of atom, the nucleus contains more than 99.9% of the mass of the 
atom. 

Fig. 3. Structure within the atom. If the protons and neutrons in this picture were 10 cm 
across, then the quarks and electrons would be less than 0.1 mm in size and the entire atom 
would be ab.out 10 km across (after http://www.Ibl.gov/abc/wallchart/). 

Nucleus is central part of an atom consisting of A - nucleons, Z - protons and N - neutrons. The 
atomic mass of the nucleus is equal Z + N. A given element can have many different isotopes, which 
differ from one other by the number of neutrons contained in the nuclei [4 - 6]. Modem physics 
distinguishes three fundamental properties of atomic nuclei: mass, spin (and related magnetic 
moment) and volume (surrounding field strength) which are source of isotopic effect (see, also [16]). 
LiH (LiD) crystals with a lattice of NaCl type, whose parameters are close to cubic crystals, are 
dielectrics with band gap of Eg = 4.992 eV (Eg = 5.090 eV for LiD) at 2 K [7]. These crystals have 
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an identical electronic structure. The energy band structure of these substances is also identical. All 
three kinds of forces - gravitational, electromagnetic and weak are also the same for compounds 
above. The difference between these substances consists out at one neutron in the nucleus of 
deuteron. Below we should briefly consider some peculiarities of the physics of deuteron. Nucleons 
can combine to make four different few - nucleon systems, the deuteron (p + n), the triton (p + 2n), 
the helion (2p + n) and the a - particle (2p + 2n). These particles are grouped together because they 
are all stable (apart from triton which has a half - life of about twelve years and so may be treated as 
a stable entity for most practical purposes), have no bound excited states (except the a - particle 
which has two excited states at about 20 and 22 MeV [5]), and are frequently used as projectively in 
nuclear reactions. Few - nucleon systems provide the simplest systems to study nuclear structure 
(see, e.g. [17)). The deuteron provides important information about the nucleon - nucleon 
interaction. As was noted, the deuteron consists of a proton and a neutron and is the only bound state 
of two nucleons. Its binding energy is 2.2245 MeV and its total angular momentum J and parity are 
I+ [6]. Since the intrinsic parities of the neutron and the proton are positive parity of the deuteron 
implies that the relative orbital angular momentum of the neutron and the proton must be even. If the 
orbital angular momentum L is a good quantum number, states with lower orbital angular 
momentum generally have lower energy than states with higher angular momentum, and so we 
expect the ground state of the deuteron to have orbital angular momentum L = 0, so that it is in an S 
state. Then, if the spins of the proton and the neutron in the deuteron are parallel, we expect the 
magnetic moment of the deuteron to be approximately the sum of the magnetic moments of the 
proton and neutron, namely µp + µ" = (2.793 - l.913)µN = 0.880µN (µN = 2~ ) [5]. If, however, the 

p 

spins are anti - parallel , we expect it to be (2.793 + l.913)µN = 4.706µN. Experimentally it is 
0.857 µN [5, 17] so the spins of the proton and neutron are parallel and so the total spin S of the 
deuteron is one, since J = L + S, J =I.The small but definite difference between µd = 0.857µN and 
µp + µ" = 0.880µN is due, as will shown below, to tensor character of strong forces in deuteron. We 
thus conclude that the ground state of deuteron is a triplet S state. However this cannot the whole 
story because S states are spherically symmetrical and thus have no quadrupole moment. This is 
contradict to experiments. Experimentally the deuteron has a positive quadrupole moment of 0.29 
fm 2 [18]. The deviation of the actual deuterium moment from the S state moment can be explained if 
it assumed that the deuteron ground state is a superposition of S and D states. Part of the time, the 
deuteron has orbital angular momentum L = 2. Independent evidence for this fact comes from the 
observation that, as was shown above, the deuteron has a small, but finite, quadrupole moment (see, 
also [18)). As is well - known, the electric quadrupole moment measures the deviation of a charge 
distribution from sphericity [4]. 
The quadrupole moment of a disk shaped (oblate) nucleus Q is negative. A positive quadrupole 
moment of Q = 0.29 fm 2 according experiment indicates that the deuteron is slightly elongated the z 
- axiz, like an olive (prolate). Quantum mechanical definition of quadrupole moment for a single 
proton [18] is described by: 

eQ = eJ '¥* (3z2 - r2)'¥dt . (2) 

Thus, if the quadrupole moment is not equal to zero then the eigenfunction of the ground state of the 
deuteron assigns a probability of 0.04 to finding a 3 DI state and a probability of a 0.96 to finding a 
3S I state. The last one points to the tensor character of the nucleon - nucleon interaction (the more 
details see, e.g. [5, 6)). Nuclear magnetic dipole and electric quadrupole have a similar importance in 
helping us to interpret the deuteron structure. 
The motion of the electrons produces a magnetic field If.: at the nucleus, which interacts with the 
nuclear magnetic momentµ, (see, e.g. [19)): 

E = - µi · If.:. (3) 
Typical energy differences of hyperfine multiplets are only about 10-1 eV (in case of the deuteron it 
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is 3.16 • 10-7 eV (see also [20, 21])). This value is by more than seven order less than we observe in 
experiments: the isotopic shift of the n = Is excitons is equal to 0.103 e V. 
The short range character of the strong interaction doesn't possess direct mechanism of the 
elementary excitation energy renormalization, which was observed in the experiments. However, 
there is one not very convincing possible hypothesis of the strong interaction mechanism - this is 
residual long range electromagnetic interaction of the electric charge quarks. The non - zero value of 
electric quadrupole moment indicates in favour of this hypothesis, for example, in deuterium. Such 
hypothesis doesn't contradict to the conclusion of the papers [1, 2, 3, 20, 21, 22] about the mass 
difference origin between the neutron and proton connected with electric charged u and d quarks. 
Moreover, the neutron mass diminishing in nuclei in comparison to the free state of neutron 
independently shows the actual residual electromagnetic interaction in nucleons between quarks 
(see, also [20] and references therein). Naturally, the origin of Van der Waals*l or new type forces 
are in need of more quantitative not only experimental but also theoretical investigations of observed 
effects. 
Nevertheless, we have very close of the isotope shift exciton energy in the case 12 C;3C1_, diamond 
crystals to the indicated value above in LiH crystals. Indeed, in such experiments we have isotope 
shift in 12C}3C1-, diamond crystals approximately 15 meV [4] per one neutron and on seven 
neutrons we get 15 • 7 = 105 meV. This value is very close to the observed one (103 meV) in LiH 
crystals. 
Thus, the tentative interpretation of describing experimental results don't find consistent explanation 
at the change strong interaction leaving it to be another mystery of SM (see, also [20, 21]). We 
should remind that intrinsic contradiction of SM is already well - known. Really, the Lagrangian of 
QCD (theory of the strong interaction) describes both free motion and interaction between quarks 
and gluons, which is defined by the strength couple g, its eigenstates are the quarks and the gluons 
which are not observed in free states [2, 21, 22]. The observed hadrons in the experiment don't 
eigenstates in quantum chromodynamics. It is obvious to expect that the modem theory of QCD 
should finally overcome these difficulties [20]. We should add that the current theoretical and 
experimental evidence for the existence of electronic objects with a fractional of electron charge 
(e/2, e/3, etc) is reviewed in paper [23]. One more possible mechanism the influence of the strong 
interaction on the dynamics of elementary excitation connects with the zero - point vibration [ 4, 20, 
21]. 

Conclusion 

The experimental evidence of the macroscopic manifestation of strong (nuclear) interaction in 
optical spectra of solids which are differ by term of one neutron from each other has been presented 
for the first time. This evidence is based on two independent experimental results, which is directly 
seen from luminescence and scattering spectra. As far as the gravitation, electromagnetic and weak 
interactions are the same in both of kind crystals, it only changes the strong interaction. Therefore a 
logical conclusion is made that the renormalization of the energy of electromagnetic excitations 
(excitons, phonons) is carried out by the strong (nuclear) interaction. There is underlined the 
necessity consideration the strong (nuclear) interaction in quantum electrodynamics. 

*) Estimation of the Van der Waals force, for example, dispersion character gives more than 25 
times hydrogen polarization value decrease and this is not correct. 
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Abstract 

Time-Dependent Long Range Nuclear Forces 

Yu.L. Ratis 

Institute of power engineering for special applications 

It was shown that the experimental results [1-5] provide an evidence for existence of time
dependent long range nuclear forces considered in [6]. Unfortunately, scientific community 
does not understand revolutionary results [l]-[5] since their interpretation was ambiguous. 
The original scheme of new "experimentum crucis" is proposed. The aim of this experiment is 
detection of time-dependent long range nuclear forces with effective radius rrr > 17 A. 

Keywords: nuclear forces, theory of exotic electroweak processes, experimentum 
crucis, exonuclear reactions 

1. Introduction 

Results [1]-[5] are in a formal contradiction with "the dogmas of modern nuclear 
physics which are reliably established". At the same time these results perfectly explained 
within a framework of the theory of exotic electroweak processes (TEEP) [ 6]. 

As the results of experiments [1-5] were published in the rare preprints, we will 
provide extensive cites from these works, accompanying them with comments from TEEP 
positions. 

1.1. A.S. Roussetsky group experiments 

International group of scientists investigated exothermic desorption of a deuterium 
from deuterated heterostructure Au/Pd/PdO:D. They systematically detected a-particles with 
the energy above 7 .5 Me V [ 1]. The results of this work are presented in fig. 1 
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Fig. 1. The typical range of charged particles for Au/Pd/PdO:D samples thickness of 1 = 40 
micron received for time tv =24000 s. Strokes show the peak positions predicted by TEEP. The 
results of calculation are seen in Table 1. Peak at ~12 MeV corresponds to the a-particles from 
reaction Dv + 1i~Au --+ a+ 1i~Ptv, 

57 



Results [1] were processed by the TEEP methods [6]. It was established that 
1) Exonuclear reaction Dv + 4tPd -+ a+ A4~Rhv. A crystal lattice absorbs the recou 

momentum. Corresponding energies see in Table 1. 
Table! 

Energy of a - particles from Dn + ~Pd® a + \:Rhn reaction 

Isotope Abundance Bound energy Bound energy E[MeV] 

''!Pd 0.96 875.246 857.550 8.377 

l04pd 10.95 892.874 874.879 8.078 
46 

l05pd 22.23 899.947 884.189 10.315 
46 

l06Pd 27.33 909.508 891.188 7.753 
46 

lOSpd 26.80 925.275 906.750 I 7.548 
46 

'!Pd 12.08 940.232 921.560 I 7.401 

2) Reaction with 1;;Au. The recoil momentum is partially accepts by the affiliated nuclei 

1;:Pt . Besides, a-particles, which are products of reaction Dv + 1iiAu -+ a+ 1~~P4, 

come from depth of heterostructure of Au/Pd/PdO:D (H), and lose a part of energy bi 
passing through a foil. 

Dv + 1nAu-+ a+ 1nPtv+l2.397 MeV 
It is evident that TEEP allows to calculate correctly not only schemes of the "forbidden" 
reactions, but also predicts a-peaks positions (see fig. 1). 

1.2. D.S. Baranov's experiments 

D.S. Baranov detected [2-3] radioactive isotopes of bismuth and polonium at a spark 
electric discharge in solution of (2gjBiN03 ) x 10H2 0 MeCTo ,'\JIH cpopMy111,1. (see fig. 2). 

18 10 ,a _so,...,...::, .. T·•··,··~~~--o--r~T"T--rr~-...,..,.9 10 

'8 
16 

alpha energy (MeV) '"el + "'ei., 16 :!. alpha energy (MeV) : 

·5 91111 alpha even! "'Bl I '8 ,o a.l alpha event 
a. 1• - alpha+electron ~ e 14 "!ji - alpha+electron event i 12 

1

,,. • "'Po 12 i 
40 

30% electron detection efficiency 

·;;; "'el+ "'el Po / -~ 212 --
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Fig. 2. Left histogram. The a-particles count rate at initial 70 minutes. Right histogram. The a
particles count rate after initial 70 minutes. 

From the point of view of TEEP D.S. Baranov's reactions took place according to 
schemes 
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(2g§BiN03)v ➔ 2~iPo + ~5Znv + 31.645 MeV (I) 
(2gjBiN03)v ➔ 2i~Po + ~iiZnv + 22.287 MeV (2) 
(2gjBiN03)v ➔ 2~!Po + ~~Znv + 22.259 MeV (3) 
(2g§BiN03)v ➔ 2~~Bi + ~1Gav + 20.822 MeV (4) 
(2gjBiN03)v ➔ 2MBi + ~I Gav+ 19.765 MeV (5) 

Index n in formulas (1)-(5) means that one of protons in the corresponding nuclei is replaced 
by neutroneum. 

1.3, A.Yu. Didyk's experiments 

One of the main puzzles of modem nuclear physics is carbon creation [ 4] in the high 
pressure helium irradiated by y-quanta with energy of an order of 10 MeV. 

The high pressure helium in the chamber (fig. 3) was irradiated by the bremsstrahlung 
y-quanta with threshold energy of 10 MeV during l.0·105 s [5]. 

2 4 j 6 7 8 9 JO 

Fig. 3. The elements of a chamber of a high pressure of helium (HeHPC) used at radiation by 
bremsstrahlung y- quanta. 1- screw clamping consolidation (a cone 60°/58 °) which is not shown in 

this drawing; 2- stream y- quanta with the section of 6 mm through passage; 3- Cu1.xBex - an entrance 
window into which the screw is inserted clamping; 4- entrance window y- quanta; 5 - area in which 
were found "carbon" a foil; 6- chamber of a high pressure from CuBe2 with the external protective 

steel cylinder, it is not shown in drawing; 7- helium; 8- copper reactionary chamber (99.99% copper); 
9- copper collection of products of reaction closing a reactionary chamber; 10- device for loading and 

unloading of gas and for measurement of its pressure at control and in the course of radiation. 

Initial pressure of gaseous helium was about 1.1 kbar. An electron beam current 
fluctuated in the range 22-24 mA. 

When HeHPC had been opened after irradiation the residual pressure of helium was 
equal 426 bar. Inside HeHPC a foil of black color and other multiple objects were observed 
on internal surfaces of the reaction chamber. The chamber itself was made of high purity 
(99.99%) copper, its entrance window for y-quanta was made of beryllium bronze and there 
was the copper collector for products of nuclear and chemical reactions. The materials 
collected from an internal surface of the chamber, the entrance window and the product 
collector have been studied by the x-ray analysis and other methods in two independent 
analytical centers: in NIIYaF of D.V. Skobeltsyn of Lomonosov Moscow State University 
(ATs-I) and FGBNU "Scientific research institute PMT"(ATs-II). 

The performed measurements showed that foil consist generally of carbon, and, in 
smaller quantities, of other elements (from carbon to iron). 
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The most striking result of this experiment was that about 50% of initial helium turned 
into carbon! 

From the point of view of orthodox nuclear physics there was simply impossible. 
However according to TEEP the exotic reaction of the induced electronic capture which is not 
followed the neutrino's emission (i.e., neutroneum creation reaction) "switched on" long 
range nuclear forces. As a result multinuclear fusion reactions become allowed, as it observed 
in this experiment. 
The detailed analysis of experiments [4-5] showed that the effective radius of exonuclear 
forces exceeds 

2. Description of the scheme of new experiment 
To check the hypothesis on existence of the time-dependent long range nuclear forces 

the following reaction which is strictly forbidden by a Coulomb barrier is offered: 

(6) 

For its implementation there is necessary to make an electron beam tube (fig. 4) in which as 
the screen a chemically pure bismuth foil is used. 

2 

u Uo 

Fig. 4. Measuring part of installation. I. Electron beam gun (cathode knot); 2. The bismuth foil 
screen. 3. Electrodes for checking of emergence of helium in volume of an electron beam tube; 

4. A window for the analysis of optical spectra. 

The recommended voltages are Uo ~ 30 kV and U ~ 1 kV. Exposition time is more 
than 3 days. The vacuum in electron beam tube has to be of order 10-6 Torr. It is also, 
whenever possible, sustained under vacuum so the absence of helium in residual gases was 
guaranteed. 

At an electric discharge between electrodes 3 a helium lines in an optical spectrum 
have to appear. 

Experiment, as a matter of fact, repeats the well-known Rutherford-Soddi experiment 
in which transmutation of chemical elements was discovered. 

Conclusion 
It is necessary to wait for results of experimentum crucis. 
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The formation of a" neutron substance, in addition to gravitational neutronization, is 
considered, other mechanisms, such as the condensation of ultracold neutrons (UCN) and 
neutronization due to a critical increase in the atomic number in the periodic table (PS) 

The stability of the neutron substance is substantiated already at the micro level due to 
Tamm interaction and not only at the macro level due to the gravitational interaction, as it is 
now considered in astrophysics. A neutron substance is a very concrete physical reality, 
urgently demanding its rightful place in the PS and studying not only physical, but also 
chemical, and possibly even in the near future, engineering and technical properties. We also 
consider the possibility of a "chemical" interaction of UCN with molecules of substances with 
an odd number of electrons. It is proposed to extend the PS beyond the limits of classical 
chemical substances and to cover a much wider range of matter in the universe, based on 
forgotten ideas of D.I. Mendeleev. Moreover, begins with neutron and its isotopes (dineutron, 
tetraneutron, etc.) and ends PS the neutron stellar substance. 

Keywords: neutron, neutron substance, Periodic system of elements, neutronization. 

Dmitri Ivanovich Mendeleyev assumed existence before the hydrogen elements X and 
Y. Element X (Mendeleev calls it "Newtonium") got its place in the periodic system - in the 
zero period of the zero group, as the lightest analog of inert gases. In addition, Mendeleev 
allowed the existence of one more element lighter than hydrogen - the element Y, 
"Koroniya" [1, 2]. 

It should be noted that even after D.I. Mendeleev's question about "zero" elements was 
repeatedly raised by many authors both in the past and in the present centuries, however, for 
brevity we mention only the very first and famous: for example, Ernest Rutherford in 1920 
[2,4] and Andreas von Antropoff in 1926 (before the discovery of the neutron itself) as a 
designation for a hypothetical element with an atomic number zero, which he placed at the 
beginning of the periodic table [3]. A. Antropoff also proposed the term "Neutronium" for the 
first time, although at that time this term was understood only by the yet not discovered, but 
already expected neutron. At the present time the dineutron, tetraneutron, and octaneutron can 
claim this place in the PS, the information about which has already appeared in the press [5,6] 
and which can formally be considered as neutron isotopes. It's not difficult to see that the very 
substance of neutron stars, which in 1937 predicted L.D. Landau and discovered in 1968 by 
astronomers from Cambridge, can be considered from the point of view of the isotope of the 
element Neutronium. 

Thus, the zero position in the PS corresponds to the notion of it as a "singular point" 
in which to unite the micro- and mega-worlds, about the unity of which many philosophers 
and outstanding natural scientists have repeatedly spoken. 
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The process of transformation of ordinary matter into neutron under the influence of 
gravitational forces in the process of the evolution of certain stars was called Neutronization. 
The reaction of electron capture by atomic nuclei (A, Z) (A is the mass number, Z is the order 
number of the element) has the form: 

(A, Z) + e· ➔ (A, Z-1) + v, (1) 
The energy threshold of the reaction is large, therefore, only at high material densities, 

characteristic of the final stages of the evolution of some stars, the electron energy may 
exceed the critical value of the Neutronization threshold. Gravitational neutronization is 
widely described and discussed in detail, but other mechanisms for the formation of neutron 
matter are possible, for example, condensation of ultracold neutrons (UCN) and 
neutronization due to a critical increase in the atomic number of the elements in the PS. 

First we turn to the consideration of neutronization due to a critical increase in the 
ordinal number of the elements in the PS. In general, the question of the "ultimate element" 
was repeatedly raised by different authors and has its interesting "intrigue". The final element 
was initially assumed to be from the "drip" model of the nucleus with Z slightly more than 
100, then it was shifted to the "mysterious" number of 137, passionate admirers of many well
known physicists and among them Richard Feynman, through which 137 elements even got 
the unofficial name "Feynmanium ". 

It was believed that this element is "finite" because of the uncritical use of the Bohr 
model of the atom for superheavy elements, when the light velocities for the orbital electrons 
were obtained at Z = 137. The development of the quantum theory shifted the finite element 
beyond Z > 170. Let's consider this question in more detail. The problem of the stability of 
superheavy atoms was described by Ya.B. Zeldovich and V.S. Popov back in 1971 [7]. The 
question of the electronic structure of an atom in a supercritical nuclear charge (Z > 170) is of 
great fundamental interest. In 1928, Paul Dirac showed [8] that in the Coulomb field of a 
point charge Ze the solution of the relativistic equation for an electron becomes singular for 
Z= 137. Introducing the finite dimensions of the I.Ya. Pomeranchuk and Ya.A. Smorodinsky 
[9] in 1945 showed that an accurate calculation leads to a critical charge (Zc = 170). 

In the work of S.S. Gerstein and Ya.B. Zeldovich [10] in 1969 it was assumed that, 
with a supercritical charge Z > Zc, a bare nucleus Z spontaneously emits positrons. An atom 
with a filled K shell, with an increase in the charge of the nucleus Z > Zc (with increasing Z, 
the internal electronic levels continue to drop, and the size of the nuclei grow) directly passes 
to the critical state Z = Zc, not emitting positrons, but by trapping the electrons by the 
"riucleus. The authors also consider the possible contribution of the phenomenon of vacuum 
polarization and the production of pairs of particles and antiparticles in the field of critical 
nuclei. 

However, we make a few critical remarks: 
1. With the unconditional heuristic value of the article by Zeldovich and Popov, they 

did not go any further - they did not make a direct conclusion about the almost complete 
neutronization of supercritical nuclei, although they laid the groundwork for this. 

2. Their conclusion (the 4th conclusion on p. 410 [7]) that the properties of the outer 
shells of an atom (which determine, in particular, Mendeleev's periodicity of chemical 
properties) naturally continue to the supercritical region-is questionable. 

3. They underestimated the role of vacuum polarization. Although there were papers 
[11], which state that the vacuum polarization grows unboundedly at Z➔Zc. This 
contradicted their conclusions, however, in our opinion, this is closer to the truth and this 
leads to the inevitable and almost complete neutronization of supercritical nuclei. 
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Of the modern works specifying the value of the quantity Zc, we can indicate the work 
"New method for solving the problem" Z > 137 "and determining the energy levels of 
hydrogen-like atoms" V.P. Neznamov and I.I. Safronov in "Uspekhi Fizicheskikh Nauk" in 
2014 [12) . 

The gradual neutronization of the element nuclei is observed long before the critical 
values of Zc are reached, the average index of the ratio of the number of neutrons and protons 
in the nuclei of chemical elements is steadily increasing already in all periods of the PS. 
Qualitatively, the growth of the neutronization degree of nuclei can be well observed by 
extrapolating the course of the curve on a proton-neutron diagram if from the whole set of 
known elements and their isotopes choose stable and long-lived ones. 
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Fig.2. The dependence of the specific binding 
energy of the nucleus in atoms from their mass. 

It's clear that for quantitative conclusions from the extrapolation of the diagram, it is 
necessary to carry out a thorough statistical analysis of the curve for the dependence p ~ n 
(Fig. 1) for a very wide range of nuclides. What is the nature of the mathematical dependence 
of p - n? It can be assumed that if in the limit a neutron substance is practically only a set of 
neutrons, then one should expect a hyperbolic dependence and an asymptotic tendency of the 
curve to some limit, if there always remains a definite, albeit decreasing, fraction of the 
protons in the neutron matter, then we should expect a parabolic or exponential dependence. 

The statistical processing was carried out by Mathcad and ORIGIN programs: both 
methods yielded the same result. The proton-neutron dia~ram for stable and long-lived 
isotopes is best described by a quadratic polynomial: y = ax + bx + c, where a = 0.004982, 
b = 1.122, c = -1.003 for Mathcad and a= 0.005, b = 1.126, c = -1.0034 by ORIGIN. Thus, 
the dependence of p - n best corresponds to a quadratic parabola, rather than to a hyperbola 
and an exponential, as one would expect from a "drip" nuclear model on the one hand, and on 
the other, indicates that there is always a residual in the neutron matter fraction of protons. ' 

Additional information can be obtained from the dependence of the specific binding 
energy of nucleons in the atomic nucleus on their atomic mass A (Fig. 2), which is well 
described by the Weizslicker formula. 
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in the Weizsiicker's dependence. Weizsiicker's dependence. 

Carl Friedrich von Weizsacker obtained the semi-empirical equation for the binding 
energy: 

(2) 

where, a= 15.75 MeV; p = 17.8 MeV; y = 0.71 MeV; ~ = 22 MeV; o = + 34 MeV for even
even, o = 0 MeV for odd, o =-34 Mev for odd-odd, A- atomic weight. 

It can be seen (Fig. 3) that with increasing A, the Coulomb energy of repulsion of 
protons makes the largest contribution to the decrease in the binding energy, while the 
contribution of the surface energy decreases, and the energy of symmetry is not decisive. Let's 
try to continue Weizsacker's dependence on supercritical nuclei (Fig. 4). 

Because of the process of almost complete neutronization and growth of sizes for 
supercritical nuclei, the contribution of the surface energy will be leveled, and the Coulomb 
repulsion will cease to increase when supercriticality is reached, which will result in the 
stabilization of the neutron substance and reduce the probability of its decay by. some 
mechanism (fission, p+ decay). It is necessary to consider in more detail the W decay, which, it 
would seem, should be dominant with such "overloading" by neutrons. 

However, the paradox of neutron matter leads to the fact that starting from a certain 
critical mass and size (when the path of P-electron in a neutron matter becomes smaller than 
the size of the matter), p·- decay from the destabilizing factor becomes a significant factor of 
stability. There is always some residual content of the proton matter in the neutron matter, and 
beta-electron emitted by decayed neutron is not able to leave the neutron matter of sufficient 
size (larger than the path of beta-electron in it). The emitted electron is absorbed by the 
remaining protons, which in turn are converted into neutrons, thus the dynamic equilibrium of 
the system is maintained. In fact, it corresponds to the theory of Tamm [13], which he put 
forward in his time (1934) to explain the mechanism of nuclear forces for ordinary nuclei. It 
should be noted that his theory was not consistent for ordinary atoms (Tamm appreciated his 
"unsuccessful" theory of nuclear forces more than his Nobel work on Cherenkov radiation), 
but it can be realized for the neutron matter of appropriate scale (200-300 and more 
femtometers), giving it additional stability. 

In strongly interacting systems, there are many virtual particles and all kinds of 
interactions that are allowed by considerations of invariance are realized. So, in our view, the 
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"age-old" theory of exchange P-nuclear forces Tarnrn (e-exchange of nucleons), and not just 
its modification by Hideki Yukawa (n-exchange of nucleons), still awaits its recognition 
(because besides the meson cloud around the nucleon there are certainly other particles) and 
"dominates" in the neutron matter of the Universe, ensuring its stability and wide space 
distribution. 

A close examination of this problem was given by Frederick Hund in 1936 in the first 
microscopic description of the equation of state of nuclear matter in beta equilibrium in the 
article "The substance at very high pressures and temperatures" (14] only if Tamm has virtual 
electrons, Hund realizes a beta-equilibrium of completely real particles, but most importantly, 
both mechanisms contribute to the stability of supercritical nuclear matter, and in strongly 
interacting systems there is no fundamental difference between virtual and real particles. 

Another factor of additional stability of the neutron matter during the significant 
increase of its mass (up to a macro scale) will be the ever-increasing contribution to the 
gravitational interaction. Thus, we obtain a modified Weizsiicker equation for the neutron 
matter, which describes the main factors of its stability and the real existence in the Universe: 

Ea= aA- PA213 + -rA1+ ).A1
, (3) 

where a= 15.75 MeV; p = 17.8 MeV; -r -Tamm- interaction; A-the gravitational interaction. 
The parameters of equation 3 ( -r, A, t, 1) need to be clarified in the course of further research in 
this area. 

It's namely Tamm interaction, due to nuclear 11 - force, confers resistance to 
neutron substance already on the micro-level, not just at the macro-level due to the 
gravitational interaction, as it is now considered to be in astrophysics! 

The existence, in addition to the forces of Yukawa, of Tamm-interaction for a neutron 
substance, allows one to expect a technology for its production in terrestrial laboratory 
conditions, which, based on nuclear dimensions, can be called Femtotechnology. One of the 
directions of femtotechnology can be the study of collisions of nuclei of heavy elements, 
which in sum give a compound nucleus falling into the supercritical region, i.e. Zc > 170-175, 
which; apart from fission, can be stabilized by the production of various pairs of particles and 
antiparticles in the field of supercritical nuclei, and in the case of electron-positron pairs, the 
electrons will be absorbed by the supercritical nucleus and positrons emit as the charge of the 
nucleus decreases to critical values of Zc. A detailed study of such systems will become 
possible after the implementation of the NICA Project (NICA, English Nuclotron-based Ion 
Collider facility) in Russia. 

The possibility of the existence of superdense neutron nuclei was considered in the 
work of A.B. Migdal's "Theory of finite Fenni systems and properties of atomic nuclei" in the 
section: "Application of TC FS in nuclear physics" (15]. Migdal believed: " ... neutron nuclei 
can be stable with respect to beta decay and fission, with Z << N and N > ](f - l(Y. Such 
nuclei could be observed in cosmic rays in the fonn of large fragments." Thus, A.B. Migdal 
proposed that neutron cores be searched for exotic tracks in photographic emulsions after 
exposure to cosmic rays. 

From the Cosmos we will go down to Earth and once again we will see where. it's 
possible to find a neutron substance here? Usually we are dealing with neutron radiation of 
various energies, but not with neutron matter. This was until 1968, when an experiment was 
conducted at the Laboratory of Neutron Physics under the guidance of the member of the 
USSR Academy of Sciences, Fyodor Lvovich Shapiro (16, 17], in which the phenomenon of 
retention in vessels of very slow neutrons, predicted by academician Ya.B. Zeldovich. The 
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behavior of neutrons held in vacuumed vessels is reminiscent of the behavior of a highly 
rarefied gas in the vessel. Such neutrons are called ultracold (UCN). 

The retention of UCN in the vessels attracts researchers the opportunity (longer than a 
single neutron flight through the experimental volume) to observe longer after this elementary 
particle in the experimental setup, which gives a significant increase in the sensitivity and 
accuracy of experiments on the interaction of neutrons with fields and matter. 

For example, the use of UCN has made it possible to significantly omit the limit of the 
existence of the electric dipole moment of a neutron, necessary for testing the law of 
conservation of time parity, to more accurately measure the lifetime of a free neutron to PP 
decay. Working with UCN, the researcher, in fact, from femto- again comes back to 
nanotechnology, if we start from the sizes of objects! The most important feature of UCN is 
that they behave not as radiation, but as a substance and work with them as with a substance 
similar .to a discharged inert gas. Moreover, one can study both physical and chemical 
properties. Physical properties are already being studied, but the question of the chemistry of 
UCN seems to be that the question is not even raised; by default somehow it seems obvious 
that they should be similar to inert gases. 

It's look like the truth, but now we already know that inert gases, albeit with difficulty, 
enter into chemical reactions and form, albeit not stable, but chemical compounds. Can this 
happen with UCN? If one assumes that Chemistry is only the interaction of the electron shells 
of atoms, as many believe, a categorical negative answer follows. But if under Chemistry is 
understood, more generally, the ability of micro- (nano-, pico- or even femto-) objects to 
interact and form relatively stable compounds, then why not? Yes, neutrons do not have 
electric charge and free electrons, so that all ideas about possible classical chemical bonds 
(ionic, covalent, etc.) immediately disappear. 

But, neutrons have exactly a magnetic moment and perhaps an electric dipole moment, 
cannot this serve the ability to interact with other objects and form, even if not stable, yet 
observable connections? For example, the interaction of a neutron with molecules of 
substances with an odd number of electrons is entirely possible [19, 21]. 

The development of new UCN sources is actively carried out worldwide, some of 
them are based on the use of solid deuterium at a temperature of 4.5 K (LANL, USA, PSI, 
Switzerland), and others on the accumulation of UCN in superfluid helium (KEK-RCNP
TR!UMF, Japan-Canada, ILL, France) [19]. Similar work is being intensively carried out in 
Russia: The neutron laboratory at the Joint Institute for Nuclear Research (Dubna), the 
Petersburg Nuclear Physics Institute (PNPI), in Gatchina, is working on the creation of a 
high-intensity UCN source. With its help, they hope to obtain data that will provide answers 
to the most important questions of modem physics. 

The projected source will make it possible to obtain a flux of ultracold neutrons 
(UCN) with a density of 104 cm·3, which is many times greater than the maximum density 
now reached [19]. This problem - obtaining intensive UCN fluxes - is now considered one of 
the priorities in neutron physics. An increasing and larger increase in the density of ultracold 
neutrons inevitably leads to the formulation of the question of their possible condensation and 
the production of a condensed neutron substance in laboratory conditions similar to the 
cosmic one. Not so long ago a decisive breakthrough was made to a new area: a radically new 
kind of matter, the so-called Bose condensates of the atoms of matter, was created. 

Are condensate neutrons possible? Condensates, density and strength of which 
will be comparable to the density and strength of atomic nuclei. In other words, how 
close are we today to the point of creation of a cosmic neutron substance in the 
laboratory? 
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The Nobel Prize in Physics in 2001 was awarded to researchers Eric A. Cornell, 
Wolfgang Ketterle and Carl E. Wieman for obtaining and investigating the properties of the 
fifth state of matter - the Bose-Einstein condensate, they were able to get the first Bose 
condensate [20]. This could be done with the help of methods developed recently for the 
supercooling of particles by laser beams and a magnetic field. 

The Bose condensate of atoms was obtained in a form convenient for research and 
laboratory analysis. Soon reports of the receipt of Bose condensates of various atoms 
showered from everywhere. The activity of scientists was also greatly facilitated by the fact 
that the facilities for obtaining Bose condensates turned out to be relatively inexpensive -
experiments were in full swing in many countries. Soon, methods were also found for 
obtaining Bose condensates of particles of half-integer spin, fermions, whose class includes 
neutrons. In them, the particles are connected in pairs, then gathering in a Bose condensate. In 
many respects, neutrons are close to the lightest atoms. For example, the mass of a neutron is 
practically equal to the mass of a hydrogen atom, the Bose condensate of which was obtained 
by Ketterle in 1997. 

But, in contrast to atomic Bose condensates, to natural compression of which under 
Bose condensation an electronic barrier is an irresistible obstacle, nothing can prevent the 
compression of the neutron Bose condensate. In such a condensate, UCN gas forms pairs with 
opposite spins, when the critical density and temperature are reached, will in itself shrink to 
near nuclear density when nuclear forces enter into the matter, forming a stable state-a 
condensed neutron matter. 

CONCLUSION 

Thus, the neutron matter in our time is a very concrete physical reality, urgently 
demanding its rightful place in the PS and studying not only physical, but also chemical, and 
possibly even in the near future, engineering and technical properties! 

A neutron substance, or rather an element corresponding to it, begins (zero period) and 
ends (supercritical atoms) of the PS elements. The neutron substance is given stability already 
at the micro level due to Tamm-interaction, and not only at the macro level due to the 
gravitational interaction, as is now believed in astrophysics. The possibility of neutronization 
is shown not only because of the gravitational interaction, but also in other mechanisms 
(supercritical increase in the atomic number of the elements and UCN condensation), so there 
is a fundamental possibility of obtaining a neutron substance even under terrestrial conditions. 
The neutron substance is the necessary link connecting (throwing bridge) from micro- to 
macro- and mega- world, from a free neutron to neutron stars and black holes. The neutron 
substance is consistent with the ori2inal concept of the Periodic Law and the system put 
forward by Dmitri Ivanovich Mendeleev [1, 2, 21-25]! 
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Abstract 

It is assumed that in neutron optics the concept of an effective potential has a limited range of 
applicability at the accelerations of matter less than a certain critical value. The experiment 
intended to study the interaction of a neutron wave with matter moving with · acceleration 
higher than the critical one was proposed. In this paper, in the framework of the proposed 
experiment, numerical calculations of the passage of a wave packet through the oscillating in 
space interference filter were carried out. The calculations were based on the assumption of 
the potential dispersion law validity. 

1. Introduction 

It is known that the theory of refractive index is valid for neutron waves, as well as for 
waves of a different nature. The physical nature of the refractive index is due to the 
interference of the incident wave and waves scattered by elementary scatterers in matter [ 1 ]. 

This interaction can be described by introducing an effective potential. The main 
contribution to neutron scattering in the medium is made .by nudei. The exact form of the 
strong interaction potential is unknown. However, since the wavelength of slow neutrons is 
much larger than the size of a nucleus, when calculating the scattering cross section, the 
radius ·of the nuclear interaction can be neglected and the potential describing the point 
interaction can be considered [2]. This is the so-called Fermi "pseudo-potential": 

u (r) = ~M(r-: ro) 
2,rm 

(1) 

The quantity b is the coherent scattering length and is determined from the scattering cross 

section of slow neutrons a.,cat = 4,rb2
, 

For a slab with a nucleus density p, the averaging of the "pseudo-potential" with respect to the 
volume gives the following expression: · 

h2 
V=pfU(r)d 3r=-pb_ (2) 

2nm 

The expression for the refractive index of a neutron wave in matter is written as follows [3]: 

n2 =l-A2 2mV =1- 4,rpb 
h2 k; 

(3) 

Formulas (2) and (3) are equivalent to each other. 
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The legitimacy of using the concept of "effective potential" or an equivalent formula 
(3) for describing the optical properties of a uniformly moving medium is beyond argument 
due to the validity of the Galilean transformation for the wave function of a non-relativistic 
particle [4]. This motion affects only the value of the phase of the wave that has passed 
through the sample of matter. Neutron optics of moving media is described in [5-12]. 

The situation changes in case of accelerating motion of matter. It was found that in this 
case the frequency of the wave passing through the sample differs from the frequency of the 
incident wave [13, 14]. Based on the assumption of the validity of the potential dispersion law 
for accelerated motion of matter, it was shown that when the neutron escapes from the plate 
the neutron energy differs from the initial energy by an amount of 

1-n 
l:l.E:mwd-. (4) 

n 
Here, m is the neutron mass, w is the plate acceleration directed along the neutron velocity, d 
is the plate thickness, and n is the refractive index of the plate material. 

The first report on the experimental observation of the change in the ultracold neutron 
energy, when passing through the accelerating sample, appeared in 2006 [15], and the results 
of a more detailed study of the accelerating substance effect were published in [16]. The 
results of these experiments, in which the acceleration of the sample reached 75 m/s2, were in 
good agreement with the theoretical predictions. It should be emphasized that the theory was 
based on an in non evident assumption of the validity of the potential dispersion law. 

The question of the applicability of an "effective potential" for describing the optical 
properties of matter for all values of matter acceleration apparently remains open. The point is 
that in the theory of dispersion, which is, in fact, the theory of multiple scattering of waves, 
the assumption of the sphericity of the interfering scattered waves is rather significant. At the 
same time, in the non-inertial frame of reference associated with the accelerating substance, 
the idea of spherical waves is wrong and this can affect the condition of their interference. 

This circumstance was pointed out in [16, 17], and a more detailed discussion of this 
problem was presented in [18]. Estimates of matter acceleration were made. At such estimates 
deviation from the potential dispersion law is possible by an amount of the same order as the 
phenomenon itself. For the case of ultracold neutrons (E = 100 ne V), the value of the critical 
acceleration is we= 8· 105 m!s2. This acceleration is achievable in laboratory experiments. 

Although the law of neutron wave dispersion in a substance moving with a very high 
acceleration is unknown, the information can be obtained from the experiment [19]. The 
experimental strategy of such investigation is as follows. It is planned to conduct two 
experiments to observe the interaction of neutrons with a potential oscillating in space. In one 
of them, the acceleration of the sample is less than the critical one, while in the other it 
exceeds the critical value. In both cases, the results are compared with a quantum calculation 
based on the assumption of the validity of the concept of effective potential. Obviously, to 
implement such a program, it is nec~ssary to have software-mathematical tools for quantum 
calculations. In this paper, calculations of the wave packet passage through an oscillating 
interference filter were made. 

2. Envisaged experimental implementation . 

Considering different possibilities of setting up the experiment, an experiment on the 
neutron wave passage through an oscillating interference filter was chosen. Such an 
experimental setting has the following advantage: the transmitted wave is time-modulated 
because of a periodic change in the neutron energy in the coordinate system of the moving 
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filter. This makes it possible to abandon a spectrometric experiment by starting to register the 
time oscillation of the stream that has passed through the sample. The disadvantage of this 
type of experiment is the limitation of the possible oscillation frequency, since the lifetime of 
the resonance state in the filter and, correspondingly, the tunneling time, are of the order of 
10·1sec [20, 21]. 

llCN 

2MH: 
0-40mm 

Amp//tude•S nm. 
"'7le@£L_ 

Convenor 

Detector 

Fig.1. Scheme of the experiment on verification of the potential dispersion law for a 
substance in strongly non-inertial frames of reference. 

A possible experimental realization of this study is illustrated in Fig. I. Three thin slabs 
forming a potential structure are applied to a quartz plate that acts as a resonant piezo. driver 
[15]. On both surfaces of the plate, a thin aluminum foil serving as electrodes is preliminarily 
applied. Ultrasonic vibrations of the plate are excited when an alternating voltage is applied to 
the electrodes. The thickness of the plate should be equal to or multiples of half the length of 
the ultrasonic wave. For operation at a frequency of 2 MHz, it should be of the order of 0.3 
mm. Such a quartz plate allows UCN to pass through sufficiently well. It is easy to estimate 
that the high-frequency oscillations of the flow that arise when the filter moves quickly 
disappear with distance because of the dispersion of the velocities. Therefore, the neutron 
detector should be as close as possible to the filter. It is assumed that this problem will be 
solved by applying to the exit surface of the plate a thin (0.2 µm) layer of the 10B isotope 
converting a neutron flux into an a-particle flux as a result of the 10B(n,a)7Li reaction. a
particles, which have a subluminal velocity, are detected by a semiconductor silicon detector 

· located near the converter. 
As a filter, it is planned to use neutron interference filters, which are quantum analogs 

of Fabry-Perot interferometers (Fig. 2). In the simplest case, the filter is three slabs of two 
kinds of matter deposited on a substrate transparent to neutrons. The materials of the layers 

are chosen in a way that the effective potential of the outer layers V = _..!t._ pb considerably 
21lm 

exceeds that for the inner slab and the substrate. Thus, the potential structure of the filter is 
two barriers with a well between them. With the parameters chosen in a certain way in the 
well region, a "quasibound" state can form, and the structure transmission function has a 
pronounced peak of resonant transmission at the energies corresponding to the position of the 
level of the "quasibound" state. The transmission function of such a structure can be found on 
the basis of the solution of the boundary-value problem, that is assuming the continuity of the 
wave functions and their derivatives at all interfaces. 
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Fig. 2. Neutron interference filter. (1) is a schematic diagram of the simplest filter, (2) is the 
filter transmission function, (3) is the potential structure of the filter. 

3. Interaction of neutrons with a potential barrier oscillating In space 

The time evolution of a wave packet is described by a non-stationary Schrodinger 
equation: 

a A 

in-\J'(x,t) = H (t)\J'(x,t). a, 
The initial wave function was defined as follows: 

~ [ (x-x )
2

) \J'0 (x,0)= ef,i exp(-i!a)exp 
20
J •, 

(5) 

(6) 

where Jp is the width of the wave packet in the momentum space, Jx is the width of the wave 
packet in the coordinate space, and k is the initial wave number of the neutron. 
The potential V (x, t) is bounded by a finite region, it is given by the expression: 

V(x,t) = V[x-Acos( ax+ip)], 

where V ( x) , in general, is any potential structure moving as a single whole: 

-( ) {V0 (q), 0=5x:5L V X = . 
0, For other space 

Here Yo ( q) determines the internal structure of the potential. 

(7) 

(8) 

There are many methods for numerical solution of the non-stationary Schrodinger 
equation. To solve this problem, the splitting method of the evolution operator was used [22]. 

Numerical calculation was performed for a three-layer filter consisting of layers of 
NiMo, TiZr, NiMo, being 29.5, 23, 29.5 nm thick. The values of the effective potentials for 
these two materials are 226 and 0.26 neV. For simplicity, the substrate potential was assumed 
to be zero. In the numerical solution, the width of the wave packet was JE = 1 neV, the time 
step dt = 1 nsec, the discretization step of space dx = 4 nm. 

This solution is compared with the classical solution based on the continuity 
equations, obtained as follows. For a plane wave, the recurrent method of Parrath [23) 
allowed calculating the transmission of a three-layer structure as a function of the plane wave 
energy, and its convolution was found with a spectrum corresponding to the parameters of the 
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wave packet used by our program. A comparison of the results obtained by the two methods is 
illustrated in Fig. 3. 
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Fig.3. Interference filter transmission function obtained by two methods 1) Step-by-step 
numerical solution based on the splitting method of the evolution operator, 2) Solution of the 
boundary value problem 

The difference between the results can be explained by the presence of discretization 
in the coordinate and time, leading to some uncertainty in the position of the boundaries of the 
filter layers. It is known that the position of the resonance is very sensitive to the width of the 
well formed by two barriers. Fluctuations in the position of the barriers lead to line blurring, 
degrading the transmission characteristics. 

The width of the wave packet was chosen in such a way that the transit time of the 
packet through the filter was much greater than the period of the oscillations. The restriction 
on the width of the wave packet is also imposed by the fact that the narrower the wave packet 
in the impulse representation is, the more space it occupies and the more time it takes to 
calculate. In the calculation, the width was assumed to be aE = 1 neV. A numerical calculation 
was made for the oscillation regime with a frequency of 2 MHz and amplitude of 5 nm. 
The results of numerical calculations of the wave packet shape in the coordinate representation 
due to the intensity oscillation, as well as the spectra of the transmitted and reflected states, are 
given below. The wave packet evolution over time is shown in Figure 6. 
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Fig. 4. Wave packets that were reflected (1) and that penetrated through (2). 
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Fig. 5. Energy spectrum of the reflected (1) and transmitted (2) states of the wave function. 
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4. Conclusion 

The above-given result requires reflection and analysis. The fact is that, from general 
considerations, one should expect that the oscillation frequency of the stream should be twice 
as large as the spatial oscillation frequency of the filter, since the maximum transmission 
corresponds to the stopping times, that is, twice per period. However, the results of the 
calculation suggest that the frequencies of oscillations of the flow and the intensity are equal. 
This may be explained by a certain violation of the resonance conditions, when the scanning 
by the transmission line along the original spectrum occurs on the slope of the resulting 
function .and does not capture the maximum. This may be due to a relatively large step in the 
coordinate dx = 3 nm, which is eroding the boundaries of the filter layers in the calculation. If 
this assumption is correct, the obvious solution to this problem is to decrease the step both in 
the coordinate dx and in the time dt. However, this will require the use of other hardware and 
other software. This task is a subject of future work. 
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Abstract 

Recently, a new experimental setup named TANG RA (T Agged Neutrons and Gamma 
RAys), for studying the neutron-induced nuclear reactions, has been created and successfully 
tested in the Joint Institute for Nuclear Research (JINR) in Dubna, Russia. 

In the present geometry T ANGRA setup is used to investigate the angular and energy 
distributions of gamma rays from nuclear reactions induced by 14 MeV neutrons. 

· It consists of: a portable 14 MeV neutron generator ING-27 with a built-in 64-pixel 
position sensitive a-particle detector, an array of 22 Amcrys© Nal(Tl) gamma-ray detectors 
and a computerized 14bit, 100MHz, 32 channel JINR-AFI electronics data acquisition 
system. 

· Silicon (Si) two-dimensional position-sensitive fast neutron detector was constructed 
and used for adjusting the neutron beam and measuring its profile. 

In the present article we briefly describe the neutron profile meter and report some 
results from the characterization of the ING-27 "tagged" neutron beams. 

Keywords: Silicon strip detectors; Fast neutrons; Tagged neutrons and gamma rays; 
TANGRA. 
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1. Introduction · . 
'For detailed'studi of the 'irtelastic scattering cir heutrons with energy of i4:l Me\/ on 

complex nuclei, within TANGRA project (TAgged Neutron and Gamma RAys), in 2014 an 
installation «TANG RA» was designed and created at the Joint Institute for Nuclear Research 
(Dubna, Russia) [l, 2]. 
· 'The operation of the ,T ANGRA facility is· based on the use of the tagged neutron 

method (TNM); the essence of which consists. in recording the, characteristic radiation 
(gamma-quanta, neutrons) from the inelastic scattering reactions of 14.1 MeV fast neutrons 
on the nuclei A of the substance, A(n, n'y)A, in coincidence with the a particle, formed in the 
following neutron producing reaction: 

d + 3H-> 4He (3.5 MeV) + n (14.1 MeV). (I) 

Here, the kinetic energy of the incident deuteron beam on the tritium target is 
- 80-100 keV. The a-particle and neutron are emitted nearly in opposite directions and 
therefore, by recording the direction of the a-particle, using a multi-pixel alpha detector 
mounted inside the neutron generator, it is possible to determine with good accuracy the 
direction of the neutron. 

For precise measurement of the angular distribution of the characteristic gamma 
radiation produced as a result of the inelastic scattering of fast neutrons on complex nuclei, 
one must have an unambiguous information about the spatial distribution of the tagged 
neutron beams incident on the investigated material. · 

Currently, there is a known method for obtaining information about the distribution of 
the tagged neutron beams in detector's XY plane, perpendicular to the direction of their 
propagation, consisting of a number of mutually parallel light-protected scintillation strips 
[3]. 

Using the coincidence of signals from one of the alpha-detector pixels inside the 
neutron generator with one of the profilometer scintillation strips, it is possible to obtain 
information about the profile of each of the tagged neutron beams along the X and Y axes. 

· In this case, it is necessary to make measurement with two mutually perpendicular 
positions of the profilometer (strips horizontally and vertically orientated), relative to the 
direction of tagged neutron beam. 

2. Experimental Setup 
The setup used for determination of the beam profile of fast neutrons is shown in Fig, 

1. It includes: portable neutron generator with an energy of 14.1 MeV, a collimator made of 
iron for the protection of gamma detectors from the direct hit in them of the neutron radiation 
generated by ING-27 [4], spectrometric system for recording gamma radiation based on 
Nal(Tl) and double-sided silicon strip detectors. 

As a source of tagged neutrons was used a portable neutron generator (NG), which 
was developed at All-Russia Research Institute of Automatics in Moscow (VNIIA) (Fif 2), 
The maximum intensity of the neutrons flux created by NG in the solid angle 4n is SxlO n/s, 

The profilometer is a double-sided silicon strip neutron detector, in which the 
registration of fast 14.1 MeV tagged neutrons is done by detecting the charf,ed products 
resulting from the neutron interaction with silicon nuclei: 28Si(n,n')28Si; 2 Si(n,a)25Mg; 
28Si(n,p)28Al; 28Si(n,np)27 Al; 28Si(n,na)24Mg; 28S i(n, d)27 Al. The design of the profilometer is 
shown in Fig. 3. 
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Fig. 1. Experimental setup: 1- the lNG 27 neutron.generator; 2 - the filter (passive 
shielding); 3 - the scintillation detector based on a Nal(Tl) crystal; 4 - the silicon two

dimensional position-sensitive fast neutron detector. 

Fig. 2. The neutron generator ING 27. 

Fig. 3. The design of the integral double-sided silicon strip detector (DS-strip) and detector 
switching-on circuit with reading electronics. 
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Fig. 4 shows the mechanical design of the profilometer and its main elements. The 
specification of the two-coordinate plane with (64x64)-strips, consisting of 4 DS
strip/(32x32) detectors with strip's pitch of 1810 µm (1.81mm) and dimensions of each 
detector (60x60) mm2

, is given below: 
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Fig. 4. Profilometer construction. 

• Application - measurement of profiles and spatial distributions of neutron beams 
produced by fast neutron sources and dt-fusion generators (14.1 MeV); 

• Detecting plane - 4 double-sided silicon strip detectors (OS-strip); 
• Number of strips on the detecting plane: 64-X and 64-Y strips; 
• Dimensions of each of the 4 detectors: (60x60) mm2

; 

• Sensitive area: (58x58) mm2
; 

• Number of strips in each detector: 32X+32Y; 
• Strip pitch: 1810 µm; 
• · The thickness of the detector entrance window "dead" layer: 

-Al- 1.0 µm 
-(p+) - 0.3 µm (implanted layer of boron); 

• Angle between the strips on the opposite sides of the detector: 90°; 
• Thickness of the silicon detector: 300 +/- 15 µm; 
• Dimensions of the profilometer detecting plane: (120x120) mm2; 
• The similar strips in all 4 detectors are combined in pairs on each side of the detector 

by ultrasonic welding (USW), forming a grid of (64x64) strips with a length of 120 
mm; 

• All 4 detectors are assembled on a printed circuit board (PCB), having contact pads 
for USW with the detector strips; 

• 64 lines, on each side of the board, come out on two connectors, to which is 
connected the detector electronics (PA + PMT). 

3. Energy calibration of the profilometer 
For energy calibration of the silicon two-coordinate neutron beam profilometer, we 

used standard alpha sources of known activity and energy of alpha-particles (Table 1). 
As an example, in Fig. 5 a) and b), are shows the calibration curves "amplitude-to

energy" of profilometer X and Y strips, correspondingly. 
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Using the calibration curves (Fig. 5), we calculate the energy spectra of the charged 
products (recoil silicon nuclei, protons, deuterons and alpha particles), produced in the 
reactions 28Si(n, n')28Si, 28Si(n, a) 25Mg, (E11=2.654 MeV), 28Si(n, p)28Al (Ep=3.860 MeV) and 
28Si(n, d)27 Al (Ect = 9.840 MeV ), as a result of the interaction of ING-27 14. lMeV neutrons 
with the profilometer X and Y strips (Fig. 6). 

Table 1. 

Source Activity (kBq) Energy (Me V) 

226Ra 39.6 7.68 

23sPu 30 5.49 

239Pu 5 5.15 

Channel-Energy of Strips X Channel-Energy of Strips Y 
12P' ~----------------,-----, .... · 
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10 
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Fig. 5. Energy calibration of the profilometer X and Y strips, obtained with the following 
sources of alpha particles: 239Pu (Ea= 5.2 MeV), 238Pu (Ea= 5.5 MeV), 226Ra (Ea= 7.8 MeV) 

and 28Si (n, a) 25Mg (Ea= 11.5 MeV). 
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Fig. 6. Experimental and calculated energy spectra of the charged components obtained by 
irradiating X and Y strips with ING-27 tagged neutron flux. The calculated spectra are the 

result of simulation using Geant4 software. 
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At the Fig. 6 a) and b) show the calculated energy spectra obtained by Geant4 software [5] 
used for simulating the interaction of 14.1 MeV neutrons with silicon, as well as there is a 
fairly good agreement between our experiment data and the calculations. The registration 
energy threshold of the charged components is~ 1 MeV. 

4. Determination of tagged neutron beam profiles 
As an example of the profilometer applications, its use to determine the profiles of 

64 tagged neutron beam neutrons created by an ING-27 device is considered. 
Fig. 7 shows the arrangement of the ING-27 neutron source and the profilometer, 

when measuring the space profiles of tagged neutron beams. 
For clarity, in Fig. 7 is shown also a simplified scheme of the processes occurring 

during the measurement of the tagged beam profiles. 
As a result of fusion reaction of a deuteron with a triton, an alpha particle and a 

neutron are formed, which fly apart in opposite directions. The alpha particle is detected by 
the ING-27 alpha detector and the neutron by the profilometer. 

The intersection of strips perpendicular each other, both in the alpha detector and in 
the profilometer, forms the triggered pixels, which in Fig. 7 are highlighted in red. For this 
reason in the following text the term "pixels" is used when speaking about the alpha detector. 
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Fig. 7. The scheme of setup for measuring tagged neutron beam profiles. 

In order to determine the profiles of neutron beams, the profilometer was installed in 
two different positions: directly at the exit window of the neutron generator ING-27 and at a 
distance of 40 cm from it. 

Measurements of the beam profiles in two different positions make it possible to 
obtain correct information about all 64 tagged neutron beams. 

The signals from the alpha detector in the neutron generator and from the profilometer 
were included in a scheme of 4-fold coincidence between the signals from x and y strips of 
the neutron generator a-detector and X and Y strips of the profilometer [6]. 

In this case, the selection of the recorded events was made only if all four of the above 
strips were triggered within 10 ns time interval. It corresponded to the full width of the 
measured distribution of the time intervals between the signals from the alpha detector and 
the profilometer (see Fig. 8). 
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Fig. 8. Time spectra of the coincidences of signals between both X and y (left), and Y and x 
( right) strips of the neutron profile meter and alpha detector. 
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Fig. 9. Profile of the tagged neutron beam obtained at a distance of ~JO cm from ING-27 
neutron producing target. 

From the analysis of the results, it follows that the measured time resolution 
(FWHM)1, averaged over all possible combinations of signals from strips of the alpha
detector and profilometer, is 5 ns. 

A graphical representation of the statistics from the 4-fold coincidence of the signals, 
which reflects the profiles of the tagged beams corresponding to each pixel of the 
profilometer, is shown in Fig. 9. 

Each two-dimensional histogram in Fig. 9 corresponds to a certain pixel of the alpha 
detector of the neutron generator; it shows the number of coincidences of signals from a 
given pixel of the alpha detector with each of the pixels of the profilometer. The colors of the 
points on the histograms reflect the number of such coincidences. 
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5. Conclusion 
For measuring the profiles of tagged neutron beams produced by ING-27 neutron 

generator, we designed and created a two-coordinate detector of neutrons with an energy of 
14.1 MeV. 

The profilometer is a two-coordinate plane (64Xx64Y), which is built on the basis of 
double-sided silicon strip detectors (DSSSD). The measurements were made with a 
configuration of the detector plane (8Xx8Y). 

The neutron registration is performed by detecting charged particles (silicon recoil 
nuclei, protons, deuterons and alpha particles) formed as a result of a number of nuclear 
reactions: 28Si(n, n°)28Si, 28Si(n, a)20Mg, 28Si (n, p)28Al and 28Si(n, d)27Al, during the 
interaction of fast neutrons with the substance of the profilometer (silicon). 

The measurement of the neutron beam profiles is carried out in a plane perpendicular 
to the direction of their propagation. The detecting plane consists of 4 double-sided silicon 
strip detectors. 

The difference between the neutron profilometer based on silicon strip detectors and 
the scintillation profilometers is that the two coordinates (X and Y) of the interaction point of 
the neutron with silicon are measured simultaneously. 
The design of the created profilometer allows its aperture to be increased by adding to it 
additional double-sided silicon strip detectors. 
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Abstract 

An investigation of the angular and energy distributions of y-rays from the 
inelastic scattering of ~14 MeV neutrons on a number of light nuclei was performed in 
the frame of the project TANGRA (TAgged Neutron & Gamma RAys). Using an 
experimental setup, which consists of an ING-27 portable generator producing - 14 Me V 
"tagged" neutrons and a Fe-shielded ring of 22 NaI(TI) gamma-ray detectors, we have 
accomplished the measurements with C, 0, Si and Al samples. 

1. Introduction 

The main purpose of the TANGRA project (TAgged Neutron & Gamma RAys) in 
JINR [1, 2] is the detailed studying the - 14 MeV neutron inelastic scattering on atomic nuclei 
using the tagged neutron method (TNM). The measurement of n-y angular correlations in the 
14.1 MeV neutron inelastic scattering is important from the point of view of understanding 
the mechanisms of interaction of the nucleus with the incident nucleon. In the literature, 
information on processes of this type involving neutrons is presented substantially less, 
compared to the results of experiments on inelastic scattering of charged particles by atomic 
nuclei. A comparison between the neutron and proton inelastic scattering is very important for 
theoretical nuclear physics and nuclear astrophysics, because it provides a possibility to 
investigate the isospin symmetry of the nucleon-nucleon interactions. Interest in the reactions 
(n, n'y) on light and medium-weight elements is also dictated by the need to refine the 
previously obtained experimental data, since such reactions have wide practical applications 
in geology, in nuclear power engineering, in the detection of hidden dangerous substances [3]. 

The tagged neutron method is based on the registration of the a-particle with energy of 
3.5 Me V from the reaction: 

d+t->n+a (1) 

The a-particle has practically the opposite direction of flight with respect to the direction of 
neutron emission. The energy of the neutron is 14.1 MeV. The a-particles are registered in 
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coincidence with the pulses from the characteristic nuclear y-radiation, emitted during the 
neutron inelastic scattering reaction on the nuclei A in the sample. 

A(n,n')A' ~A. (2) 

3 4 5 

Fig. 1. Scheme of the T ANGRA setup in the reaction plane: 1 - portable neutron generator 
ING-27, 2 - iron shielding, 3 - "Rornashka" y-ray registration system, 4 - sample holder, 

5 - setup frame. Arrow of the longitudinal line shows the neutron beam direction. 

· So, it is possible to reconstruct the neutron flight direction by fixation of the alpha
particle emission angle, i.e. to "tag" each emitted neutron. Practically using a position
sensitive a-detector, embedded in the neutron generator, the "tagging" of the neutrons is 
achieved. 

The information about the number of the emitted neutrons, the number of the n
'Y coincidences and the efficiency of the y-quanta registration, allows one to determine 
correctly the differential cross sections of inelastic scattering of neutrons by the nuclei of the 
investigated isotopes with the selected excitation states. 

In our previous article [4] the r-quanta angular distribution measurements of the 14.1 
MeV neutron inelastic scattering on 1 C was considered. The use of tagged neutron method 
has made it possible to improve the accuracy of measurements, which is of fundamental 
importance, since the data available in the literature vary considerably. The chosen geometry 
of the experiment made it possible to carry out measurements with the emission of y quanta at 
angles less than 10 ° for the first time. In this paper the results of y-quanta angular distribution 
in reaction (n, n'y) on 160, 27 Al u 28Si are presented. 
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a) 

80 
ToF (na) 

Fig. 2. Time-of-flight spectra and their approximations for -y-detectors placed at -15° (a) 
and-90° (b). The left peak corresponds to -y-quanta emitted from the neutron inelastic 

scattering in shielding, the central peak corresponds to the y-quanta emitted from sample 
and the right peak is from the neutrons, which are elastically or inelastically scattered by 

· the target. 

2. Experimental setup 

The detailed scheme of T ANGRA-setup for studying the fast neutron scattering 
reactions is presented in [5] (Fig. 1). The neutron generator ING-27 is used as a neutron 
source. The neutrons are produced in the reaction (1), induced by the continuous deuteron 
beam with kinetic energy of 80-100 keV focusing on a tritium target. The products of this 
reaction are 14.1 MeV neutrons and 3.5 MeV a-particles. The maximal intensity of the 
"tagged" neutron flux in 41t-geometry is 5x107 c-1

, The a-particles are registered by a 64-
pixel a-detector with a pixel dimensions or 6 x 6 mm2

• The detector is located at a distance of 
100 mm from the tritium-enriched target. 

The -y-quanta emitted after the neutron inelastic scattering by a target are registered by 
a system of 22 Nal(Tl) scintillator y-detectors placed around the sample with -15° step. To 
protect the detectors nearest to the generator from direct neutrons a compact steel collimator 
is used. The background events are separated using the Time-of-Flight (ToF) method. The 
"start" of the measurement time interval is given by the signal from the alpha-detector and the 
"stop" - by the signal from the y-detector. The difference in speed between the neutron and 
the photon provides the possibility to separate the y-rays from the neutrons. For data 
acquisition a personal computer with two ADCM-16 boards is used [6]. 

As targets in experiments on inelastic scattering of fast neutrons by oxygen and silicon, 
plastic containers filled with the test substances (water and chemically pure SiO2 dust) with 
dimensions lOxlOxlO cm3 were used. For experiment with aluminum a block with 
dimensions 10x10x5 cm3 was used. The optimal dimensions of the samples were determined 
by model simulations [ 4]. 

3. Experimental data analysis 

The signals from the a- and y-detectors, digitized by the ADCM, are written on the 
computer hard disk for creating the time and amplitude TOF neutron-gamma separated 
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spectra. The examples of time-spectra from the detectors at angles ~ 15° and -90° relative to 
the neutron beam are presented in Fig. 2. There are three peaks visualized in each spectrum 
The left peak corresponds to the y-quanta emitted from neutron inelastic scattering in the 
shielding-collimator, the central peak corresponds to they-quanta emitted from the sample 

--- . 80,!lB(H,O) 

-- Si02 

, .. ~ 
600 

500 
1.7 

400 

300 

200 

100 

0 
2 3 4 5 

E,M:1B 

Fig. 3. Gamma-ray energy spectra emitted by SiO2 and water from the 14.1 MeV neutron 
irradiation. 

and the right peak is formed by neutrons that hit the y-detector. Further, using the energy 
calibration of y detectors, the energy spectra of the events occurring in a time window 
corresponding to y-quanta are constructed. 

The data from only one central pixel of the a-detector were taken into account in this 
experimental setup, which made it possible to substantially reduce the number of background 
events and simplify the algorithms for processing the experimental data. However, this 
technique leads to a reduction in the collected statistics and significantly increases the 
irradiation time. 

The information on the number of events corresponding to the emission of the y
quanta from the nucleus transition from a definite excited state to a lower state is extracted 
from the energy y-spectra by evaluating the corresponding gamma-peak. This information is 
obtained from the events in the full energy absorption peak and/or single escape peak. The 
final angular distribution is normalized and fitted by a Legendre polynomial expansion. For 
quantitative description of y-quanta emission angular distribution, an anisotropy parameter 
W(0) is introduced: 

d(J" 
-

1 =AW(0) 
dO 

2J 

W(0)=1+ ~a/~(cos0), 
i=2 

(3) 

(4) 

where a; are decomposition coefficients, J is the y-transition multipolarity, the summation 
index i has only even values. 
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4. Results 

In the inelastic scattering of 14 MeV neutrons by 12C, the excitation of only one state 
that decays with the emission of a y-ray with the energy of 4.43 Me V and the multipolarity of 
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Fig. 4. The experimental angular distribution ofy-quanta with energy Ey= 6.13 MeV, 
emitted during the neutron inelastic scattering on 160 (a), and y-quanta with energy 

Ey= 1.78 M3B, emitted by 28Si (b). Solid lines are approximations by Legendre 
polynomials. 
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Fig.5. Gamma-ray energy spectrum emitted by 27 Al during 14.1 MeV neutron irradiation. 

E2 is most pronounced. Many papers have been devoted to the study of this reaction 
and the angular distribution data are known with good accuracy [ 4]. With an increase in the 
number of nucleons, the spectra of the excited states of the nuclei become more complicated, 
which is reflected in the experimental data. In Fig. 3 the energy spectra from (n, n'y) reaction 
on water and Si02 are presented. In both spectra, the peak is most clearly distinguished at 6.1 
MeV, corresponding to E3 transition from the state with spin and parity .f'= r to the ground 
state o+ (r ➔O+) in 160. The structure of the energy spectra with E* below - 6 Me V is more 
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complex for interpretation. In case of neutron inelastic scattering on SiO2 y-quanta emitted in 
(n, n'y) reaction make significant contribution to the photopeak at -1.7 MeV, which also 
corresponds to the transition from state 2· (8.87 MeV) to i-(7.12 MeV) in 160. The peaks near 
2.7 and 3.8 MeV probably correspond toy-transitions Z-(8.87 MeV) -> r(6.13 MeV) and 
2+(9.84 MeV) -> o+ (6.05 MeV) in oxygen. Also, the peak near 3.8 MeV could be formatted 
by they-quanta from deexcitation of 13C, which could be produced in the reaction 16O(n,a)13C 
[8]. A definite contribution to the structure of the spectrum in this energy range is also 
provided by annihilation y-quanta, which arise from the pair production in the target. 

Table 1. The Legendre coefficients fitted to the y-quanta angular distributions from (n, n'r) 
reaction on 160 and 28Si 

Experiment a2 a4 a6 
160, 3-(6.13 MJB) 

Kozlowski (1965) [7] 0.2 ±0.3 -0.3 ±0.5 -0.7 ±0.5 

Morgan(1964) [7] 0.34 ±0.04 0.01 ± 0.06 -0.04±0.06 

McDonald (1966) [8] 0.22 ±0.08 -0,05 ± 0.10 -0.32±0.08 

This work 0.39±0.Q3 0.13 ± 0.04 -0.28 ±0.05 
28Si, 2+ (1.78 MJB) 

Zhou [9] 0.21 ±0.02 

Abbondanno [ 10] 0.20 ±0.09 0.11 ± 0.14 

This work 0.19±0.02 0.02 ±0.03 

As a result of an analysis of the events corresponding to the full absorption peak ofr 
rays with an energy of 6.13 MeV, the dependence of the anisotropy parameter W(S) was 
obtained. The experimental values and the analytical approximation with forr;mla (4) are 
shown in Fig.4. The Legendre coefficients are presented in Table 1 in comparison with the 
coefficients from our approximation of the results from [8] and the data from the CDFE SINP 
MSU database [7]. It should be noted that, in comparison with the number of experiments on 
inelastic neutron scattering by carbon, the data on the angular distribution of y-radiation in the 
inelastic scattering of 14.1 Me V neutrons by 160 nuclei are extremely poor. The data of our 
experiment are in accordance with the results of previous measurements, and they have a 
significantly higher accuracy. The contribution of the polynomials with higher degrees is very 
interesting because the behavior of the anisotropy is important not only for modeling or any 
practical application, but also needed for the theoretical description of the neutron inelastic 
scattering. In this case, a high multipolarity of the transition leads to a more complex angular 
dependence, which has not yet been qualitatively reproduced in theoretical approaches. 

In 14.1 MeV neutron inelastic scattering by 28Si a large number of states are excited, 
which can decay by emitting the y-rays. The results of an experiment on scattering of neutrons 
with the energy of 14.9 MeV on natural silicon are presented in [9], and the structure of the 
formed y-spectrum is considered in detail. According to ref. [9], the five of fifty identified Y· 
transitions occur during the 28Si(n, n'y)28Si* reaction. The most intensive y-transition is the 
transition from the first excited state 2+ (1.778 MeV) to the ground state. For this y transition, 
the parameters of the anisotropy were determined (see Table 1). 
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Fig, 6. The experimental angular distributions ofy-rays with energy Er= 1.014 MeV (aj, 
Ey= 1.72 MeV (b), Er= 2.21 MeV (c) and Er= 3,004 MeV (d) from inelastic scattering of 
14.1 MeV neutrons by 27 Al. Solid lines are approximations by Legendre polynomials. 

The data obtained in our experiment on the scattering of 14.1 MeV neutrons on a 
sample of SiO2 make it possible to isolate y-radiation for the transition from the first excited 
state z+ (1.778 MeV) to the ground state. Our results and their approximation are presented in 
Fig. 4 b). The Legendre coefficients, determined from our results in comparison with the 
coefficients from [9, 10] are presented in Table 1. The results of the approximation of the 
obtained angular distribution of y-radiation agree with the data obtained in the previous 
experiments, within the limits of errors. 

Interest in the inelastic neutron scattering reaction on 27 Al nuclei is explained by the 
fact that aluminum has only one stable isotope, and thus the experimental results must be in a 
good agreement with model calculations. An important factor is also the widespread use of 
aluminum as a constructing material. 

However, 27 Al nucleus is even-odd, therefore the spectrum of the low-lying excited 
states is more complicated than that of the even-even nuclei. This feature makes the 
identification of the y transitions more difficult. An additional uncertainty comes from mixing 
of y-quanta with close energies from different reactions, for example, the y-quanta from 
27Al(n, n'y}21 Al and 27 Al(n, JYY)27Mg • with consecutive p- decay to 27 A( As a result, the 
accuracy of the obtained data is about 10% and only eight y-transitions were identified. The 
most precisely the differential cross-section data for reaction 27 Al(n,xy)27 Al were obtained in 
[11] at neutron energy of 14.9 MeV, 26 discrete "(-transitions were identified and ten of them 
in the energy range from 0.7921 to 3.004 MeV are related to the (n, n'y) reaction. A lot of 
references for experimental works considered (n, n'y) reaction cross-sections with neutron 
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energies near 14 MeV were collected in [11, 12]. It should be noted that the obtained 
experimental data fluctuate over a wide range and, despite the presence of y-emission 
differential cross-section measurements at different angles, the angular dependences of the 
anisotropy are not presented. 

Table 2. The Legendre coefficients fitted by y-quanta angular distribution from 
27 Al(n, n'y)27 Al reaction. The energies and the multipolarities of they-transitions are also 

shown. 
E1,MeV 1.01 (Ml+E2) 1.72 (Ml+E2) 2.21 (Ml+E2) 3.00 (E2) 
(Mult.) 

a2 0.22 +0.02 0.30 + 0.01 0.30+0,03 0.35 +0,03 
a4 0.06 +0.04 

The y-spectrum of the photons, emitted during the neutron inelastic scattering on 
aluminum, obtained in our experiment is presented in Fig. 5. The y-transitions with energies 
0.84 MeV (transition from 1/2+(0.844 MeV) to the ground state 5/2+), 1.01 MeV 
(3/2+(1.014 MeV) -+ 5/2+, g.s.), 1.72 MeV (5/2+(2.735 MeV) -+ 3/2+(1.014 MeV)), 
2.21 MeV (7/2+(2.212 MeV) -+ 5/2+, g.s.) and 3.00 MeV (9/2\3.004 MeV) -+ 5/2+, g.s.) 
were identified with the highest reliability. The angular distributions of the gamma-quanta 
emitted during these transitions and their approximations are showed in Fig. 6. The 
coefficients of Legendre series approximation are written in Table 2. It is interesting to notice 
that for E2-transition 3.00 MeV (9/2\3.004 MeV) -+ 5/2+, g.s.) £14 is insignificant. In our 
experiment the parameters of anisotropy are quite similar for all observed transitions and it is 
completely different from the situation described in [13], where the y-quanta angular 
distributions were investigated for 27 Al(n, n'y)27 Al reaction with 3.5 MeV neutrons and a 
comparison with Hauser-Feshbach model was presented. For J:,; 5/2 the calculations predict 
a 2 < 0.04 and the experimental angular distributions for the gamma-transitions E1 = 1.01 and 
1.72 MeV are isotropic. The anisotropy coefficients for E1 = 2.21 and 3.00 MeV have quite 
similar values, a 2 = 0.22 ± 0.04. This value is comparable with our result for E1 = 3.00 .MeV 
transition. Such a discrepancy between the results of experiments at different neutron energies 
can indicate both the need for further refinement of the experimental data and a fundamental 
change in the dynamics of the reaction with increasing neutron energy. 

Conclusion 

At the TANG RA facility using the tagged neutron method on the beam of the ING-27 
neutron generator, a study of the inelastic scattering of neutrons with the energy of 14.1 MeV 
on the nuclei of oxygen, silicon and aluminum was made. An important advantage of the 
experiment is a wide range of angles and a large number of points in which the registration of 
y-quanta was simultaneously carried out. 

The angular distributions of y-quanta from the excited state of 6.13 MeV (3) in.160 
arid from the first excited state of 1.78 MeV (2+) in 28Si were obtained with high accuracy. 
The values of the coefficients of the expansion of the anisotropy function in Legendre 
polynomials are in accordance with the results of the previous measurements. The angular 
distribution of y-rays from the inelastic scattering of 14.1 MeV neutrons on 27 Al was 
measured for the first time. 

96 

--iii., 



This work was carried out with RFFR partial financial support (Grant 16-52-45056). 

REFERENCES 

1. Ruskov I.N., et al. // Phys. Procedia. 2015. 64. 163. 
2. Bystritsky V.M., et al.// Phys. Part. Nucl. Lett. 2015. 12. 325. 
3. Valkovic V. 14 MeV Neutrons. Physics and Applications. USA. CRC Press, 2016. 
4. Bystritsky V.M., et al.// Phys. Part. Nucl. Lett. 2016. 13. 504. 
5. Ruskov I.N., et al.I/ EPJ Web of Conferences. 2017. 146. 03024 
6. ADCM - An universal Digital Pulse Processing System for nuclear physics 

experiments: http://afi.jinr.ru/ADCM16-LTC. 
7. SINP MSU CDFE Data Base, http://cdfe.sinp.msu.ru/. 
8. McDonald W.J., Robson J. M., Malcolm R. // Nucl. Phys. A. 1966. 75. 353. 
9. Hong-Yu Zhou, et al.// Nucl. Instr. and Meth. A. 2011. 648. 192. 
10. Abbondanno U., et al.// J. Nucl. Energy. 1973. 27. 227. 
11. Zhou H., Huang G. // Nucl. Sci. and Engineering. 1997. 125. 61-74. 
12. Hlavac S., et al// Nucl. Sci. and Engineering. 1997. 125. 196-204. 
13. Chung K.C., et al// Nucl. Phys. 1968. A115. 476-480. 

97 



i 
I 

:l;,\ 

'I 
' 

MEASUREMENTS OF GAMMA RAYS FROM THE INELASTIC 
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Abstract 
At the Joint Institute for Nuclear Research, in the frame of the T ANGRA project [1], 

we started the second set of measurements of the inelastic scattering (INS) of 14.1 MeV 
"tagged" neutrons on a number of isotopes. The 14.1 MeV neutrons are produced in the 
D(T,a)n reaction by the VNIIA ING-27 portable neutron generator [2], which has a 64 Si
pixel charge particle detector, incorporated into its vacuum chamber. By registering the alpha 
particles, we "tag" the corresponding neutrons which, according to the reaction kinematics, 
are emitted in the direction nearly opposite to that of the alpha particles. 

We used an array of 22 hexagonal NaI(Tl) crystals for spectrometry of the coincided 
with a-particles characteristic y-rays following the INS-reaction on the nuclei under 
investigation. 

The signals from NaI(Tl) were fed to a computerized 32-channel data acquisition 
system from JINR AFI Electronics [3], which was used for digitizing the analog signals from 
the detectors and storing the waveforms on the computer hard-drive for further off-line 
analysis. 

In current set of measurements, we succeed to measure the gamma-ray spectra from 
the INS of 14.1 MeV neutrons on a number of light elements. Here we report and discuss the 
preliminary results for some of the investigated samples. 

Keywords: Gamma-rays, spectrometry, multichannel analyzer, neutron source. 

* Corresponding author Tel.:+ 7-496-216-2131; fax: +7-496-216-5085. 
email: dimitar@nf.jinr.ru. 
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1. Experimental setup 

The experimental setup consisted of the ING-27 and Fe-shielded Nal(Tl)-array. The 
scheme of the experimental setup is shown in Fig.1 (left) and the photo is in Fig.1 (right). The 
target is located at a distance of 805 mm from the neutron source. The gamma-ray detectors 
are placed around the target with a step of 15 degrees at a distance of 320 mm from the target. 
The 40cm thick iron shielding was used to protect the gamma detectors from the direct 
neutron beam. Only one central pixel of the alpha-particle detector was used for producing 
the tagged neutron beam. 

320 

Nal(Tl) 

805 

Fig. 1 The scheme (left) and the photo (right) of the experimental sl'lll/' 

In Fig. 2 are shown the samples from Lead (2°8Pb), Carbon (> 2C), Iron ( '''Fe). Bismuth 
(2°9Bi) and Aluminum (27 Al) of the same size - 1OOx100x50 mm. 

99 



i 
I 

2. Data acquisition and analysis 

Data taking lasted Sh/sample. In Fig. 3 one can see a (triple) coincidence - the signals 
from the x-coordinate (ch# 23) and y-coordinate (ch# 22) of the ING-27 a-detector with a 
signal from the y-detector (ch # 3). The data were saved on the computer hard disk as list• 
mode data and were analyzed offline in the ROOT environment [4]. 

fol.a S■h1p St.L1liu Opbona !:!•LP 

~: .,,,',f~l~'.r,~~~~j'j]·~ !~ ~.■ lflf>IJ~ U~!.~E6lf!'?£1~1,~i~tl .. -
j ,s'!~!t"'~~t:;;;~~io ~ 1:; ~ r,. ~ ,thr 5 '~ .. ~:7 ~;,~ 
T: 4- :a::::•.8 . :[! ~ tJ J -, ~ 5 

:~ ~!; Lit■~y 
'n 

MatchWlndow WdTC11t 

"0"• r:1 
J•o~n• fl 

i:I PW ;·2001>~ 
1

:·: 

::1 MW 
T..:\ ~ 

;•~n:1 .:-.1 L,,,11<,II 

,., ~,, .. 
"'815: 8.GGG ;IJ -' .tf 21 5q,c, 
(;fj: ].), 1 , • ~ ~ L.I ~! !!.. l.5oo•u---------,_--~-----------
~--~''• .,,,,:i! 
f~.~~~-~~~:1! 
'.i Off \!.I f11U Ii' 
• .. 01ts■ t .;,, s~ i!~i 
~~1 !.1~:!':·~.t! i i~ 
P,1k2 WWW .. .i.Z:i ... rftL! I J_4 

-1' Prnlew-1, Hist09tam j ~: 

I 17 
111 
'19 
',o 
it 21 

'" :123 

" 11:! 
,!27 ,,. 
',. 
:' lO 

., ., :;. ., ., ., ., ., ., ., ., ., ., ., ., .,., ., 
~.r ., ., .,, .,, ., ., ., ., ., ., ., ., ., .,., ., 
w., ., ., ., ., ., .., ., ., ., ., ., .,, .,, ., ., ., 
~ ., " "., " ""' u 

"""' 
., 

~~ ., ., ':;-., ,, 
~ 

"'., ~ 

.,., ; 21.)J 
'.J li;.i s 25.!H 

"'" s 281&6 
YI.:.; ' 35.10 ., ., s 4-S.lU ., ., s 4.3.172 .. 5 3SU2 

,~ s 28.109 
., w . 1!">208 ., .. 

' u.1 ... 1 .! ., ... so 19828 .,,. so 10~!,!: .,._ so 2090} 

., " ,o 19984 

i ,ao 

~ 

., .. so 21151 

., C. 5 JS 368 

"., uo 91.218 "'., 1]0 211.30 

'"'"' 600 0.00 

~ "' 1500 000 ., "' 1500 000 ~., 1'00 000 

'" ,,: 1200 o.oo· ·-o.z 
., u 250 020 ..,.,, .150 Ol'JIS 

., ~~~~~-~~~i 

'"' ., HO 0198 :..., FFT JOl'h■tCun,I" ...i F,u■, ...i A~et.qin" 

Fig. 3. DAQ system software main panel 

The energy calibration of the collected amplitude spectra was done using standard 
(calibration) "point"-type gamma-sources. The time-spectra ('start' from a-detector and 
'stop' from any of the y-detectors) from the Al-sample are shown in Fig. 4. The first peak is 
arising from the neutrons scattered on the Fe-shielding (A), the second is from the inelastic 
scattering of neutrons on the sample (B) and the last one is from the interaction of the fas! 
neutrons with the detector nuclei (C). 
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Fig. 4. 27Al sample: the time spectra from the detectors at 15° (a), 90° (b) and 165° (c). 
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In Fig. 5 to 6 we show the comparison of the total energy spectra of gamma-rays (top 
spectra) and the spectra obtained within a time-window corresponding to 30' width of the 
central gamma-peak in of time-of-flight spectra (see Fig.4, peak B). In this way, the radiation 
background in the "untagged" spectra was reduced by about 70%. 
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Fig. 5. 208Pb sample: energy spectra from the detector at 90° 
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Fig. 6. 56Fe sample: energy spectra from the detector at 90° 
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Fig. 7. 209Bi sample: energy spectra from the detector at 90° 
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Fig. 5. 27 Al sample: energy spectra from the detector at 90 • 

In the table below are listed the main characteristics of the identified y-lines from the 
INS of 14.1 MeV neutrons on the target nuclei. The gamma-lines data are taken from ref. [5]. 
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Table 1. 

Samples 
E (keV) J,c Ey(keV) M(y) Final level (Isotope) 

3708.45 5- 510.74 M1+E2 3197.71 5-

2ospb 3961.16 5- 763,43 M1+E2 3197.71 5-

4962.43 4(-),5(+) 1764.71 Ml+E2 3197.71 5-

2614.52 3- 2614 51 E3 0 O+ 
12c 4438.91 2- 4438.03 E2 0 O+ 

846.77 2+ 846.76 E2 0 0+ 

sGFe 2085.10 4+ 1238.27 E2 846.77 2+ 

2657.59 2+ 1810.75 M1+E2 846.77 2+ 

3369.95 2+ 2523.06 Ml+E2 846.77 2+ 

896.28 7/2- 896.28 M1+E2 0 912-
zo•si 1603.5 19/2- 1603.50 M2+E3 0 9/2-

2564.12 (912)- 2564.12 E1+E3 0 9/2-

843.76 112+ 843.76 E2 0 5/2+ 

1014.52 3/2+ 1014.52 Ml+E2 0 512+ 
27A/ 2734.90 3/2+ 1720.30 Ml+E2 1014.52 3/2+ 

2212.01 (7/2+) 2212.01 Ml+E2 0 512+ 

3004 9/2+ 3004 E2 0 5/2+ 

3. Conclusions 

By using the target neutron method (TNM) we reduced by -70% the radiation 
background in the collected pulse-height spectra. As a result of this we were able to identify 
the main characteristic gamma-lines from the INS of 14.1 MeV neutrons by the investigated 
elements. 
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Abstract. Molybdenum and Niobium are important chemical elements in many 
fundamental and applicative researches. The cross sections of fast neutron induced reactions 
with emission of charged particles in the 94Mo(n,p)94Nb reaction were evaluated. For each 
process, the contribution of compound, direct and pre-equilibrium nuclear reaction 
mechanism and the corresponding nuclear data (parameters of nuclear potential, density states 
and others) were extracted. The present evaluations were done in order to realize new fast 
neutron measurements at IREN neutron source from FLNP JINR Dubna. 

INTRODUCTION 

Molybdenum is a chemical element with protons number, Z= 42, it has a total number 
of 33 isotopes with six natural ones (A= 92, 94, 95, 96, 97, 98) and four isomers. The Mo 
isotope with mass A= 100 is a fission product and is very important for medicine [1,2]. 

Nuclear reactions induced by fast neutrons with emission of charged particles like 
(protons and alphas) are of interest for fundamental and applicative researches. Relative to 
fundamental studies, these reactions furnish new information about structure of atomic nuclei 
and nuclear reactions mechanisms. In the applicative researches, (n,p) and (n,a) reactions are 
of great importance in the material sciences. Due to these processes, in time, in the walls and 
vessels take place a process of accumulation of Hydrogen and Helium which will modify their 
physical properties. Further, these reactions provide precise data for nuclear technology, 
reprocessing of U and Th for future projects of transmutation and energy, processing of long 
live waste, accelerated driven systems, fast neutron activation analysis etc [3,4]. 

In the present work the 94Mo(n,p)94Nb reactions with fast neutrons, starting from 
protons threshold (Q= -1.26 MeV) up to 20 MeV will be analyzed. Residual nucleus 94Nb, 
obtained in this reactions, has the time of life T 112= 20300 years and can be found in the 
radioactive waste. Due to its large time of life, the 94Nb isotope contributes to the low level 
activity of environment caused by buried waste [5]. For this reaction, cross sections were 
evaluated with Talys. Contributions to the cross sections of different nuclear reactions 
mechanisms given by discrete and continuum states were separated. Using cross sections 
theoretical evaluations, isomer ratios were also calculated, parameters of nuclear potential 
were extracted and finally, some activities were obtained for planned experimental 
measurements. 

THEORETICAL BACKGROUND 

Talys represents a freeware computer codes destined for nuclear reactions and 
structure of atomic nuclei evaluations, working mainly under Linux operation system. In 
Talys are implemented the main nuclear reaction mechanisms (compound, direct and pre
equilibrium) and large nuclear database which includes information about levels, states 
densities and parameters of nuclear potentials. This software allows to calculate inclusive and 
exclusive cross sections. Considering a binary nuclear reaction, A(a,b)B, inclusive cross 
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sections are defined as those cross sections in which are taken into account emergent "b" 
particles coming not only from the channel "b+B" but from other channels also involving the 
"b" particles. If in the cross sections are considered emergent "b" particles only from "b+B" 
channel than the cross section is defined as exclusive. Extensive information about Talys and 
its possibility is given in the reference [6]. 

In the cross sections calculations, the compound, direct and pre-equilibrium nuclear 
reaction mechanisms were taken into account for incident neutrons energy starting from the 
proton threshold up to 20 MeV. Compound processes are described by Hauser-Feshbach 
formalism [7], direct processes by Distorted Wave Born Approximation (DWBA) [8] and pre
equilibrium by two-component exciton model [9]. Discrete and continuum states of the 
residual nuclei were considered together with corresponding nuclear densities based on Fermi 
gas model [6]. 

In the incident and emergent channels, the interaction is described by all type of 
Woods-Saxon potentials like volume, surface, spin-orbit with real and imaginary part. For a 
very large number of nuclei, in Talys, there are the nuclear potential parameters extracted 
from experimental data (local parameters). In the situation when for some nuclei the potential 
parameters do not exist it is possible to obtain them using the global parameters according to 
the approach described in [6,10]. 

Another physical values of interest, which can be measured by activation method, are 
the isomer ratios. Usually, in the experiment, the isomer ratio is defined like [11]: 

Emax 

y f N0¢(E)o-JE)dE 
R = _!!!.. = -::E_th_r _____ _ 

y Emax ' 
8 fN0 ¢(E)o-

8
(E)dE 

(1) 

Ethr 

where Y m.g are yields of isotope in isomer (m) and ground (g) states; No is number 
( concentration) of nuclei in the target; <I> is the flux of incident beam; <Ym.g are the cross 
sections production of m and g states respectively; Ethr is the threshold energy of emergent 
particle emission; Ema, is the maximum energy of incident beam. 

For the evaluation of isomer ratio, by activation method, the following relation for 
observed activity is used [12]: 

A
0
b, = Nm:e (1-Exp(-Jt)]Exp(-JT)[l-Exp(-UT)l (2) 

N is the number of atoms of the isotope of the element; a is cross section; a is y-ray 
abundance; cp is neutron flux; e is detector efficiency; A is decay constant; t, T, ~T are the 
irradiation time, cooling time and counting times respectively. 

RESULTS AND DISCUSSIONS 

In the Figure 1, the inclusive cross sections for 94Mo(n,p) process with the separation 
on different nuclear reaction mechanisms and residual nucleus states, are represented. 

106 



1.6 70 
c- Direct Processes on • a • Compound Processes 

1.4 ~ on Discrete States 60 Continuum States 
1.2 50 

~ 1.0 
:c' 40 t 0.8 

~~0.6 

"'----
S 30 
~ 

" 0.4 " 20 
0.2 10 
0.0 

0 
10 12 14 16 18 20 8 10 12 14 16 18 20 

40 b • Compound Processes on 100 d • Total Processes 

35 Continuum States on Continuum States 
80 Comp+Dlr 

30 

f 25 
:c' 60 
.§. 

)20 ~ 40 
" 15 

20 
10 

8 10 12 14 16 18 20 10 12 14 16 18 20 

Neutron Energy [MeV] Neutron Energy [MeV] 

Figure I. Inclusive cross section in 94Mo(n,p) reaction. 

Compound processes on discrete states are with order of magnitude lower than 
compound processes on continuum states (Figure l.a and l.b). Direct processes on discrete 
states can be neglected and therefore they are not shown in Figure 1. If at low energy, in the 
threshold region can be considered that the compound processes are dominant, with the 
increasing of incident energy direct mechanism gives more contribution to the cross section in 
comparison with compound mechanisms (Figure l.b and l.c). In the Figure l.d, the total 
inclusive cross section is represented. Both processes (direct and compound) are generated by 
pre-equilibrium mechanism as is resulting from Talys evaluations. 
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Figure 2. Exclusive cross section in 94Mo(n,p )94m.gNb reaction. g. - ground; m - isomer; m+g - total; 
points - two sets of experimental data 
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The incident neutrons energy dependence of cross section production of 94Nb, from 
proton threshold, up to 20 MeV, in 94Mo(n,p)94m.gNb is represented in the Figure 2. The 
isomer and ground states cross sections production are represented by the curve m) and g) 
respectively from Figure 2. The total production of 94Nb is given by m+g) in Figure 2. Talys 
allows to evaluate the exclusive cross section on other levels of residual nucleus but their 
values are much lower than the contribution of ground and first isomer states and they are 
neglected. 

The total cross section production of 94Nb isotope, obtained with Talys, is compared 
with experimental data from literature [13]. From Figure 2 it is noticed that there are two sets 
of experimental data in the 12-16 MeV region, where the cross section has higher value. It is 
easy to describe one of the experimental set but as a first step is better to use the default Talys 
input and to consider a satisfactory agreement between theory and experiment. 

For the isomer ratios calculations (1), evaluated cross sections and some model for 
incident neutrons source are necessary. Further characteristic of the ground and isomer states, 
like spin, parity and time of life are: (J0 )g= 6+, 'tg= 20300 y, and (J0 )m= 3+, 'tm= 6.23 min, with 
a low energy gamma transition ~Ey= 40.902 keV [14]. Below are given the isomer ratios R, 
for incident neutron flux: a) <I>= 1 and b) <I>- (En)-0.9 

R. =2.852±0.1 and Rb =2.860±0.130 (3) 

Isomer ratios can be measured in an activation type of experiment. Considering a 
target of Mo with dimensions lxlxl cm3, irradiated by a neutron flux of type b) (<I>- (En)-0·9), 

with irradiation time, t= 3 min, cooling time T= 3 min, counting time ~T= 6 min then, the 
observed activities (2) for different energies are in Table 1. 

Table 1. Observed activities 
""Mo(n,p)'"mNb "Mo(n,p)"&Nb 

E,,[MeV] CJm[mb] Aobs[dez] a.[mb] Aobs[dez] 
14.1 27.1 8.75·10° 9.48 6.4· 10-' 
20 22.2 7.17·10' 7.83 4.3·10-' 

Isomer state of 94mNb requires a short live type of measurement but not enough to 
evidence the !round state. Nevertheless, a short time measurement can provide new data of 
isomer state, 4mNb. Pure target of 94Mo is very difficult to produce then is necessary also to 
investigate other reactions in which the residual nucleus 94Nb is obtained or in those processes 
where protons in the emergent channel coming from other isotopes of Mo are obtained. 

The parameters of optical nuclear potential, in the incident and emergent channels, 
which have the most influence on the cross sections, are the volume Woods-Saxon (WS) 
potential with real and imaginary part and the real part of spin-orbit interaction. The results 
are in the Table 2. 

Tallie "L.. Parameters or wooos.:saxon opucaJ Potenua1 
Channel WSvolume Spin-orbit 

Real part Imaginary part Real part 
V rv av w fw aw V,o fso a,so 

[MeV] [fm] [fm·11 [MeVJ [fm] [fm-1] [MeVJ [fm] [fm"1
] 

n+"'Mo 50.99 1.220 0.658 0.16 1.220 0.658 5.99 1.050 0.58 
P+""Nb 61.94 1.215 0.664 0.13 1.215 0.664 6.03 1.043 0.59 
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Because cross sections are not so influenced by Woods-Saxon surface potential (real and 
imaginary) and imaginary part of spin-orbit interaction their values are not shown here. The 
expressions of all Woods-Saxon optical potential can be found in [6]. 

CONCLUSIONS 

The 94Mo(n,p)94Nb reaction with fast neutrons from protons threshold up to 20 MeV, 
was analyzed. Target and residual nuclei are of great interest in many applications. The 
inclusive and exclusive cross sections were obtained with default input of Talys. The 
contribution of each nuclear reaction mechanism related to discrete and continuum states were 
extracted together with parameters of Woods-Saxon optical potential. Because in this process 
the isomer state 94mNb is obtained the isomer ratios, using different model of incident 
neutrons flux, were determined. The cross sections and isomer ratios can be measured in an 
activation experiment and therefore observed activities were evaluated. In a short time 
measurement, in principle it is possible to extract new nuclear data on 94mNb isotope. Taking 
into account that a pure 94Mo target is very difficult to obtain, in the future it is necessary to 
evaluate the influence of other Mo isotopes on the 94Mo(n,p)94Nb process. 

The theoretical results on the (n,p) reactions with fast neutrons on 94Mo nucleus can be 
effectuated at the FLNP JINR Dubna basic facilities and the present work can be considered a 
starting point for future proposals. 
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Abstract. The Neutron-optical model is some remarkable microscope for the investigation of 
gross-structural elements of atomic nuclei. In paper [ 1] the detail structure of potential of the 
neutron interaction with 208Pb nuclei (for 0.1 Mev < En < 15 MeV) was presented. The 
experimental cross sections cr101 from [2] in comparison with the results of calculation are 
presented. The real part of potential (peripheral area) was -V, = 0.38/r8+0.05/r4+0.02/r (Mev). 
We may especially underline the role of quantity C/r8 in description of spectrum of scattered 
neurons with En > 5+6 Me V. 

There exist another experimental data about cr101 for interaction of neutron with 208Pb 
inmore wide energetic diapason. In work [3] the cross sections for En< lMeV was measured. 
We have used these data in our estimation of cr101 for 208Pb. The results are presented at Fig 1. 
Cross section has a rise at En::; 0.1 MeV. 

i 
.0 

ti 

10.0 

0.1 1.0 En, Mev 10.0 

Fig. I. The calculation of total cross section for interaction of neutron with 208Pb (solid curve) in 
comparing with experimental data of the work [2] (dotted curve). 
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Fig. 2. The real part of calculated optical neutron potential for 208Pb. 

The real part of potential is presented in Fig.2. This part is very close to that 
published in [1]. The receiving of spin-orbital and imaginary component of potential is 
described in paper [ 1]. 

In this paper we start the description of neutron scattering by stannum nuclei. In IPPE 
(Obninsk) some interesting measurement of O"tot for 12 isotopes of Sn was performed. Every 
isotope has the mass difference of one neutron from neighbour isotope [ 4]. 
We have searched the potential parameters for 120Sn. The starting set of parameters was fitted 
early for Pb. The results for real part of potential is presented in Fig.3. Some elements of this 
potential are very close to that of 208Pb. The more significant difference is found in peripheral 
part of nucleus (4 fm < r < 8 fm). 
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Fig.3. The real part of calculated optical neutron potential for 120Sn. 
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Fig.4.
1
The calculation of total cross section for interaction of neutron with 120Sn (solid curve) in 

comparing with experimental data of the work [ 4] ( dotted curve). 

It is interesting to note that maximums A and B (Figs. 2 and 3) have the same 
positions for Pb and Sn. But for Sn fitting procedure found a great extremum at radius r:::: 7 .5 
(point C at Fig.3). At these radius neutron forms orbit with greatest probability. · 

· Outside the central part, given discretely, all components of the potential for 120Sn 
are represented by smooth curves: · 

-V,= 0.38/r8 + 0.04/r4 + 0.03/r, 

V,o= 0.0012/r3, 

-V;m = 0.2/r2 

All ordinate the internal and external parts of the potential are multiplied by energy 
dependency coefficients: 

. , EDr - coefficient for the real part. 
EDim - for the imaginary part, 
EDso - for the spin-orbital part of potential. 
EDr = 1.15 
EDso = l/fEn+2.62En 
EDim = 0.00023, 
where En - energy of scattering neutron, integration step - 0.0464 Fm 
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Abstract 
In the present paper, the gamma cascade intensity distributions of 172Yb from the 

171 Yb(n,y) reaction are determined. The obtained gamma cascade intensity distributions can 
be used to simultaneously extract the nuclear level density and radiative strength function of 
172Yb excited nucleus by means of the Dubna method. The latter has been applied to 43 
nuclei, whose atomic number ranges from 28 to 200, but 172Yb. Thanks to the high quality 
gamma-gamma coincidence spectrometer and the high statistics achievement, the gamma 
cascade intensity distributions obtained for 172Yb within the present work is the most accurate 
in comparison to all the 43 investigated nuclei. 

i,; , Introduction 
· ' We have already known that the nuclear level density and radiative strength function 

are all together important quantities, which describe the average properties of excited nuclei 
in the high-excitation-energy region [l]. As 172Yb is an even-even, deformed, and lieavy 
nucleus, its nuclear properties are useful information for confirming as well as improving the 
nuclear models of high-mass nuclei near the stability line. 

In the excited energy below the neutron binding energy, the Dubna method [2] is 
widely used to simultaneously extract the nuclear level density and radiative strength function 
from the measured gamma cascade intensity distributions. Although this method has been 
applied to 43 nuclei whose atomic number ranges between 28 and 200 [3], the 172Yb nucleus 
has not been studied yet. 

Within the Dubna method, the gamma cascade intensity distributions are determined 
from the two-step-cascade (TSC) spectra, corresponding to the gamma cascades from the 
compound state to the different final excited states. The events, which are due to the Compton 
scattering, are significantly suppressed, particularly in the TSC spectra corresponding to low
energy final states. Therefore, the obtained gamma cascade intensities are highly reliable. 

In the present pa~er, we present the experimental gamma cascade intensity 
distributions of the excited 72Yb nucleus measured via the thermal neutron capture reaction. 
A nuclear level scheme, which is constructed from the resolved cascade decays using the i 
maximum likelihood method, is also given. ' 

Experimental 
The gamma-gamma coincidence experiment was carried out on the neutron beam No.3 

of Dalat Nuclear Research Reactor. The latter provided a neutron beam whose flux and 
diameter were 1. 7 xl05 n/cm2/sand 2.5 cm, respectively. The target was 0.56 g Yb20 3 powder 
sealed in a plastic bag. The enrichment of 171Yb in this target is more than 95.5%, that is, the 
171Yb mass is about 0.48 g. The percentages of the other impurities in the target is small 
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enough to not cause net influences on the obtained spectroscopic data of 172Yb nucleus. The 
cascade decay data were recorded for about 830 hours using two HPGe detectors whose 
relative efficiency equal to 35% of the standard Nal(TI) scintillator detector (3 inx3 inx 3 in). 
The measurement was performed using the "close" geometry as given in Fig. 1, in which the 
distance from the target to the detector windows are only 5 cm. The energy threshold of the 
spectrometer was set to 520 keV. 
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Fig. I. The "close" geometry used for measuring the gamma - gamma coincidences. 
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Fif 2. The most informative part of the spectrum of sums of coincident pulse's amplitudes for 
1 1Yb(11th,2y) reaction. The energies of the final levels of cascades (in keV) are pointed near 

peaks of the full energy capture. 

The most informative part of the spectrum of sums of coincident pulse's amplitudes 
for 172Yb is shown in Fig. 2. It can be easily seen from this figure that there is almost no 
Compton background under the summation peaks corresponding to the ground state and the 
fmal state Er= 78.8 keV. However, the Compton background is rather high under the other 
summation peaks corresponding to the other four final states. A number of peaks caused by 
single- and double-escape events can also be clearly seen. 
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Fig. 3. TSC spectra corresponding to the cascade decays from the compound state to the 
ground state (left panel) and the final state Er= 78.8 ke V (right panel) of 172Yb. 

Fig. 3 shows the TSC spectra corresponding to the cascades decar from the 
compound state to the ground state and the first excited state Er= 78.8 keV of 1 2Yb. Within 
these TSC spectra, more than 66% of the collected events are belongs to the resolved cascade 
decays; consequently, the contribution of the unresolved cascade decays in the obtained 
gamma cascade intensity distributions are not larger than 33%. It is noted that the energy 
resolution and the symmetry of the TSC spectra are improved since the algorithm for digitally 
improving the energy resolution [ 4] were applied. 

In order to determine the absolute intensity of the primary transitions within the 
investigated reaction, the gamma-rays intensities of 5538 keV transition were measured via 
the prompt gamma spectrum of a complex 27 Al+171Yb target. The intensity of 5538 keV 
transition obtained within the present work is in agreement with that in Ref. [5] within the 
experimental uncertainty. 

Data Analysis 
Resolved cascade decays 

A pair of gamma transition corresponding to the cascade decay from the compound 
state to a certain final state is represented as a pair of peak in the corresponding TSC 
spectrum. These two peaks are symmetrical via the center of the TSC spectrum, and thek 
peak area is proportional to the cascade transition intensity. By determining the position and 
area of all the peaks in all the obtained TSC spectra, one can achieve a list of cascade 
transitions together with their relative intensities. These relative intensities are then converted 
to the absolute intensities usin~ the intensity of a well-known primary transition, such as 553! 
keV transition in the case of 17 Yb experiment. 

Construction of the gamma cascade scheme 
It is obvious that the gamma - gamma coincidence spectrometer does not provide 

information to identify the primary and secondary transitions of a certain cascade decay, 
therefore a method is needed to construct the gamma cascade scheme from the obtained list of 
cascade transitions. The maximum likelihood method [ 2 I was known as an. efficient one. 
Consequently, within the present work, the gamma cascade scheme is built by means of 
themaximum likelihood method. 
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Since the result obtained by using the maximum likelihood can be false in case of 
cascade transitions which appear in only one TSC spectrum, the data in Ref. [5] and the 
ENSDF library are also used as additional information to construct the gamma cascade 
scheme. 

Unresolved cascade decays 
A TSC spectrum consists of three components [6]: 

1. a set of discrete peaks corresponding to the resolved transitions; 
2. A number of low intensity transitions, also known as unresolved cascade decays; 
3. And a noise line, which has zero average value. 

As the resolved part of a TSC spectrum, which is caused by the resolved transitions, can be 
easily recreated using the list of resolved cascade decays, one can obtain the unresolved part 
of the TSC by subtracting the resolved part from the TSC spectrum. After that, the 
unresolved part of the TSC spectrum is averagely smoothed to remove the noise. 
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Fig. 4. The resolved part (left panel) and the unresolved part (right panel) of the TSC spectrum 
corresporiding to cascade decay from the compound state to the ground state of 172Yb (Fig.3, .. 

left panel). The unresolved part is averaged over 100 channels to remove the noise line. 

Gamma cascade intensity distributions lyy(E1) 
Since both primary and secondary transitions are accumulated in the TSC spectrum, 

the TSC spectrum is the sum of the primary gamma intensity distributions lyy(E1) and 
secondary gamma intensity distributions Iyy(Ez). Within the Dubna method, it is necessary to 
determine the lyy(E1) as accurately as possible. ' 

The resolved part of the Iyy(E1) can be easily determined as the maximum likelihood 
method allows us to determine a reliable nuclear level scheme based on the experimental list 
of discrete cascade transitions. However, the determination of the unresolved part of lyy(E1) is 
complex because for this part, there is no information to separate the primary and secondary 
transitions. Because of the latter, in order to determine the unresolved part of lyy(E1) we 
assume that the unresolved parts of lyy(E1) and Iyy(E2) are identical in the unresolved part of 
the TSC spectrum (Fig. 4, right panel) [6]. Since this assumption can cause some distortions 
in the medium energy of the Iyy(E1) distributions, one should reduce the distortions by 
increasing the contribution of the resolved part. Besides, effects of the distortions on the 
nuclear level scheme and radiative strength function obtained using the Dubna method is 
insignificant in many cases [ 6]. 
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Results and Discussion 
Gamma cascade scheme 

Table 1 present the list of obtained gamma cascades together with their intensity. 
These cascades decay from the compound state to the ground state and five low-lying states 
whose energies are 78.8, 1042.7, 1117.4, 1155.9 and 1197.3 keV. The uncertainty of the 
gamma cascade intensity is almost less than 30%. From this table, we can see that most of the 
resolved cascade are belongs to the decay to the ground state and the first excited state Er= 
78.8 keV. It is obvious that the spectroscopic data corresponding to these two final states are 
in high quality because of the very low Compton background under the corresponding 
summation peaks together with their large statistics. For the other final states; the 
spectroscopic data are worse due to the high Compton background. Additionally, the 
statistical count of the summation peaks corresponding to these final states are much less than 
those of the ground state and 78.8 kev state. For these reasons, only 79 cascades presented in 
the Table 1 belongs totheTSC spectraof 1042.7, 1117.4, 1155.9 and 1197.3 keV states. 

Table 1. The gamma cascade scheme of 172Yb. Ei is energy of intermediate states. iyy is 
absolute intensity of the cascade, normalized to 106 decays. 

E1+E2=8020 keV 

E1 E1 irr±6irr E1 E1 irr±6irr E1 E1 irr±6irr/ 
6902.6 1117.4 90±16 6864.6 1155.4 123± 25 6553.8 1466.2 180± 33 I 
6542.9 1477.1 361±41 6419.5 1600.5 66± 16 6410.9 1609.1 66±25 

6312.1 1707.9 74±25 6240.9 1779.1 49±16 6170.5 1849.5 
! 

549±66 f 
6025.0 1995.0 107±33 6010.0 2010.0 3214± 139 5982.1 2037.9 139±33 j 
5966.2 2053.8 107±33 5961.3 2058.7 107±33 5917.0 2103.0 98±33 I 
5859.5 2160.5 98±33 5825.4 2194.6 2099±123 5708.4 2311.6 98±33 , 

I 5691.7 2328.3 5158±197 5666.5 2353.5 98±33 5645.1 2374.9 90±33 
I 5556.o 2464.0 180±33 5539.7 2480.3 1451±90 5531.7 2488.3 123±33 
I 5516.2 2503.8 213±41 5495.1 2524.9 344±49 5481.9 2538.1 107±33 

5445.1 2574.9 525±57 5437.8 2582.2 123±33 5421.6 2598.4 213±41 
5398.7 2621.3 115±33 5381.4 2638.6 156±41 5353.6 2666.4 82 
5272.7 2747.3 1328±107 5240.7 2776.3 131±41 5233.6 2786.4 164±41 
5208.0 2812.0 115±41 5191.2 2828.8 156±41 5185.1 2834.9 279±57 

5175.2 2845.4 484±74 5147.2 2872.8 976±90 5147.2 2872.8 139±41 

5035.8 2984.2 205±49 4986.3 3033.7 230±49 4982.0 3038.0 443±57 

4960.9 3059.1 139±33 4952.3 3067.7 221±41 4899.0 3121.0 377±49 

4889.9 3130.1 1148±82 4881.9 3138.1 230±41 4867.0 3153.0 115±33 

4860.1 3159.9 213±41 4854.3 3165.7 205±41 4835.3 3184.7 197±49 

4814.5 3205.5 713±90 4805.6 3214.4 336±20 4798.6 3221.4 164±49 

4789.5 3230.5 180±49 4765.2 3254.8 279±66 4758.9 3261.1 2255±164 

4739.3 3280.7 287±66 4723.6 3296.4 435±82 4718.5 3301.5 328±74 

4711.4 3308.6 205±57 4673.3 3346.7 968±90 4664.2 3355.8 172±41 

4637.3 3382.7 238±49 4614.0 3406.0 254±66 4596.3 3423.7 377±57 
4560.6 3459.4 180±41 4537.4 3482.6 533±66 4523.5 3496.5 385±90 
4499.5 3520.9 533±74 4476.0 3544.0 910±90 4462.0 3558.0 1107±9! 
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E1+E2=8O20 keV 

E1 E1 irr±Birr Ei E1 iyy±6iyy Ei E1 iyy±6iyy 
4449,5 3570.5 517±74 4427.3 3592.7 344±74 4421.6 3598.4 115±41 

4414.8 3605.9 180±41 4385.0 3635.0 541±74 4360.4 3659.6 238±49 
4351.1 3668.9 262±49 4344.8 3675.2 246±49 4338.2 3682.2 640±80 

4321.1 3698,9 156±41 4304.8 3715.2 615±90 4299.2 3720.8 279±57 
4278.5 3741.5 492±82 4272.3 3747.7 582±82 4263.6 3756.4 197±49 
4252.2 3767.8 771±90 4220.2 3799.8 484±74 4210.9 3809.1 148±49 
4172.7 3847.3 148±49 4154.5 3865.5 123±49 4144.0 3876.0 353±57 
4124.5 3895.5 107±33 4111.9 3.908.1 246±49 4102.5 3917.5 730±74 
4093.6 3926.4 213±41 4063.1 3956.9 180±41 4057.4 3962.6 131±41 
4046.7 3973.3 107±33 4040.9 3979.1 230±49 4036.0 3984.0 172±49 
3941.3 4078.7 574±66 3857.2 4162.8 640±90 3788.7 4231.3 131±49 
3641.3 4378.7 656±82 3588.2 4431.8 771±98 3491.8 4528.2 230±74 
3440,2 4579.8 189±41 3429.6 4590.4 238±49 3409.8 4610.2 254±66 

3388.3 4631.7 131±41 3337.9 4682.1 205±41 3289.3 4730.7 172±49 
3245.4 4774.6 328±57 3191.4 4828.6 82±33 3177.9 4842.1 221±57 
3146.8 4873.2 394±49 3098.0 4922.0 566±57 3071.9 4948.1 123±33 
3022.8 4997.2 369±49 3004.0 5016.0 410±66 2997.1 5022.9 123±41 
2942.2 5077.8 221±57 2919.1 5100.9 205±41 2866.9 5153.1 213±49 
2839.8 5180.2 115±49 2818.2 5201.8 115±41 

E1+E2=7942 keV 

E1 E1 iyy±6iyy Ei E1 irr±Birr Ei E1 
irr±Bir 

r 
6977.2 1042.8 1635±73 6902.6 1117.4 317±37 6864.6 1155.4 720±61 
6821.5 1198.5 976±61 6656.9 1363.1 49±12 6615.5 1404.5 659± 61 
6553.8 1466.2 451±49 6542.9 1477.1 988±73 6226.1 1793.9 11464±98 
6170.5 1849.5 817±73 6125.7 1894.3 1671±98 6111.9 1908.1 85±24 
6062.0 1958.0 183±49 6010.0 2010.0 1696±122 5973.0 2047.0 171±49 
5946.6 2073.4 159±49 5917.0 2103.0 573±73 5825.4 2194.6 854±98 
5792.5 2227.5 403±73 5743.5 2276.5 20724 5708.4 2311.6 476±73 
5691.7 2328.3 2098±159 5678.2 2341.8 659±85 5645.1 2374.9 1196±134 

5633.8 2386.2 195±61 5556.0 2464.0 268±61 5539.7 2480.3 
22216± 

537 
5516.2 2503.8 366±61 5460.1 2559.9 207±49 5445.1 2574.9 232±49 
5415.5 2604.5 183±49 5392.3 2627.7 195±49 5365.1 2654.9 146±49 
5353.6 2666.4 122±49 5338.6 2681.4 171±49 5272.7 2747.3 146±49 
5240.7 2776.3 220±61 5237.8 2782.2 146±61 5233.6 2786.4 171±49 
5208.0 2812.0 256±61 5198.6 2821.4 220±49 5185.1 2834.9 390±61 
5175.2 2845.4 220±60 5157.4 2862.6 378±73 5147.2 2872.8 12867±171 
5140.2 2879.8 146±49 5131.8 2888.2 427±73 5060.0 2960.0 220±49 



5035.8 2984.2 329±61 5028.7 2991.3 268±61 5007.2 
4989.2 3003.8 195±61 4982.0 3038.0 134±49 4952.3 
4926.6 309.4 281±61 4911.6 3108.4 195±61 4899.0 
4889.9 3130.1 525±85 4881.9 3138.1 220±61 4805.6 3214.4 159±31 

4779.4 3240.6 171±49 4771.3 3248.7 122±37 4758.9 3261.1 427±73 

4739.3 3280.7 329±61 4728.7 3291.3 415±61 4718.5 3301.5 598±73 
i I 4685.2 3334.8 256±49 4673.3 3346.7 671±73 4637.3 3382.7 244±61 i ! 

4623.7 3396.3 159±49 4596.3 3423.7 207±49 4560.6 3459.4 146±49 

4527.0 3493.0 305±122 4523.5 3496.5 305±122 4499.5 3520.9 122±40 
. : I 4493.4 3526.6 232±61 4476.0 3544.0 488±73 4462.0 3558.0 415±73 •. I 
I I 

I 4442.2 3577.8 476±85 4433.7 3586.3 207±61 4421.6 3598.4 232±61 
4414.8 3605.9 171±61 4393.2 3626.8 329±73 4338.2 3682.2 317±90 

I I 4321.1 3698.9 30573 4315.1 3704.9 317±73 4304.8 3715.2 378±110 
4278.5 3741.5 159±61 4272.3 3747.7 1061±110 4263.6 3756.4 464±73 
4252.2 3767.8 378±73 4220.2 3799.8 281±61 4210.9 3809.1 293±61 

·1 I 4195.O 3825.0 220±61 4172.7 3847.3 256±61 4165.8 3854.2 293±73 
I 

I 4144.0 3876.0 805±98 4138.9 3881.l 183±61 4124.5 3895.5 146±49 
4111.9 3908.1 439±85 4102.5 3917.5 610±98 4060.4 3959.6 232±61 

4O36.O 3984.0 415±85 4031.1 3988.9, 586±98 4020.1 3999.9 195±61 

3975.5 4044.5 171±49 3941.3 4078.7 98±37 3857.2 4162.8 305±731 
3788.7 4231.3 110±49 3641.3 4378.7 342±98 3579.1 4440.9 378±7] i 
3491.8 4528.2 659±98 3473.9 4546.1 122±49 3429.6 4590.4 354±61 i 

3409.8 4610.2 305±73 3388.3 4631.7 378±61 3337.9 4682.1 98±49 i 

3289.3 4730.7 366±73 3233.0 4787.0 159±49 3191.4 4828.6 378±61 

3177.9 4842.1 500±85 3146.8 4873.2 512±73 3098.0 4922.0 293±73] 

3071;9 4948.1 134±61 3022.8 4997.2 293±61 3004.0 5016.0 244±61 

2997.1 5022.9 512±85 2942.2 5077.8 671±85 2919.1 5100.9 220±61 I 

2866.9 5153.1 488±73 2839.8 5180.2 171±49 2818.2 5201.8 183±49 I 

E1+E2=6977 keV 
E1 E; irr±oirr E1 E; irr±oirr E1 E; irr±liirri 

.i I 6012.3 2007.7 220±41 5825.4 2194.6· 142±43 5539.7 2480.3 562±11J • I 
! 

5495.1 2524.9 110±41 5392.3 2627.7 376±97 5028.7 2991.3 344±rn 
4968.0 3052.0 214±90 4577.4 3442.6 767±349 4523.5 3496.5 535±21l 
4338.2 3682.2 171±67 4220.2 3799.8 259±81 3513.6 4506.4 198±74 i 
3491.8 4528.2 257±83 3245.4 4774.6 166±76 3233.0 4787.0 328±99 :! 

E1+E2=69O2 keV 
E1 E1 irr±oirr E1 E1 irr±oirr E1 E1 irr±liin 

6194.4 • 1825.6 118±27 6111.9 1908.1 55±19 6010.0 2010.0 92±29: 
5825.4 2194.6 937±132 5604.0 2416.0 164±71 5539.7 2480.3 850±112 

• I 
5412.3 2607.7 231±74 5392.3 2627.7 399±97 5175.2 2845.4 130±48 

I I 5131.8 2888.2 122±48 4877.0 3143.0 309±84 4523.5 3496.5 386±lil 
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14501.s I 3518.21 108±221 1 I 4338.2 I 3682.2 250±82 1 1 4252.2 1 3767.8 1 132±63 

E1+E2=6864 keV 
E1 Ei iyy±6iyy E1 Ei irr±oirr E1 Ei iyy±6iyy 

5825.4 2194.6 905±107 5743.5 2276.5 128±44 5708.4 2311.6 113±40 
5691.7 2328.3 71±29 5539.7 2480.3 605±134 5028.7 2991.3 273±92 
4758.9 3261.1 225±80 4637.3 3382.7 441±120 4534.2 3485.8 223±113 
4462.0 3558.0 483±176 4269.3 3750.7 218±78 3588.2 4431.4 229±90 
3579.1 4440.9 397±109 3409.8 4610.2 225±90 

E1+E2=6823 keV 
E1 Ei iyy±6iyy E1 Ei iyy±6iyy E1 Ei iyy±6iyy 

5825.4 2194.6 1410±177 5539.7 2480.3 1413±237 5028.7 2991.3 459±144 
4982.0 3038.0 378±132 4782.0 3238.0 183±84 4758.9 3261.1 345±135 
4637.3 3382.7 525±171 4493.4 3526.6 348±129 4462.0 3558.0 327±120 
4418.3 3601.7 681±273 4278.5 3741.5 261±183 3878.4 4141.6 342±117 
3612.4 4407.6 414±120 3588.2 4431.8 414±120 3579.1 4440.9 321±108 
3289.3 4730.7 303±111 

In general, most of our obtained data are in agreement with data in Ref. [5] and in the 
ENSDF library [7]. The consistency proves the reliability of the obtained gamma cascade 
scheme within our work. 

Gamma cascade intensity distributions 
The gamma cascade intensity distributions of 172Yb determined from all six measured 

TSC spectra are shown in Fig. 5. The large statistics of counts allow us to determine the 
gamma cascade intensity distributions over a 250 keV energy interval. This energy interval is 
twice less than the interval of all 43 investigated nuclei [3]. Therefore, the analysis of the data 
of 172Yb obtained in the present work is more precise than for all the previous investigated 
nuclei [3]. 

3 

Irr,% per decay 

2 3 4 5 6 
E1,MeV 

Fig. 5. The gamma cascade intensity via primary gamma energy (E1). The triangle is I.,y(E1) 

calculated from the combination of models [8] for nuclear level scheme and [9] for radiative 
strength function. 
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In the Fig. 5, the experimental Iyy(E1) is compared with the Iyy(E1) calculated from the 
combination of nuclear level density [8] and radiative strength function [9] models. There is a 
clear discrepancy between the experimental lyy(E1) and that obtained by calculation. Thus, it is 
needed to use other models for both the nuclear level density and radiative strength function, 
such as those proposed in Ref. [10]. 

Conclusion . 
Within the present work,the gamma cascade intensity distributions of 172Yb was 

determined for 250 keV energy intervals. Thanks to the large statistics of counts, the obtained 
data of 172Yb is more precise than any other nuclei, which we have investigated earlier using the 
Dubna method. The forthcoming studies are to analyze the obtained data here by means of the 
Dubna method in order to extract the nuclear level density and radiative strength function of 
mYb. 
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ABSTRACT 

Energy levels and transitions in 159Gd were studied by means of radiative capture 
of resonance neutrons at 12 isolated resonances of 158Gd. The time-of-flight technique 
was used on an enriched target at the IBR-30 reactor at JINR Dubna. A total of 80 
primary gamma-transitions were recorded and their absolute intensities were determined 
resulting in the observation of 1/2± , 3/2± levels up to 2.4 MeV. Parities of found levels 
were recalculated using two methods: the first method consists in analyzing of intensities 
averaging in 12 resonances and in the second method individual intensities are analyzed. 
The second method is described for the first time. 

1. INTRODUCTION 

We extensively studied spectroscopic properties of 159Gd by resonance neutrons 11,2], by 
neutrons from neutron filters [3], by thermal neutrons and from (d,p) and (d, t) reactions. 
Full information was published in [4]. 

In 12] together with the other information the determination of parities of low lying 
levels.of 159Gd was obtained. Due to big volume of information in that work description 
of the method of this determination is very short. In this work we must to give more 
detailed description of procedure of parity determinations. During preparation of this 
work we recalculated all data and there are some differences between results of previous 
work ([2], Table 3) and new results. Analysis of these differences will be done later. 

2. EXPERIMENT 

Energy levels and transitions in 159Gd were studied by means of radiative capture of 
resonance neutrons at 12 isolated resonances of 158Gd. The time-of-flight technique was 
used on an enriched target at the IBR-30 reactor at JINR Dubna. A total of 80 primary 
gamma-transitions were recorded and their absolute intensities were determined. Absolute 
intensities of 80 transitions in 12 resonances of 158Gd are presented in [2] (Table 1 ). 

As. 158Gd is even-even nucleus all resonances in measured range of neutron energy 
have r = 1/2+. Primary 7-rays usually are El (transitions on the levels with the 

1Corresponding author. 
E-mail address: telezhni@nf.jinr.ru (S.A.Telezhnikov) 
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opposite parity) and Ml (transitions on the levels with the same parities). Levels on 
which transitio_ns pass have J=l/2, 3/2 with parity+ if transition is Ml or - if transition 
_is El. Ml transitions have energy depend~nce E~ .and dependence of El transitions is 
more sharply namely about E~. It is known that intensities of El transitions in measured 
range of energies are in 5-7 times more than of Ml transitions. From spectroscopic data 
8 Ml transitions and 9 El transitions are known. 

3. TASK OF PARITY DETERMINATION 

Using the difference in intensities of El and Ml transitions we formulated and decided 
quantitative conditions of parity determination of low lying levels in 159Gd. Two methods 
of the parity determination were used by us: the first method consists in analyzing of 
intensities averaging in 12 resonances and in the second method individual intensities are 
analyzed. The second method is described for the first time. 

3a. The first method 

_ 80 intensities averaged in 12 resonances were obtained. From these data dependence E; 
was excluded and reduced data were normalized on mean value of reduced intensities of 
8 known Ml transitions. Here formula of reducing is shown: · 

f.r1 ={<Lr>-!>>. /E~} /{<< l(Ml),fA! >>. /E~ >Mi}, (1) 

where >. is sign of resonance and f is sign of final state. 
Values €-rJ of 80 transitions are presented in Fig. 1. There are two curves and straight 

line in this Figure: curves are dependences of El transitions (E~) which normalization 
was from 9 known El transitions - upper curve and from 8 known El transition - lower 
curve. Straight line is mean of 8 known Ml transitions, its y = 1. 

As point about energy 5400 keV (transition 5384.70 keV) is very high two curves f~rEI 
normalizing are plotted: upper curve with use this point and lower curve is without this 
point. Later meaning of these two curves will be discussed. ' 

It is clearly seen that intensities of El transitions are good separated from intensities of 
Ml in range 4700-6000 keV. This fact gives opportunity to use intensities for separation 
all intensities in two groups. For this we use statistical properties of intensities. It is 

1 

known that intensities of transitions from resonances of one type to the levels with-certain 
J" follow Potter-Thomas (PT) law of distribution [5]. This distribution is from class of 
x2 distributions, namely x2 distribution with v=l. Mean value of intensities from 12 
resonances will obey x2 distribution with v=l2. To determine that some transition is El 
we must show that it can not be from distribution which describe Ml transitions. 

For deciding if point of examined transition obeys or not obeys analyzed distribution 
the confidence level must be chosen. In our works we use two confidence levels: 1% and 
0.1%. For these two confidence levels critical values must be found. These are valuesofx 
integrals to which from the left or from the right are equal-to confidence level. When event 
falls in the piece pl with confidence level 0.1% this hypothesis is abandoned hardly.and 
result of other hypothesis is set without parentheses and when event falls in the piece p2 
with confidence level 1 % other hypothesis is set in parentheses. We shell use term reability 
which determines integral of the distribution from the left to the tested point. This value 
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will be close to O if point is to the left from maximum of the distribution or close to 1 if 
point is to the right from maximum. 

20 ~---~---~---~---~---~--~ 

• 
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Fig. 1. Values fr! of 80 ")'-transitions (points), 2 curves - dependences of El and stright 
line - dependence of Ml; • -known El, ♦ - known Ml, A - unknown parities. 

We must create statistical distribution which picture this hypothesis and see how point 
of examined transition is far from the center of distribution. As distribution is normalized 
on 1 probability to appear accidentally in any piece of this distribution is equal to area 
of distribution within this piece. For events far to the left and far to the right from the 
center of distribution probabilities are integrals from the beginning of distribution to this 
event for events far to the left and from this event to the end of distribution for events 
far to the right. An example of arbitrary distribution is shown in Fig.2. 
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Fig. 2. Arbitrary function J(x) normalyzcd on 1 
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It was said that mean value of intensities from 12 resonances will obey x2 distribution 
with v=l2. But apart of this distribution each intensity of transition has its statistical 
error which obeys Gaussian distribution. Hence x2 distribution with v=12 must be convoluted 
with Gaussian with individual statistical error of each intensity. 

To find El transitions it is need: 
• to normalize all experimental intensities on mean Ml value; 
• to obtain x2 distribution with v=12; 
• to make convolution of this distribution with Gaussian which is individual for each 

point; 
• to find.critical values for two confidence levels; 
• to find value reabi!ity which will be integral from the left, this value will be close to 

1 as El transitions are greater than Ml; 
• to compare this value with two critical values. 

To find Ml transitions we must compare intensities which are normalized on mean of El 
transitions after excluding of energy dependance of these transitions with x2 distribution. 
For this dependence of El transitions must be eliminated. In [2] two dependences of El 
transitions were discussed: Lorencian and Markushev-Furman model. But in this work we 
use simple dependence E~ because this dependence is more sharply than others and this 
gives more reliable results in energy range from 3.5 to 4.5 MeV as curve E~ is more near 
to Ml points. 

Now we must discuss about two curves in Fig.l. Upper curve is obtained with use point 
5384.70 keV. During analysis of points with normalizing on El with lower curve this point 
was very big and it was determined as doublet. At next doublets will be marked as D or 
(D). In view of this upper curve did not used and all calculations were made with lover 
curve. Using method described upper points which are lover than critical values can be 
determined as Ml or (Ml) and points which are higher than critical values with integrals 
near 1 _ can be determined as D or (D). 

3b. The second method 

This method consists in analysis of absolute intensities of each transition from resonances 
to each level. As number of resonances is 12 we have twelve distributions for each level. 
Statistical distribution of these values is PT distribution. This distribution must be 
convoluted with Gaussian from the statistical error of transition. By such way twelve 
values of reability can be obtain. These values must be analyzed. They represent 12 
points on [0,1] cut. Now we try to obtain quantitative conditions to refuse hypothesis 
that twelve transitions on one level belong to obtained distributions. 

Divide [0:1] cut by point on two pieces p and q. We know that pis small part of cut 
[0:1]. 

p+q=l 

From 12 resonances we have 12 independent probabilities and whole probability is: 

(p + q)l2 = 1 

It is Newton's binomial. Reveal parenthesis: 
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p12 tl2p11q + 66p10q2 + 22Op9q3 + 495p8q4 + 792p7 q5 + 924p6q6 + 792p5q7 + 495p4q8 + 
22Op3q9 + 66p2q10 + 12pq11 + q12 = 1 

Now analyze some member of this expression, for instance, the forth: 22Op9q3 . This 
member is the probability that 9 points fall to part p. If we solve the equation 22Op9q3 = 
0.001 or 22Op9q3 = 0.01 we can obtain critical values which say that probability to have 
9 point in piece p is 0.1 % or 1 %. 

By such way we can obtain all 12 pairs of critical values for all members with p of 
this expression. Now for all 80 transitions it is need to do convolutions of one function of 
PT with the individual Gaussian from experimental errors and to find set of 12 reability 
values. These data can be compared with critical values. 

4. CALCULATIONS 

We must: 
• to obtain Gaussian, x2 distribution with v=l, x2 distribution with 11=12; 
• to make convolution of x2 distributions with Gaussians which are individual for each 

intensity; 
• to find critical values for two confidence levels for x2 distribution with 11=12; 
• to find reability values for 11=12; 
• to calculate critical values for 12 pairs of confidence levels for v=l; 
• to analyze all data and obtain parities by two methods. 

It is seen in Fig. 2 that bounds of p pieces are set far from maxima of distributions and 
integrating must be to the area with small values of functions. 

For better precision all calculations were made in Fortran codes with variables REAL *16. 
Calculations with such variables give precision of results with about 33 right signs. 

For making of convolution all curves were replaced by piecewise continuous polynomials 
of the third power throw each 4 points of x coordinates with different steps which were 
determined as gave high precision of replacing. Precision of replacing was tested by 
integrating of curves and comparing of integrals with 1. In Table 1 parameters of fit 
of some functions by polynomials are shown: N - numbers of points of x coordinates, 
Area - integrals and NR - number of right signs in integrals obtained. It is seen that 
precision depends on number of points x. 

Table 1. Parameters of polynomials for 4 functions: N - number of points x, Area -
integral, NR - number of right signs in integrals 

Function N Area NR 
Gaussian 2031 O.999999999897369E+OO 9 

x2 with II= 1 1463 O.99999999139O689E+OO 8 
x2 with II= 2 5594 0. 999999999999126E+OO 12 
X2 with II = 12 1950 0. 9999999982O4125E+OO 8 

Function x2 with v = 2 is very simple function: exp(-x). It was not used and provides as 
example. The most computer time is spent for convolutions. In [2] these calculations were 
provided in old system UNIX or SANOS and time of calculations was limited. Because of 
this calculations were made with smaller precision of convolutions: namely, 5 or 6 signs. 
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Now calculations were made on modern desktop computer and 8 signs of precision were 
achieved. This is source of differences between old and new results which will be discussed 
later. The most time was spent in method 2 as there must be 12 convolutions for each of 
80 levels. 

Borders of reability for 4 confidence levels were calculated and are shown in Table 2. 
These borders were tested by Monte-Carlo simulation. In Monte-Carlo 12 random numbers 
were generated and events which fall to pieces with borders from Table 2 were added in 
four counters. Results are shown in Table 3. 

Table 2. Borders of reability for 4 confidence levels (Led) at the end of the cut [0,1]. 

Led 20% 10% 1% 0.1% 
n 
1 0.97893530 0.99077201 0.99915892 0.99991661 
2 0.91343027 0.94958514 0.98684847 0.99602932 
3 0.83148438 0.89147431 0.95961344 0.98253584 
4 0.74358207 0.82471770 0.92095554 0.95900744 
5 0.65528965 0.75295264 0.87335509 0.92642683 
6 0.57046992 0.67804360 0.81823516 0.88558257 
7 0.49108195 0.60097700 0.75631922 0.83685452 
8 0.41670281 0.52218020 0.68779033 0.78017426 
9 0.34546533 0.44160458 0.61227202 0.71491122 
10 0.27519742 0.35861242 0.52855957 0.63952595 
11 0.20343767 0.27143469 0.43368423 0.55049646 
12 0.12551473 0.17459582 0.31870794 0.43765867 

Table 3. Monte-Carlo test of 4 borders of confidence levels (Led). 1 billion of 12 random 
numbers was generated. 

Led 20% 10% 1% 0.1% 
n 
1 199988356 99997723 9999206 1000541 
2 200003147 99993970 10001449 1001716 
3 199990133 100008878 9997067 1000800 
4 199982567 100009826 9999704 999397 
5 199995607 100006117 9996229 1001007 
6 199991386 100020255 10002878 1001937 

7 200022638 100009744 9999832 1002330 

8 200021065 100013733 9995901 1001405 
9 200017754 100004531 10001494 1000768 

10 200010661 99996432 10001575 1000500 
11 200009661 100005569 9998226 1000163 
12 200001707 100005309 10003698 1000244 

5. RESULTS AND DISCUSSION 

Results of the determination of parities are lead in Table 4. This Table is similar to 
Table 3 in [2]. Only when in the second column of Table 3 in [2] fr are listed here in 
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column 5 values frt from the expression (1) are lead and when in that Table there was 
column Resonance here number of points on [0,1) cut for which appropriate confidence 
level was performed are listed. The more of these groups results are reliable. 

Now results which are worse than in (2) will be listed. As for transition 4474.4 keV in 
[2] was parity ( +) now parity is not determined. For transitions 4348.4, 4308.0 and 4053.5 
keV results from + became ( + ). 

For some transitions now results are better: for 4381. 7 and 3720.6 keV results are 
changed from (-) to - without parenthesis. In Table 3 in [2) there are 3 columns with 
the determination of XL. For 5384.7 keV in these columns there are El determinations. 
Now all 3 values of XL of transition 5384.7 keV are changed from El to D. This indicates 
probability of non-statistical big intensity of this transition. For transitions 3780.4, 3720.6, 
3662.1 and 3655.0 keV values of XL became (D). 

These results demonstrate importance of precision of calculations for more reliable 
determination of parities. 

Now analysis of differences in parity determination by two methods will be obtained. 
Schematic comparison of results is shown in Fig. 3. 

.. 
4 ... • • ••• 

3r99•-· ··-

'lulltab'u2;3:(sqrt($5)):4 • 

n=2 v=12 is better 

n=2 v=12 only 

• • n=12 v=1 is better 

• •n=25 v=1 only 

. . .. . ... - ..... • n=20 
v=12 v=1 

, .... •- -• • E1?, M1? n=19 

,~-~---~--~--~--~--~ 
3500 4000 4500 5000 5500 6000 6500 

E'Y (keV) 
Fig. 3. Scematical show of the differences of results of the determination of parities 

by two methods (method 1 and method 2). 

In this scheme is seen that for 19 transitions parities were not determinated. For 20 
transitions determinations by two methods coincide. For 25 transitions determinations are 
obtained only by the second method and for two transitions determination by the second 
method is more precise. For two transitions determination is obtain only by the first 
method and for two transitions this method gave more precise result. This demonstrate 
that method 2 is more hard criterion then method 1. 

There are many D and (D) determinations for transitions in the region 3500 - 4500 keV. 
This can demonstrate that E~ is very sharp and Lorencian or Markushev-Furman model 
may be more real. 
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Table 4. Final assignments of transition multi polarity XL are based on the analysis of analytically 
averaged (a) and of individual (b) -y-ray intensities. All observed levels have either spin 1/2 or 
3/2 with parity as indicated. Assignments are made within 0.1% significance level (assignments 
within 1% are indicated in 2arenthesis) 

E1 AE1 f:.11 Af:.11 Groupsa Multipolariti E1 j' 
[keV] XL{a} XL{b) XL [keV] I' 3' 

2 ,"' 
5943.0 0.2 10.4 0.3 1234567891011 El El El 0.0 
5434.7 0.2 6.6 0.3 1 2 3 4 9 10 11 12 El El El 508.3 
5384.7 0.2 17.7 0.6 2 D D D 558.3 
5341.1 0.3 0.4 0.3 9 10 1112 Ml Ml Ml 601.9 + 
5295.9 0.5 0.6 0.3 1112 Ml Ml Ml 647.1 + 
5198.1 0.2 0.7 0.3 10 1112 Ml Ml Ml 744.9 + 
5161.0 0.5 1.6 0.3 11 Ml Ml 782.0 + 
5083.0 0.6 1.1 0.3 11 (Ml) Ml Ml 860.0 + 
4971.0 1.3 1.1 0.5 11 (Ml) Ml Ml 972.0 + 
4939.7 1.0 1.5 0.4 12 (Ml) (Ml) 1003.3 (+) 
4881.7 0.3 7.1 0.5 12345610 El El El 1061.3 
4863.5 0.2 5.8 0.4 1234567 El El El 1079.5 
4832.2 0.3 3.9 0.5 3 El El El 1110.8 
4814.4 0.3 1.0 0.4 2 10 {Ml) (Ml) (Ml) 1128.6 (+) 
4803.3 0.2 4.0 0.5 3456 El El El 1139.7 
4796.9 0.2 3.5 0.5 2345 El El El 1146.1 
4543.7 1.1 3.7 0.6 789 El El El 1399.3 
4526.1 1.3 0.5 0.6 11 (Ml) Ml Ml 1416.9 + 
4513.4 1.2 2.0 0.6 1429.6 
4495.2 1.3 -0.6 0.6 3 5 12 Ml Ml Ml 1447.8 + 
4474.4 1.2 1.3 0.6 1468.6 
4464.7 0.3 2.1 0.6 5 (El) (El) 1478.3 (·) 
4438.6 0.8 1.7 0.6 10 (Ml) (Ml) 1504.4 (+) 
442(7 0.5 5.3 0.7 145678 El El El 1521.3 
4385.9 1.0 -0.1 0.8 10 (Ml) Ml Ml 1557.1 + 
4381.7 0.5 4.0 0.8 1678911 El (El) El 1561.3 
4366.0 1.4 2.1 0.8 1577.0 
4360.7 0.9 2.8 0.8 591011 (El) (El) 1582.3 (·) 
4348.4 1.5 0.9 0.8 10 1112 (Ml) (Ml) 1594.6 (+) 
4340.4 1.5 3.3 1.4 1602.6. 

4327.9 0.6 -0.5 0.8 6 7 9 10 1112 Ml (Ml) Ml 1615.1 . + 
4308.0 1.0 0.2 0.8 9 10 11 (Ml) (Ml) (Ml) 1635.0 (+) 
4301.4 0.8 3.3 0.8 9 (El) El El 1641.6 
4273.2 1.5 0.9 0.9 10 (Ml) (Ml) 1669.8 (+) 
4268.8 0.8 2.4 0.9 1674.2 
4238.4 1.0 1.4 0.8 1704.6. 
4197.0 1.0 1.4 0.9 1746.0 
4172.7 0.9 2.1 0.9 1770.3 
4118.5 0.4 7.6 1.0 10 El D D 1824.5 
4102.1 1.5 3.8 1.0 10 (El) El El 1840.9 
4074.5 0.3 2.9 1.0 1868.5 
4062.3 1.0 3.4 1.2 1880.7 

(cont.) 
I 
I 
!· 
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Table 4 (continued) 

E1 t::..E1 ~"ff A~-rf Groupsa MultipolaritJ° EJ j" 
1:: [keV] XL(a) XL(b) XL [keV] pr 3rr - ,-

4057.7 1.5 4.1 1.3 1885.3 
Ii 4053.5 2.0 -1.2 1.2 5 9 10 11 12 (Ml) (Ml) (Ml) 1889.5 (+) {! 4046.2 3.0 -0.2 1.0 (Ml) (Ml) 1896.8 (+) I' 

4024.5 1.0 2.1 1.1 1918.5 

1: 
4017.0 0.9 -0.5 1.1 (Ml) (Ml) 1926.0 (+) 
3997.6 0.8 5.7 1.2 23456789 El El El 1945.4 
3988.6 0.5 0.6 1.2 1954.4 
3970.9 0.3 3.9 1.3 1 2 (El) (El) 1972.1 (-) 
3961.4 1.0 0.7 1.3 12 (Ml) (Ml) 1981.6 (+) 
3934.9 2.5 2.8 1.4 2008.1 )l 3911.3 1.7 3.0 1.3 2 6 (El) (El) 2031.7 (-) 
3904.7 1.7 5.5 1.3 34568 El El El 2038.3 

', 

fl, 
3890.0 2.5 3.6 1.3 4 5 6 El El 2053.0 

,,, 
3870.4 0.4 6.9 1.4 12 El (D) (D) 2072.6 I-! 
3856.8 1.7 3.3 1.4 1 (El) (El) 2086.2 (-) I: 
3831.6 0.7 3.2 1.5 6 (El) (El) 2111.4 (-) 

)!1 

3821.1 1.7 3.6 1.5 9 10 (El) (El) 2121.9 (-) :i' 
3808.7 1.7 4.7 1.5 5 6 (El) (El) 2134.3 (-) f:i fi 3789.6 1.0 3.5 1.5 2153.4 1'1 
3780.4 1.0 5.8 1.6 12 (El) (D) (D) 2162.6 f 3764.3 1.0 5.1 1.5 2345 (El) El El 2178.7 ~ i .' 
3758.0 1.0 5.6 1.6 2 7 9 10 11 12 (El) (El) (El) 2185.0 (-) 
3752.2 1.4 4.0 1.6 37 (El) (El) 2190.8 (-) 
3742.2 1.0 4.1 1.6 8 (El) (El) 2200.8 (-) 
3736.4 1.6 4.0 1.7 2206.6 

i: 
3720.6 0.8 5.3 1.7 11 (El) (D) (D) 2222.4 
3709.0 1.0 4.8 1.7 11 (El) (El) 2234.0 (-) 
3686.9 1.0 5.4 2.0 2256.1 i 
3683.2 0.8 2.0 2.0 2259.8 I 

j,i 
3662.1 0.7 6.6 2.0 8 9 (El) (D) (D) 2280.9 ,, 

1: 3655.0 1.0 4.5 1.9 7 (D) (D) 2288.0 

Ii 3628.7 0.7 8.6 3.7 12 (D) (D) 2314.3 
3607.6 0.8 0.2 2.1 2335.4 I, 

I 
3596.0 0.5 3.5 2.2 1 (El) (El) 2347.0 (-) 1· 

'I I,, 3591.7 1.7 2.7 2.1 1 El El 2351.3 i,' 

3585.2 0.5 4.0 2.2 1 (El) (El) 2357.8 (-) ! 
j, 

3565.4 0.8 -2.5 2.1 7 (Ml) (Ml) 2377.6 (+) I 
l,i 

3554.4 0.8 5.5 2.2 1 2 3 4 (El) (El) 2388.6 (-) J: 
i 

• Numbers of points on [0,1] cut for which appropriate confidence level was performed I 
b Transitions with unusually strong intensities are labelled by D to indicate the possibility of i 

a doublet or of a non-statistically large fluctuation. 



SUPPLEMENT 
As we have software toolkit to calculate integrals of some functions we prepared some 

tables. We hope that these data will have more wide set of arguments and more precise 
values than that which usually can be received from the Internet. 

S1 Table of values of <I>(x) = 
A,, fx00 

exp(-~ )dz for integer 
values of argument. 

X <I>(x) 
1.00 l.5865525E-01 
2.00 2.2750132E-02 
3.00 l .3498980E-03 
4.00 3.1671242E-05 
5.00 2.8665157E-07 
6.00 9.8658764E-10 
7.00 l.2798125E-12 
8.00 6.2209606E-16 
9.00 1.1285884E-19 
10.00 7.6198530E-24 
11.00 l.9106596E-28 
12.00 1. 7764821 E-33 
13.00 6.1 l 71566E-39 

S2 Table of reverse values for 
<I>(x) = jr,;fx00

exp(-~)dz for 
values of 10-n of <I>(x) 

<I>(x) X 

l.0E-01 l.2815516E+00 
l.OE-02 2.3263479E+00 
l.0E-03 3.0902323E+00 
l.0E-04 3. 7190165E+oo 
l.OE-05 4.264890SE+oo 
l.0E-06 4. 7534243E+00 
l.0E-07 5.1993376E+00 
l.0E-08 5.6120012E+00 
l.0E-09 5.997S070E+oo 
l.0E-10 6.3613409E+00 
l.0E-11 6. 7060232E+oo 
l.0E-12 7 .0344838E+00 
l.0E-13 7.3487961E+00 
l.0E-14 7.6506281E+00 
l.0E-15 7.9413453E+oo 
l.0E-16 8.2220822E+00 
l.0E-17 8.4937932E+00 
l.0E-18 8.7572903E+00 
l.0E-19 9.0132712E+00 
l.0E-20 9.2623401E+00 
l.0E-21 9.5050250E+oo 
l.0E-22 9.7417899E+00 
1.0E-23 9.9730456E+00 
l.0E-24 l.0199157E+01 
l.0E-25 l.0420452E+0l 
l.0E-26 l.0637224E+0l 
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CROSS SECTIONS STRUCTURE RESEARCH 
AT INR SPALLATION NEUTRON SOURCE INSTALLATION INES 

KhliustinD.V., Djilkibaev R.M., Vasilev I.A. 

Institute for Nuclear Research Russian, Academy of Sciences 
117312, Russia, Moscow, prospect 60-letiya Oktyabrya, 7A 

Abstract. Calibration results of installation INES are presented. Research carried out by TOF 
method on 50 meter flight base of the pulsed neutron source RADEX. Measurements were 
performed using the 8-sectional liquid (n,gamma) detector. Proton linac was operating with 
parameters: energy of protons 209 MeV, repetition rate 50 Hz, pulse current 8 mA, pulse 
duration 1 microsecond. Average neutron flux 13000 n/cm2sec on target was measured. As 
spectrometric data acquisition system, new single-channel high speed modules were used. 
Proportional He-3 counter with new fast amplifier was used as accelerator's proton beam 
intensity monitor. 

1. INTRODUCTION 

Installation INES is created to investigate neutron cross sections and make 
measurements of effective group cross sections for metal alloys and other nuclear reactor 
materials, which were made using enriched isotopes. 

Effectiveness of measurements grow due to making two types of experiments: both 
absolute cross sections measurements and comparable measurements, using as a calibration 
pattern the same alloy material, made using usual chemical elements of natural isotope 
composition. 

There are 62 chemical elements in nature which are mixtures of stable isotopes, which 
can be separated and used in nuclear technics as alloys with perfected qualities. Among them 
23 two-isotope chemical elements and 39 elements with even 'Z' value, each of those has 3 
and more stable isotopes. Group cross sections of materials and alloys, based on separated 

\ isotopes, depend on separation quality and must be measured experimentally. 
INES allows to get experimental group cross sections for alloys, produced by industry 

for usage in cores of nuclear reactors. This gives an opportunity to compare and check precise 
theoretical calculation results. 

2. EXPERIMENTAL PROCEDURE 

The experiment was carried out at the 50-meter flight path of the INR RADEX pulsed 
neutron source. Proton linac was operating with energy of protons 209 MeV, repetition rate 
50 Hz, pulse current 8 mA, pulse duration 1 microsecond which corresponds to 1.6 MW 
pulsed power and averaged value 13000 n/cm2sec on the surface of the detector's surface. The 
209 MeV proton beam is injected into tungsten target, resonance neutron spectrum is formed 
using water moderator. 

The gamma rays were detected using 8-sectional liquid scintillator contained in 40-
liter tank equipped with FEU-110 photomultiplier. The total gamma detection efficiency of 
the liquid scintillator amounts to about 30%. 
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Detector has pulse length 30 nanoseconds and allows usage of coincidence 
multiplicity method to extract (n, y) cross sections also in energy region upper then resolved 
resonances. Effect and background can be distinguished also in upper energy groups. 

r,;-------, 4 Aug 2016 
1i1a0.00 % ! 02:49:04 

Fig.2. Test signals of the He3 monitor's preamplifier. 
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Previously used He3 monitor's front end electronics provided pulse length 6 mes and 
maximum load 80 kHz.For measurements with accelerators which provide smaller pulse 
length compared to IBR-30 which had 4 mes, in cooperation with John Scarley (New York 
University) we created new front-end electronics. 

New amplifier design uses modem electronic element base. He-3 detector, equipped 
with it, provides pulse length 350 nanoseconds, the same as the shortest INR proton linac 
beam. Maximum work load of He3 monitor with new front-end electronics was measured 
using Cf-252 neutron source, its value is afsproximately 900 kHz. 

Metal plates of Au 197
, Ta181 and U2 8 were used during INES calibration measurements. 

Beam length was 1 mes, data acquisition system's channel width was chosen 133 
nanoseconds. This choice provided energy resolution of 22 nanosec/meter and acceptable 
measurement time. All 50 Hz spectrum includes 150375 histogram channels. 

DATA ANALYZIS AND RESULTS 

Resulting product ofTOF measurements is a table of28 (or 299 in BNAB-93 standard) 
group cross section values, which are used by reactor calculation programs as initial data. 

To get these group cross sections values using TOF spectra as a raw material, few new 
programs (on language C++) during current year were written. 

Au197 

Entrio• -------,00,, 
Mean 1.073e.04 

10' .................................................... nMs 
"" 

Ht 

10' 

HJ' 

10 g; 
i i ' -- ~--~ 

h1s 

11 '" §99 I ~-,~, 

Fig.3. Screen of the program for preliminary observation of experimental TOF spectra. 

Each experimental TOF spectra is automatically analyzed by method of form, 
considering that form of resonance in ideal case is determined by Breit-Wigner formulae. 
Program marks candidate peaks by red markers, and after that,it is trying to find resonance 
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parameters for them. For the case when calculation converges, program is painting red curve 
above candidate peaks, which are recognized as resonances by chosen parameter which can 
be.changed.inside program. 

Example of TOF Au-197 spectra recognition process on fig.4 is shown. At chosen 
analysis parameters, resonances at 57.92 eV, 60.1 eV and 78.27 eV and their resonance 
parfil11_eters are automatically determined. 

h1s 
h1s 

Fig.4. Screens of the program for extracting resonance parameters. 
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Fig.5. Calibration results for energy axis ofinstallation INES. 
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One of tasks during present measurements was precise calibration in energy axis of 
installation INES. Calibration was made by 30 recognized peaks, using ENDF-BVII data as 
standard. Red curve is theoretical correlation between channel number and resonance energy, 
blue markers are BNL data. 

Experimental TOF spectra before deletion of background, was compared with curve of 
capture cross section for Au197

• We can see coincidence in the energy axis between 
experimental (blue) and standard lines. Resonance at 59.9 eV is observed smaller than its 
original value because of big internal block-effect value in thick Au197

, chosen to make 
observable upper resonances. For definition of all cross section curve without block-effect it's 
necessary to measure plates of patterns with different thicknesses. 
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Fig.6. Experimental counts with background (blue) and standard cross section for Au197
• 

4. CONCLUSION 

During work cycle of the proton accelerator TOF spectrums of total and capture cross 
sections were measured. Calibration of enerF axis for installation INES was provided using 
neutron capture cross sections of Au 197

, Ta18 and U238 as standard data. 
During measurements few created in INR new blocks of equipment were used. Among 

them fast preamplifiers for He3 counters, single-channel coders, HV sources, fast data 
acquisition system. Their stable work was proven. 

New programs for data analysis were written for computer in LINUX operation 
system. They provide resonance parameters definition and group cross sections extraction 
using experimental TOF spectrums as entering data. 

Experimentally shown, that installation INES is able to make measurements of isotope 
compositions and group cross sections for alloys of structural and fissile materials. INES is 
able to determine both isotope enrichment of selected isotope in alloy, and alloy's group cross 
sections. This applied direction of work becomes an important supplement to previous 
research program [1]. 
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Abstract. The energies and the probability densities for the ground states of 3·6He nuclei have 
been calculated by Feynman's continual integrals method. The contribution of neutron transferto 
experimental cross sections for formation of isotor.es 44

•
46Sc in reaction 3He + 45Sc, 46Sc in 

reaction 6He + 45Sc, 65Zn in reaction 6He + 64Zn, 19 
•
198 Au in reactions 3

•
6He + 197 Au has been 

evaluated. For this J?urpose, the time-dependent Schrodinger equation for the external neutrons 
of 3•

6He, 45Sc and 1 Au nuclei has been solved. The contribution of fusion-evaporation is taken 
into account using the NRV evaporation code. Results of calculation are in satisfactory 
agreement with the experimental data. 

Keywords: Nuclear structure; Few-body systems; Feynman's continual integrals; Clusters in 
light nuclei; Nuclear reactions; Neutron transfer; Time-dependent Schrodinger equation; Fusion
Evaporation. 

Introduction 
The properties of the ground states of light nuclei (e.g., 3

•
6He) may be calculated bl, Feynman's 

continual integrals method in Euclidean time [1-3]. The few-body nucleus He may be 
considered as consisting of two protons and a neutron, whereas the cluster nucleus 6He may be 
considered as an a-cluster and two neutrons. Knowledge of the properties and the wave functions 
of the ground states of helium isotopes is necessary for the theoretical description of reactions 
involving them, and is also of interest from the point of view of studying the cluster structure and 
halos in light nuclei. 

The processes of neutron transfer are widely studied both experimentally and theoretically. In 
this work, we show that in the low-energy reactions 3·6He + 197 Au, 3·6He + 45Sc, 6He + 64Zn 
neutron transfer is one of the most important channels. These calculations are based on the 
numerical solution of the time-dependent Schrodinger equation (TDSE) [4, SJ for the external 
neutrons of 3·6He, 45Sc and 197 Au nuclei. Fusion-evaporation was taken into account using the 
statistical model code available in the NRV knowledge base [6]. Results of calculation 
demonstrate overall satisfactory agreement with the experimental data. 

Ground states of 3•6He nuclei 
The details of Feynman's continual integrals method are given in Refs. [1-3]. The parallel 
Monte Carlo algorithm for numerical calculations within Feynman's continual integrals method 
in Euclidean time was developed and implemented in C++ programming language. using 
NVIDIA CUDA technology [7]. The calculations were carried out on the heterogeneous cluster 
[8] of the Laboratory of Information Technologies, Joint Institute for Nuclear Research, Dubna. 

The calculations were performed in the center of mass system using Jacobi coordinates. Fora 
system of three particles, two of which have equal masses m1= m2= m (two protons in 3He or two 
neutrons in 6He) 
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(I) 

Neutron-neutron, proton-proton and neutron-proton two-body strong interaction potentials 
i,;_1(r) (i,j = n,p) similar to the M3Ypotential have been used 

3 

v;_/r) = ~:Uk exp(-r 2/b;). (2) 
k=l 

The values of the parameters of these potentials are given in Ref. [3]. 
The probability density distribution 'I' 0 (x, y, cos 0) for the different configurations of the 3He 

nucleus with the angle 0 between the vectors x and y is shown in Fig. I. 

6 0=90° 6 

<E 
~4 

2 

" 6 0=15° 
6 8 .. x,fm 

<E 

8 
x,fm 

6 0=0° 
.§ 
0:, 

(I) IQ 

®@J ~ra 
0 
o I 2 

®:)!JD 
4 6 8 

x,fm 

Fig. 1. The probability density J'I' ol2 for the 3He nucleus and the vectors in Jacobi 
coordinates; neutrons and protons are denoted as small empty circles and filled circles, 
respectively. 

For the 
3
He nucleus there are experimental data on the charge distribution [9]. The results of 

calculations of the charge distribution in the framework of the Feynman's continual integrals 
method for the 

3
He nucleus in comparison with the experimental data [9] taken from the NRV 

knowledge base [6] are shown in Fig. 2. It can be seen that the calculations are in good 
agreement with the experimental data. 
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Fig. 2. A comparison of the theoretical charge distribution for the 3He nucleus (solid line) 
with experimental data (circles) [9] taken from the NRV knowledge base [6]. 
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Fig. 3. The probability density 1'¥oi2 for the 6He nucleus and the vectors in Jacobi 

coordinates; neutrons and a-clusters are denoted as small empty circles and large filled 
circles, respectively. The most probable configurations are a-cluster+ dineutron (1) and 
the cigar configuration (2). The configuration n + 5He (3) has low probability. 

144 



Momentum distributions after breakup in nuclear reactions show that 6He nucleus consists of 
an a-cluster core and a two-neutron cluster (e.g., [10]). The a-cluster-neutron interaction 
potential Va-n (r) in the form of the combination of Woods-Saxon potentials was used 

Va-n(r)= fu,[i+exp((r-R;)/a;)r, (3) 
i=I 

wheres= 2, 3. The values of the parameters of these potentials are given in Ref. [3]. 
The probability density distribution 'I' 0 (x, y, cos 0) for the different configurations of the 6He 

(a+ n + n) nucleus with the angle 0 between the vectors x and y is shown in Fig. 3. 

The obtained theoretical binding energies E8 = -E0 are listed in Tab. I together with the 

experimental values taken from the NRV knowledge base [6]. For the 6He nucleus the energy 
required for separation into an a-particle and two neutrons Es = -E0 is given. It is clear that the 

theoretical values are close enough to the experimental ones. 

Table I. Comparison of theoretical and experimental binding energies for the ground 
states of the studied few-body and a-cluster nuclei. 

Atomic nucleus Experimental value [6], MeV Theoretical value, Me V 
"He 7.718 7.37 ± 0.3 
0 He 0.97542 0.96 ± 0.05 

Time-dependent Schrodinger equation approach 
For theoretical description of neutron transfer during collisions of heavy atomic nuclei we used 
the time-dependent Schrodinger equation (TDSE) approach [4, 5] for the external neutrons 
combined with the classical equations of motion of atomic nuclei 

'l!i1i = -V ~½2 (I~ -Pil), 111iPz = -V ;;½2 (!Ti -~I) . (4) 

Here fi(t), Ti(t) are the centers of nuclei with the masses m1, m2 and v;i(r) is the potential 

energy of nuclear interaction. We may assume that before contact of the surfaces of spherical 
n~clei with the radii R1, R2 the potential energy of a neutron W(r,t) is equal to the sum of its 

interaction energies with both nuclei. 
The evolution of the components \j/p \j/2 of the spinor wave function 'l'(r,t) for the neutron 

with the mass m during the collision of nuclei was determined by Eq. (5) with the operator of the 

spin-orbit interaction V LS (r, t) 

in~ 'l'(r, t) ={-£Li+ W(r, t) + v LS (r, t)}'l'(r, t). at 2m 
(5) 

The initial conditions for the wave functions were obtained using the shell model calculations 
with the parameters providing neutron separation energies close to the experimental values. 
Based on the obtained results of Feynman's continual integrals method new parametrization of 
the mean field in the shell model for neutrons inside 3

•
6He nuclei was proposed [I, 4]. 

The solution of the time-dependent Schrodinger equation provides the neutron transfer 
probability p(b, E) [4, 5], where b is an impact parameter and E is the center-of-mass energy. 
The transfer cross section was calculated as an integral of p(b, E) over the impact parameters of 
grazing collisions b > bmin 
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i' 
I, 

a(E)= f p(b,E)bdb. (6) 
b.., 

In the analysis of experimental cross sections for formation of isotopes one must also take 
into account the possibility of their formation via fusion of colliding nuclei with the subsequent 
evaporation of nucleons and a-particles. For this purpose, we used computational code of the 
statistical model available in the NRV knowledge base [6]. 

Neutron transfer in reactions with 3,6He 
3He + 45Sc. Comparison of theoretical calculations with experimental cross sections for 

formation of isotopes 44Sc and 46Sc in reaction 3He + 45Sc is shown in Fig. 4a and Fig. 4b, 
respectively. Due to the low charge of the formed compound nucleus, the cross sections for the 
fusion with the subsequent evaporation of an a-particle and 2p are high enough and are 
respectively comparable with neutron pickup (44Sc, Fig. 4a) and stripping (46Sc, Fig. 4b) cross 
sections. The corresponding sums of neutron transfer and fusion-evaporation channels provide 
overall satisfactory agreement of calculation results with experimental data. 
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Fig. 4. The cross sections for formation of isotopes 44Sc (a) and 46Sc (b) in reaction 
3He + 45Sc. Symbols are the experimental data from Refs. [11, 12], dash-dotted curves are 
the results of calculation of fusion-ex-evaporation (a) and fusion-2p-evaporation (b) within 
the NRV knowledge base [6], dashed curves are the results neutron transfer calculations 
within the TDSE approach, solid curves are the sums of the corresponding transfer and 
fusion-evaporation channels. Here and below arrows indicate the position of the Coulomb 
barrier. 

3He+ 197Au. The experimental data on the formation of isotopes !%Au and 198Au in the 
reaction 3He + 197 Au [13, 14] are compared to the theoretical calculations in Fig. 5a and Fig. 5b, 
respectively. The cross section for formation of the isotope 196 Au via fusion with the subsequent 
evaporation of an a-particle from the compound nucleus at energies above the Coulomb barrier 
is substantially (about two orders of magnitude) lower than the experimental data because the 
high Coulomb barrier prevents the emission of the a-particle from the compound nucleus witli 
the high charge. Formation of 198 Au via fusion with the evaporation of 2p from the compound 
nucleus was not observed in calculations. The calculated neutron pickup (196Au, Fig. 5a) and 
stripping (198Au, Fig. 5b) cross sections are in satisfactory agreement with the experimental data. 
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Fig. 5. The cross sections for formation of isotopes 196Au (a) and 198Au (b) in reaction 
'1!e+ 197Au. Symbols are the experimental data from Ref. (13] (filled squares) and 

Ref. [14] (empty squares), dash-dotted and dash-dot-dotted curves are respectively the 
results of calculation of fusion-a-evaporation and fusion-2p2n-evaporation within the 
NRV knowledge base [6], solid curves are the results neutron transfer calculations within 
the TDSE approach. 

'He+ 45Sc, 6He + 64Zn. Comparison of experimental data on the formation of isotopes 46Sc 
in reaction 6He + 45Sc and 65Zn in reaction 6He + 64zn with the theoretical calculations is shown 
in Fig. 6a and Fig. 6b, respectively. 
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Fig. 6. The cross sections for formation of isotopes 46Sc in reaction 6He + 45Sc (a) and 65Zn 
in reaction 6He + 64zn (b). Symbols are the experimental data from Ref. (15] (a) and 
Ref. [16) (b), dash-dotted curves are the results of calculation of fusion-an-evaporation 
within the NRV knowledge base (6), dashed curves are the results neutron transfer 
calculations within the TDSE approach, solid curves are the sums of the corresponding 
transfer and fusion-evaporation channels. 

The cross sections for the formation of the isotopes 46Sc and 65Zn via fusion with the 
subsequent evaporation of a.n is significant at energies above the Coulomb barriers due to the 
low charge of the formed compound nucleus. In both cases, the corresponding sums of neutron 
ttansfer (stripping) and fusion-evaporation channels provide a satisfactory agreement between 
the calculated results and the experimental data. 

6He + 197 Au. Comparison of experimental data on the fomiation of isotopes 196 Au and 198 Au 
in the reaction 6He + 197 Au with the theoretical calculations is shown in Fig. 7a and Fig. 7b, 
respectively. It can be seen that in this case the contribution of fusion with the subsequent 
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evaporation to the experimental data is negligible due to the high Coulomb barrier of the fonned 
compound nucleus preventing the evaporation of a-particles. It is an interesting fact that the 
experimental yield of the isotoRe I% Au in the higher-energy region is comparable and even 
exceeds the yield of the isotope 8 Au. 
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Fig. 7. The cross sections for formation of isotopes I% Au (a) 198Au (b) and in reacti~n 
6He + 197 Au. Symbols are the experimental data from Ref. [17], dash-dotted curves are the 
results of calculation of fusion-a.3n-evaporation (a) and fusion-an-evaporation (b) within 

· the NRV Imowledge base [6], dashed curves are the results neutron transfer calculations 
within the TDSE approach, solid curves are the sums of the corresponding transfer and 
fusion-evaporation channels. 

Conclusions 
The results of calculation within Feynman's continual integrals method in Euclidean time 
demonstrate that the theoretical values are close enough to the experimental ones for the studied 
nuclei. The obtained probability densities were used to propose new parametrization of mean 
field for neutrons inside 3·6He nuclei within the shell model. The results of the shell model 
calculations served as the initial conditions in the time-dependent calculations of neutron transfer 
cross sections in reactions with the considered nuclei. The sums of neutron transfer and fusion
evaporation channels provided overall satisfactory agreement of calculation results with 
experimental data on formation of isoto~es 44

.4
6Sc in reaction 3He + 45Sc, 46Sc in reaction 

6He + 45Sc, 65Zn in reaction 6He + 64Zn, 196
• 

98 Au in reactions 3
•
6He + 197 Au. The statistical model 

calculations were performed using the computational code of the NRV lmowledge base. 
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SYMMETRY MOTIVATED ANALYSIS OF PARTICLE MASS DATA 
S.I. Sukhoruchkin , Z.N. Soroko, D.S. Sukhoruchkin 

B.P. Konstantinov Petersburg Nuclear Physics Institute of NRCKI 188300 Gatchina 

1. General remarks 

Neutron resonance spectroscopy is a part of nuclear physics which is based on QCD 
- Quantum Chromodynamics. In its turn QCD is a part of the Standard Model (SM) 
- a theory of all interactions. Y. N ambu suggested [1] the SM development taking into 
account all existing particle masses. The analysis of particle masses and nuclear data 
revealed an existence of the tuning effect in these data [2-12]. It consists in correlations 
between such fundamental SM-parameters as lepton masses, QED parameters a, az, 
masses of vector/ scalar fields and parameters of QCD-based NRCQM ( Constituent Quark 
Model) corresponding to mass generation due to the gluon quark dressing effect [13-
15]. Data from compilations PDG-2016 and CODATA [16,17] were used for analysis of 
correlations between particle masses. For the analysis of nuclear data 3 collected in PNPl 
files: Neutron Resonance File NRF, Nuclear Excitation File CRF and Mass Difference 
File MDF [18] were used. Combined consideration of data in all these files resu)ted in 
common representation of particle masses and stable nuclear intervals shown in Table 1. 
Tuning effects in nucleon and electron masses were observed in CODATA relations: 

mn = 115 · 16me - me - omN/8 mp= 115 · 16me - me - 9omN/8 .. (I) 
Here a shift in neutron mass relative to integer number of me (115•16me - me) accounts 
omn=l61.65 keV that is exactly rational to nucleon mass splitting omN/omn=B(l.OOO(I)) 
with omN from the CODATA. Values omn, omN and both NRCQM-parameters, standard 
constituent quarks masses Mq=m::::/3=441 MeV and M~' = mp/2=388 MeV, are given in 
Table 1. Both values are in the lepton ratio L=mµ/me = 13· 16-1 = 207 with vector boson 
masses (Mw/388MeV=207.4 and Mz/441 MeV=206.8) connected with symmetry moti
vated estimations. An important role of particle mass analysis for the SM-development 
concerns NRCQM- and SM - parameters Mq, M;, me, mµ, Mz, Mw. 

Table 1. Representation of parameters of tuning effects in particle masses {top) and nuclear 
data (bottom) with the expression n•l6m8 (a/21r)XM and different values of the X-power of 
factor a/21r and integers M,n. Boxed are groups of values differing with QED correction a/2n. 

X M n = 1 n = 13 n = 16 n = 17 n = 18 Comm. 

-1 3/2 l6Mq=8° ~-~ mt=172.0 
GeV 1 8°=7.06 I Mz=91.2 I M8=115 I Mtt=125 I 

1~ (mb-Mq) ML3=58 

0 1 l16me=8=8eollmµ=106I fir=l30.7 jmir-mel lt:.Mc.=1471 
MeV 3 M"q=mp/2 Mq=441=t:.Ea NRCQM 

1 1 CODATA I k8-mn-me=161.65 I j 170 = me/3 I Part. 
keV 8 8mN=1293.332 CODATA 

1 1 l 9.5=8'=8e' I 123 152 t,.TF =161 170 (Sn) Nuclear 
keV 8,3 984 1212 1289-1293 (D,E*) 512 {Pd) data 

2 1,4 I 11=8"=se" I 143 176 749 {Br,Sb) Neutr.res. 
eV 4,8 570 {Sb) _1500_ {Pd,Hf) data 
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2. Particle masses in the international particle data file PDG-2016 

The tuning effect includes relations with integers n of the period <l=16me introduced 
in 70-ties [19] from the proximity of the pion charge mass splitting <im" to 9m0 (2<im"
-2m, ::::: 16m0 =<i), see lines X=0, M=l-8 in Table 1 for masses of the muon (n=13), 
the pion (n=l 7) and the nucleon (n=l15=13+6•17) noticed earlier by Y. Nambu [20], 
A.Hautot and others (19-24). The tuning effect extends into the high-mass region, to 
the mass values of heavy quarks (m6, mt) and bosons (Mz, Mw, MH ). They are mul
tiple with the analogous period §0 = 2m6 - 2Mq=l6Mq=7.056 GeV due to relations 
md/mb=m0/Mq=ll6·I0-5 similar to the ratio mµ/Mz=l15.9·10-5 coinciding with the 
QED-radiative correction a/271'=115.9· 10-5• 

Confirmation of the distinguished character of mass intervals close to masses of heavy 
fermions Mq=44I MeV and m6=4.18(4) GeV [16] was obtained with the analysis of spacing 
distribution between masses presented n Table 2 taken directly from summary tables of 
PDG-2016 compilation [16]. Selection of the material was considered in [3]: 1) values 
with uncertainties larger than 0.6MeV are marked with one asterisk (in PDG-2016 they 
are given without rounding up of 0.1 MeV); 2) values with uncertainties less than 6 MeV 
(given in PDG-2016 without rounding up of MeV) are marked here **; corresponding 
numbers of mass values are 169 (total number of mass values), 87 (accurately known), 54 
and 28 values (less certain, with one or two asterisks, respectively); 3) to avoid a grouping 
effect at small mass differences (LlM) due to proximity of masses of multiplet members (n
p mass difference 1.3 MeV, 71'±-71'0 =4.6 MeV etc.) 30 values (out of n=169) were excluded 
from the analysis ( charged baryon and neutral meson masses, namely, proton mass, 71' 0 

mass etc.). These masses are marked with ***. A necessity of exclusion of small mass 
differences inside multiplets can be seen from· unwanted maximum at small LlM in the 
distribution between all values given in PQG-2016 (Fig. 2 bottom, n=169, Ll=3 MeV). 

Distribution of differences between all remaining 137- values (for three differing aver
aging intervals Ll=3, 5 and 9 Me V of the ideohistograms) are presented in three upper 
parts of Fig. I and 2 (separately for regions 0-1500 and 1500-4500 MeV). 

In Table 2, intervals forming maxima with values LlM=16,48,104,142MeV are given 
(for the interested reader) together with the sequence number of such interval in the list 
of these intervals forming maximum obtained in the analysis (in case of averaging interval 
5MeV in Fig. I center). Exclusion from the consideration less accurate values (marked**) 
results in the distribution for remaining n=139-28=111 values shown in the bottom line 
of Fig, 1, where one can notice, that some maxima disappeared (for example, maximum at 
114MeV in the central distribution of Fig. I), but the maximum at 104MeV (containing 
the muon mass 106 Me V) remains to be seen. 

Maxima in obtained distributions of mass differences could be considered in line of 
earlier performed in the literature theoretical or empirical observations. For illustration 
of relations between stable intervals discussed in the literature we use in Fig. 3 two
dimensional mass presentation with units along the horizontal line 16·16m0 = 166 close 
to pion's ,B-decay parameter f rr• It allows to see integer relations in masses of the charged 
pion and three hyperons (A, B and n on the straight line in the center of Fig. 3) that 
contains Y. Nambu relation mA=871' [20). 
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Fig. 1. Top: Distribution of differences between particle masses l:iM in the region 0-1500 MeV 
and averaging interval of the histogram 3 MeV. Stable intervals ( discussed in the text) are marked 
with arrows. 
Center: The same for averaging intervals 5MeV and 9MeV. Intervals 16MeV, '48MeV, 
107MeV~ mµ and 141 MeV=mir± are close to integer numbers of the parameter o = '16m, 
found in CODATA relations with the masses of nucleons. 
Bottom: Distribution of differences between particle masses known relatively accurate (includ
ing marked *), averaging interval of the histogram 5 MeV. Stable intervals 104 MeV close tomµ 

are discussed in the text and Table 1 (marked with arrow). 
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Fig. 3. Two-dimensional representation of particle masses as the period (somewhat less than 
pion's mass) /,,.=16·16m,=130.4MeV~ mw/6 along the x-axis and the remainder - in units 
5=16m,. Four different slopes correspond to different mass systematics including noticed 
by Y. Nambu (line 1r-A-S-!1) and by T. Takabayashi - equidistance in scalar mesons masses 
(crossed arrows, 1r-1J-r1' intervals, 547.9-139.6=408.3 MeV and 957.8-547.9=409.9 MeV, close to 
505=408.8 Me V) are seen in the center. Difference between masses of 1)

1 meson and the neutron 
(957.8-939.6=18.2MeV) is close to 25=16.3MeV ~n = 2 =(117=17+2-50) - 115 and boxed in 
column 17 of Table 1 ( at 1)1 and n). 
Other intervals are considered in the text and [5-12]. Intervals W3-w (1667(4)-
782.7=884MeV=2x442 MeV) and K3-K* (1776(7)-891.7=2x442MeV) are close to 
2Mq=2x545, with Mq = ms/3=441 MeV=3·185 being the estimate of the constituent 
quark mass value in NRCQM (due to the gluon quark-dressing effect [13-15]). 
Mass of the third r-lepton is shown at the top (12-165+265). Distance between this value and 
close to each other masses of 1r2-meson and n--hyperon (1672.2-1673.5 MeV) is close to 104MeV 
and mµ (see boxed values in column 104 in Table 1). 
Neutron mass is a member of the sequence K-N-~-'f;-S (parallel with the line µ-ry) noticed by 
R. Sternheimer after observation by G. Wick [22] that there are stable intervals close to a hal! 
of w-meson mass (horizontal lines in Fig 3). 
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Table 2. Particle masses [16) (in MeV) known with the uncertainty less than 6-10 MeV. 
Particle m1 L!,. 17 48 104 142 156 174 
leptons electron, v 0.0 106 {1) 140 (1) 

µ 105.658 106 (1) 
T 1776.82 46 (15) 1105 (7,8) I 

Unflav. mesons ,. 130.7 0.4 • •• 
,r• 1-co-, 134.977 ••• 
,r± 1-co-, 139.570 140 (1) 
~ o+co-+) 547.86 

p(770) 1+c1--, 775.26 
w{782) o-c1--, 782.65 157 (1) 175 (1) 
~

1(958) o+co-+) 957.78 ~ 159 {2) 175 {1) 
c/>(1020) o-w-, 1019.46 173 {3) 

b1{1235)* 1+(1+-J 1229.5 3.2 46 {2) 154 (4) 174 (4,5) 
/2(1270)* o+c2++) 1275.5 0.8 19 (2) 46 {2,5) 
/i(l285) 0+(1++) 1282.0 0.5 102 (2) 1142 (2,3) I 
~(1295)** o+co-+) 1294 4 19 {2) 
a2(1320) 1-c2++i 1318.3 0.5 46 {3) 138 (7) 
~(1405)* o+co--i 1408.8 1.8 18 (4,5) 
/1(1420)* 0+(1++) 1426.4 0.9 18 (5) 47 (8,9) 105 (4,6) 154 (6) 

~(1475)** o+co-+) 1476 4 50 (7,9) 156 (7,8) 
/0(1500)** o+(o++) 1504 6 16 {6) 158 {9) 
/!(1525)** 0+(2++) 1525 5 49 (11) 
1r1(1600)** 1-c1-+i 1662 8 158 (9) 
~(1645)** o+co-+) 1617 5 50 (12) 156 {12) 

wa(l670)** o-c3--, 1667 4 45 {12) 156 {13) 

1r2(1670)* 1-cr+J 1672.2 3.0 17 (7) ~ 140 {8) 
pa(l690)* 1+(3--, 1688.8 2.1 17 {7,8) 157 {11) 176 {6) 
/0(1710)** o+co++) 1723 6 50 {13) 142 {10) 
¢3(1850)** o-c3--, 1854 7 16 (9) 142 (11) 156 (14) 

04(2040)** 1-c4++ 1995 8 15 {10) 50 {17) 142 (11) 172 (7) 
strange mesons 

~ 1/2(0-, I 493.677 I 
K'{892)o± 1/2(1-) 891.66 48 (1) 
K'(892)' 0 1/2(1-i 895.81 ••• 
K1(1270)** 1/2(1 +) 1272 7 46 (3,4) 156 {3,5,6) 
K1{1400)** 1/2(1+) 1403 7 19 (3) 174 (4) 
K;(1430)h 1/2(2+) 1425.6 1.5 17 (4) 47 (6,7) 104 {3,5) 142 (2) 154 (5) 
K;(l430) 0 * 1/2(2+) 1432.4 1.3 ••• 
K2{1770** 1/2(2-) 1773 8 156 (12) 
Ki(l780)** 1/2{3-) 1776 7 47 {14) 
K4(2045)** 1/2(4+) 2045 9 50 {17) 175 (8) 

4 charmed mesons 

v• 1/2(0-, 1864.83 ~ 142 {10) 176 {6) 

v± 1/2{0-) 1869.58 16 {9) 47 (16) 141 {12) 155 (15) 175 {8) 
D'{2007)0 1/2(1-) 2006.85 ••• 
D'(2010)± 1/2(1-) 2010.28 15 (10,11) 102 {10) 1141 c12, I 156 (14) 

D1(2420) 0 1/2(1+) 2420.8 0.5 50 {18,19) 103 (11) 157 (16) 
D2{2460)0 1/2(2+) 2460.57 ••• 

D;(2460)h 1/2(2+) 2465.4 1.3 104 (12) 
5 charmed strange mesons 

v± o+co-, 1968.27 ~ . 
v:± 0{?7) 2112.1 0.4 102 {10) 174 (9) 

v;.(2311)± o(o+) 2317.7 0.6 103 (11) 

D,1(2460)± 0(1+) 2459.5 0.6 174 {10) 
D,1(2536)± 0(1+) 2535.10 17 {14) 173 (13) 
v;,(2573)* 0(2+) 2569.1 0.8 104 (12) 
D' (27oo)±o 0(1-i 2708.3 3.4 173 (13,16) 
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Table 2. Continued 
Particle m1 ~ 17 48 104 142 156 174 

6 bottom mesons 
s± 1/2(0-) 5279.31 
so 1/2(0-) 5279.62 ... 
B' 1/2(1-) 5324.65 

B1(5721)+* 1/2(1+) 5725.9 2.7 106 (17,18,19) 
B1(5721)0 * 1/2(1+) 5726.0 1.3 ••• 
B,i(5747)+* 1/2(2+) 5737.2 0.7 103 (20) 175 (23) 
B:;(5747)0 1/2(2+) 5739.5 0.7 ••• 
Bi(597o)+ 1/1(?7)** 5964 5 15 (24) 172 (24) 
Bi(5970)0 1/1(?7)•• 5971 5 ••• 172 (24) 

7 bottom strange mesons 
B~ oco-) 5366.82 49 (27) 
B'* . oc1-) 5415.4 1.5 49 (27) 

j, 
B,1(5830)0 0(1+) 5828.63 17 (22) 103 (18,21) 
s;2(5640) 0 0(2+) 5839.84 48 (28) 103 (20) 

8 bottom charmed mesons 
B~* oco-i 6275.1 1.0 

9 cc mesons 
lJc(lS) o+co-+) 2983.4 0.5 15 (16) 102 (14) 

J/,J,(18) o-c1--i 3096.90 17 (17) 158 (18) 
Xco(lP) o+co++) 3414.75 141 (18) 
Xc1(lP) o+c1++) 3510.66 14 (18) 46 (22) 174 (21) 
hc(lP) 71(0+-) 3525.38 14 (18) 
xc2(1P) o+c2++) 3556.20 46 (22) 141 (18) 
'7c(2S)* o+co-+) 3639.2 1.2 47 (23) 
,j,(28) o-c1--i 3686.10 47 (23) 173 (21) 

,j,(3770) o-c1--) 3773.13 49 (24) 154 (19) 
,j,(3823)* 11cz--> 3822.2 1.2 49 (24) 105 (15) 
X(3872) o+c1++) 3871.69 15 (19) 49 (25) 

X(3900)* 1+c1+-i 3886.6 2.4 15 (19) 
X(3915)* o+c1++) 3918.4 1.9 47 (26) 106 (16) 
Xc2(lP)* o+c2++) 3927.2 2.6 105 (15) 154 (19) 
X(4020)* 1(??) 4024.1 1.9 15 (20) 106 (16) 
,j,(4040)** o-w-i 4039 1 15 (20) 
X(4140)* o+c11+) 4146.9 3.1 
,j,(4160)** o-c1--) 4191 5 156 (20) 
X(4260)** ?7(1--) 4251 9 
X(4360)** 7?(1--) 4346.9 6 156 (20) 
,j,(4415)** o-c1--i 4421 4 
X(46~0)** 11c1--i 4643 9 

10 bb mesons 
'7b(1S)* o+co-+) 9399.0 2.3 
T(lS) o-c1--i 9460.30 

Xbo(lP) o+co++) 9859.44 
Xb1(lP) o+co++) 9892.78 19 (25) 
hb(lP)* ?7(1+-J 9899.3 0.8 
Xb2(lP) o+c2++) 9912.21 19 (25) 
T(2S) o-c1--) 10023.26 140 (21) 

T(lD)* o-c2--) 10163.7 1.4 105 (23) 140 (21) 
Xbo(2P) o+co++) 10232.5 0.4 
Xb1(2P) o+c1++) 10255.46 
Xb2(2P) o-c2+-) 10268.65 105 (23) 
T(3S) o-c1--) 10355.2 0.5 157 (22) 174 (25) 

Xb1(3P)* o+c1++) 10512.1 2.3 17 (26) 157 (22) 
T(4S)* o-c1--) 10529.4 1.2 17 (26) 174 (25) 

X(10610)±o 1+(1+) 10607.2 2.0 
X(10610) 0 ** 1+(1+) 10609 6 
T(10860)** 0-(1--) 10891 6 

11 baryons 
p 1/2(1/2+) 938.2721 ••• 48 (1) 

n 1/2(1/2+) 939.5654 @ill 157 (1) 176 (2) 

A 0(1/2+) 1115.683 158 (2,3) 176 (2) 

156 



Table 2 Continued 
Particle m; t:,. 17 48 104 142 156 174 

A{1405)1/r * 0(1/r) 1405.1 1.3 176 (5) 
A{1520)3/r * 0(3/2-J 1519.5 1.0 16 {6) 47 {10) 142 {6) 154 {10) 

E+ 1(1/2+) 1189.370.07 ••• 
EO 1(1/2+) 1192.642 173 {3) 
E- 1(1/2+) 1197.450.03 ••• 

E(l385)+ 1(3/2+) 1382.800.35 ••• 
E(1385) 0 * 1(3/2+) 1383.7 1.0 19 {3) 102 (2) 144 {3) 154 (4) 
E{1385)- 1(3/2+) 1387.2 0.5 ••• 

so 1/2(1/2+) 1314.86 0.20 
:s- 1/2(1/2+) 1321.710.o7 50 ( 4,5) 105 {3,4) 154 {8) 

!!{1530)3/2+0 1/2(3/2+) 1531.800.32 106 {5,6) 1140 {8,9) !57 {11) 

E{l530)3/r 1/2(3/2+) 1535.0 0.6 ••• 
!!{1820)3/2- 1/2(3/r)** 1823 5 47 {14) 156 {13) 172 (7) 

!!{2030)** 1/2(~ 3/27) 2025 5 18 {11) 155 {15) 

n- 0(3/2+) 1673.45 15 {8) 50(13)~ ~153(10) 

0(2250)-•• 0(?1) 2252 9 140 {14) 
12 charmed baryons 

At 0(1/2+ 2286.46 174 {9,10) 
Ac(2595)+ 0(1/2-J 2592.25 103 {13) 174 (14) 
Ac{2625)+ 0(3/r) 2628.11 18 {15) 50 {20) 157 {17) 174 (11) 
Ac(2880+) 0(5/2+) 2881.53 102 {14) 173 {16,19) 

Ac{2940+)* 0(5/2+) 2939.3 1.5 141 {l 7) 158 (18) 173 {17) 
Ec(2455)++ 1(1/2+) 2453.97 ... 174 (11) 
Ec{2455)+ 1(1/2+) 2452.9 0.4 ... 
Ec{2455) 0 1(1/2+) 2453.75 17 {12) 

Ec(2520J+- 1(3/2+) 2518.41 ••• 
Ec{2520)H 1(3/2+) 2517.5 2.3 ... 
Ec{2520) 0 1(3/2+) 2518.48 17 {14) 48 {19) 

Ec{2800J+-•• 1(3/2+) 2801 6 ... 
Ec(2800) 0 ** 1(3/2+) 2906 7 140 {16) 174 {20) 

st 1/2(1/2+) 2467.93 ••• 50 (17) 
-:::o 1/2(1/2+) 2470.85 17 {12) 50 {18) 157 {17) 175 {12) -c 

=~+• 1/2(1/2+) 2575.7 3.0 ••• 
;lo* 1/2(1/2+) 2577.9 2.9 16 50 {20) 157 (16) -c 

Ec{2645)+ 1/2(3/2+) 2645.9 0.5 ••• 
Ec{2645) 0 1/2(3/2+) 2645.9 0.5 18 (15) 49 {21) 175 {12,15) 

Ec(2790)H 1/2(1/2-J 2789.1 3.2 ••• 
Ec{2790) 0 * 1/2(1/r) 2791.9 3.3 176 {18) 
Ec{2815)H 1/2(3/2-J 2816.6 0.9 ••• 
Ec{2815) 0 * 1/2(3/r) 2819.6 1.2 174 {15) 
Ec{2970)H 1/2{?7) 2970.7 2.2 ... 
Ec{2970) 0 * 1/2{?7 ) 2968.0 2.6 15 {16) 176 {18) 
Ec{3055)* 1/2(?1) 3055.1 1.7 173 {19) 
Ec{3080)+ 1/2(?7) 3076.94 ... 
Ec{3080) 0 * 1/2{?7) 3079.9 1.4 17 {17) 141 (17) 174 {20) 

n~• 0(1/2+) 2695.2 1.7 49 {21) 103 {13) 
Oc{2770)0 * 0{3/2+) 2765.9 2.0 140 (16) 174 {14,17) 

13 bottom baryons 
Ao 0(1/2+) 5619.51 106 {17) 172 {22) 

b 
Ab{5912) 0 0(1/r) 5912.11 175 {23) 
Ab{5920) 0 o{3/r) 5919.81 15 {23) 

E+• 1(1/2+) 5811,3 1.9 17 {21,22) 144 {20) 
b 

E- 1(1/2+) 5815.5 1.8 ••• 
E"1\.* 1(3/2+) 5832.1 1.9 106 {19,22) 

b 
E•-• 1(3/2+) 5835.1 1.9 ••• 

b :-• 1/2(1/2+) 5794.5 1.4 ••• -b -::,o 1/2(1/2+) 5791.9 0.5 19 {21) 48 {28) 143 {19) 157 {21) 172 {22) -b 
Eb{5935)- 1/2(1/2+) 5935.02 15 {23) 106 {21,22) 143 {19) 
Eb(5945) 0 * 1/2(3/2+) 5948.9 1.6 15 {24) 157 {21) 
"•{5955)- 1/2(1/2+) 5955.33 144 {20) 

n-• 
b 0{3/2+) 6046.4 1.9 

14 exotic baryons 
Pc{4450)H 4449.8 3.0 
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3. Analysis of data in the file PDG-2016 

The groping of !::,.M at 104 MeV includes muon mass mµ=l06 MeV and is close to 
estimated s-quark mass m.=98 MeV [16]. It was noticed by R. Sternheimer [22] that the 
difference (due to strangeness) between masses of K* and w meson 892 MeV-783 MeV=J09 
MeV (marked as K* and w in Fig. 3, on the horizontal axis and near the line from 0 
up to 3=3Mq), is close to the muon mass µ which is shown at n=l3 of the period 
8 = 16m, (along the vertical axis) and again at n=-3 (plus one period 168=130.4 MeV) 
along horizontal axis of two-dimensional mass representation. The real value of the mx,· 
mw= 109 Me V is 3 Me V away from mµ and hence not included in Table 1. 

Observed maxima in spacing distribution !::,.Mat 17, 104 and 142 MeV connected with 
well-known particles (see Fig. 3) were used for obtaining information on some aspects 
of the common dynamics within particle masses. Developed in PNPI method of data 
analysis AIM (Adjacent Interval Method) consists in fixating of distinguished intervals in 
the spectrum (pairs of masses which differ one from another with stable intervals, close to 
each other within averaging interval !::,,.) and plotting sum distribution to all other levels 
of the spectrum (distance DAIM from both sides of fixed intervals). For example, fixating 
some parts of the rotational sequence with expression E*=a•J(J+l), we can expect an 
appearance of traces of this expression in adjacent interval distributions. Hidden common 
dynamics in particle masses was found in cases discussed below. 

Stable character of the interval close to the mass of the charged pion is clearly seen with 
!::,,.=5 MeV (central distribution). It was noticed by many authors (Y.Nambu, M.H.Mac 
Gregor and others). Intervals forming maximum at !::,,.M=142 MeV in spacing distribution 
between masses from PDG-2016 (Fig.I) are given in the corresponding column (142) of 
Table 2. 

In unflavored and charmed mesons there is a clear excess of such intervals (boxed). Ac
cording to Mac Gregor [24] a probability of an accidental grouping of mass intervals close 
to m" is very low. First time small probability of accidental appearance of the observed 
periodicity with the interval m" was found in data for masses of A and n hyperons [19,23]. 
In Fig. 3 it is seen as a straight-line (11'-A-3-!1, k=l,8,11,12). Straight line connecting 
three pseudoscalar masses (11', T/, r,') corresponds to the interval t:,_T =409 MeV=508 close 
to 2m1r+!1r (n=2•17+16=50). Independently, there is a grouping effect of mass differ
ences at !::,,.M=1688MeV, close to 12m" (including masses of O-hyperon and w3 meson) 
and similar groupings at !::,,.M=1672MeV (shifted from the first one with 16MeV, close 
to 28). 

Application of AIM method to the pion mass (x=142 MeV, upward AIM-direction, 
!::,,.=5 MeV) results in the maximum at !::,,.M=493 MeV exactly coinciding with the kaon 
mass (Fig. 4, top left). Application of the same method to the intervals equal to the kaon 
mass (Fig. 4, top right) results in confirmation of the pion mass and appearance of interval 
388MeV exactly equal to a half of the p-meson mass !::,.M=389 MeV=mµ/2=M;, which 
is a standard estimate of the constituent quark mass. In Fig. 4 (2-nd line, !::,,.=5 and 9) 
the distributions for x=389 MeV contain maxima at 143 and 493 MeV confirming the 
distinguished character and interconnection of these three discussed well-known intervals 
and masses. We see in Fig. 3, that intervals close to 3/,r=mw/2 ::::::390 MeV (horizontal 
line, n=3·16), the above mentioned interval 2m1r+ !1r (n=50) and the periodicities with 
m" (n=17) and !::,,.Mt.\=147 MeV (n=18) correspond to a common dynamics connected 
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with the pion. Discussed correlations with m" are corresponding to the real particle 
masses and to the standard estimate of the meson constituent quark (a half of the mass 
of vector meson with parallel spins) and three-fold value of the f" (as an example of the 
manifestation of pions parameters with n=16,17,18). An expression 16 x 16m" shows the 
basic parameter for this symmetry-motivated dynamics. 

The AIM method was used to find out intervals in the spectra ( of the energies or 
the masses) which are situated close to each other (or adjacent). Fixating in the mass 
spectrum all small interval x=LlM=16(2) MeV we plot sum spacing distribution of all 
intervals LlAIM from low-lying masses, of the interval x, up to all larger masses (upwards 
direction in AIM method). Appearance of eleven intervals LlAIM =463(2) MeV (Fig. 4 
center left) can be checked with the presence of the maximum at 444 MeV in the down
wards distribution for x=463MeV (Fig. 4 center, right). It means that both intervals 
444-463 Me V are systematically appear together (adjacent) in the different parts of the 
particle mass spectrum. These intervals are close to the parameter in the NRCQM-model 
441 MeV=3·188=m:s-/3 [14,15,20,21]. 

Observed maximum at 445 Me V (Fig. 1, center) includes two pairs of intervals between 
masses of K 0

, the neutron, E0 and w0
, b1-meson and n-. The stable character of such 

intervals was noticed by R. Sternheimer and P. Kropotkin [21,22]. Now it is explained as 
the QCD effect in the Nonrelativistic Constituent Quark Model [13-15]. 

We continue comparison of obtained distributions in Fig. 1, 2 with stable intervals in 
particles with low mass. Interval LlM=174MeV includes differences between masses of 

. A-hyperon and the neutron (1115.7-939.6 MeV=l 76.1 MeV). These two values are shown 
as A and Nin Fig. 3 and correspond to n=8•17=136 and n=115 in the tuning effect 
considered here (and noticed by Y.Nambu as relations mA=8m,r), Value 174MeV is 
larger than expected 218=171.7MeV due to the fact that A-hyperon mass is very close 
to 8m;=8·139.57MeV=1116.6MeV which is somewhat larger than 8·178=1111.9MeV 
(charged pion mass is close, but larger than 178). Value mA deviates from 1368 with the 
values about 8m,=4MeV. Possibly it is connected with the fact that 174MeV in the total 
mass spacing distribution deviates from 172 MeV. Other intervals should be considered. 

Three doublets of maxima in LlM-distribution at 444-463 Me V ( LlM =3 Me V, Fig. 1 
top) at 1673-1688MeV, 3943-3960MeV (Fig. 2, 3rd line, LlM=9MeV), at 4406-4425 MeV 
could be connected with the manifestation of three well-known dynamics, namely: 
1) generation of the constituent quark mass within NRCQM-model (Mq=44l MeV=m:s/3 
[13-15] due to the gluon quark dressing effect based on QCD; 
2) stable intervals LlM multiple with m" (k=12 and 24) resulted in the doublet at 
1688MeV=l2m" and the maximum at 3370MeV=24m,r, and 
3) the spectroscopy of the bottom quark - one of the heaviest fundamental component of 
the Standard Model with the estimated value mb=4180(40) MeV [16]. Now we show that 
mass parameters of all effects are interconnected. 

Stable interval LlAIM=460MeV (close to Mq=441MeV) appears also in the adjacent 
interval AIM-distribution (the AIM upward direction) for the fixed large stable inter
vals x=3960 Me V seen as the strongest maxima in all parts of Fig. 2 right (namely, 
llM=3957(1) MeV, 3959(2) MeV and 3960(4) MeV, for averaging intervals 3-5-9MeV). 
These intervals are seen as a part of systems of maxima separated with small intervals 
close to 16MeV=28. Such a system consisting out of LlAIM=3926MeV and 3946MeV in 
flAIM_distribution (adjacent upwards distribution) for x=3960 MeV is shown in Fig. 4, 
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2nd line, right. Maximum in this system with the energy 3957(1) MeV (on the top distri
bution in Fig. 2 right) contains two sequences of exactly coinciding intervals: 
1) the value ~M=3957.4MeV between the bb meson Xb0(2P) with M=10232.5(4)MeV 
(xw(2P), o+(o++)) and the bottom charmed meson with M=6275.1(10) MeV (B;, 0(o-)), 
and practically the same value ~M=3957.4MeV between the latter value and the mass 
of the charmed strange meson (D;

0
(2317)±, 0(o+)) M=2317.7(6)MeV; and 

2) value ~M=3957.2 MeV between bb meson Xb2(1P) with M=9912.5(4) MeV (0+(2++)) 
and the bottom baryon with M=5955.33(13) MeV (B;:, 1/2(1/2+)), and close to it (but 
uncertain) value ~M=3960(8) MeV between the latter value and the mass value of the 
unflavored meson (a4 (2040)±, 1-(4++)) M=1995(8) MeV. 

Observed exact coincidence of three independent accurately measured intervals clearly 
connected with the presence of two and one bottom quarks in the structure of the rel
evant particles could be compared with the observed exact relation in CODATA data 
( exact multiplicity with the period 16me = 6=8.176 Me V). The ratio n=484.026 between 
the large interval under consideration (3957.4 MeV) and the universal parameter 6 of 
the tuning effect, is close to n=484=486-2 (as well as n=486-4 and 486-6 for masses of 
other two members of the above discussed system of masses, situated within the region 
of the bottom quark mass mb=4.18 GeV [16]). It allows to notice that n=486=9•54 cor
responds to the mass 3974MeV=9Mq with Mq=441 MeV, introduced empirically long 
ago by R. Sternheimer and P. Kropotkin [21,22]. The ratio between the vector boson 
mass (Mz) and discussed stable interval is Mz/ ~M=91187(2) MeV /3957.4MeV=23.042. 
It corresponds to the proximity of the ratio between Mz and Mq to the lepton ratio 
L=207=16·13-1=9·23 (a reflection of the empirically found coincidence of ratios mµ/ Mz 
and me/ Mq with the QED radiative correction a/21r [3-12]). Theoretical and empirical 
analysis of discussed here coincidence of mass intervals associated with mb is needed. 
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Fig. 3. Top: Spacing distribution in mass spectrum in high-energy region. Central and Bot
tom: Application of AIM to x=4423MeV (AIM upward and downward directions, separately). 
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Fig, 4. _Top: Application of AIM Method to show a systematic character of the appearance 
of intervals 444-463MeV. Maximum at 463MeV in left distribution {AIM upward x=16MeV) 
corresponds to the maximum at 444MeV in right distribution (AIM for x=463MeV). 
2nd line: The same to show a systematic character of intervals 3960-3946-3926 Me V ( differing 
with 16 MeV=25). Maximum at 460 Me Vin left distribution ( upward, x=3960 Me V) corresponds 
to 463MeV in upper left distribution (x=17MeV). 
Center: oAIM-distribution for x=142 MeV=m,,,. Maximum at 493 MeV correspond to the kaon 
mass (at left). The same for x=493MeV to check the left distribution. 
Bottom: oAIM_distribution {D.=5 MeV and 9 MeV) for the interval 389 MeV close to the meson 
constituent quark mass equal to a half of the p--meson mass. Presence of maxima at 143 Me V 
and 493MeV is in agreement with maxima in the distribution for x=493MeV (center right). 
These relations are needed to be confirmed and analyzed. 
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4. Conclusions 

The distinguished character of mass values of the pion and the muon and clearly seen 
integer relations with the pion mass should be considered together with the fact that the 
constituent quark masses in NRCQM-model are close to three-fold values of both pions 
parameters, M; = 3f,, and Mg=3(b..Mt:,.=147MeV). We have found here that observed 
long range correlation in CODATA relations with the parameter o = l6m0 is supported 
by analysis of spacing distribution in the spectrum of particle masses. 

Splitting in the vector boson masses (8 : 9 = Mw : Mz) and the same splitting 
between the scalar field masses (8 : 9 = MH : Mn) are interconnected with splitting 
in the pion parameters f,,:m,,:b..Mt:,. (n=16:17:18 with the CODATA period o = 16me, 
Table 1) and (8 : 9 = M; : Mq) between the constituent quark masses. Ratio between 
these two systems could be extrapolated to the fine structure parameters 161 keV=omN/8 
and 170keV=m0 /3 with the QED factor o:/21r ~ 1/(32 • 27) used in Table 1. 

A role of similar QED correction with o:z=l/129 for short distances should be consid
ered together with a notice by R. Feynman about the universality of vector interaction. 
Symmetry motivated estimation of relations of the type 1:13 and 1:17 [7-12], and confir
mation of the discreteness in particle masses with the analysis of nuclear binding energies 
could be useful. Presence of common tuning effect allows to use nuclear and particle mass 
spectra for the development of the Standard Model ( see these Proceedings). 
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1. Introduction 

Neutron resonance spectroscopy could play an important role in the development of 
the Standard Model - a modern theory of all interactions [1] except gravitation and dark 
matter problem. A specific position of scalar and vector field masses among masses of 
other particles and constituent quarks was considered in [2]. Between masses of these fields 
(boxed in Table 1, top), other particle masses and stable nuclear intervals a correlation 
(named fine- and superfine structure) was established. Recently performed analysis [3] 
of mass spectra of all particles from the compilation PDG-2016 [1] confirmed discussed 
earlier "tuning effect" in particle masses and relations [4] between masses of nucleons and 
the electron (CODATA relations [2]). 

Presence of stable intervals of 104 MeV and 142 MeV close to masses of the muon and 
the pion (n=13 and 17 of the CODATA period 8 = 16me) in the particle mass spectrum 
was noticed earlier by different authors [5,6]. The value 8=8.176MeV was connected 
[5,6] with the proximity of cl-quark mass estimate md=4.78 MeV [1] and pion charge 
splitting 4.594 Me V to 9m.=4.599 Me V = b... Simultaneously, there is a proximity of pions 
parameters f1r, m1r-me and b..MLi=147MeV (quark interaction in NRCQM, Nonrelativistic 
Constituent Quark Model) to integers n=16,17,18 of the common period 8. It is shown in 
[7] that QCD dynamics is based on gluon quark-dressing effect (from the Dyson-Schwinger 
equations and lattice QCD calculations) and is resulted in the constituent quark mass 
Mq ~ 400 MeV close to the standard estimates of constituent quark masses in NRCQM 
Mq = m3 /3=441 MeV=3b..MLi (n=3x18) and M~' = mp/2=388MeV:::::: 3f1r (n=3x16). 
The ratio between masses of two fermions, namely, the electron and constituent quark 
m,/Mq=(0.511 MeV /441 MeV)=115.8·10-5 is close to the ratio 1/27-32 = 115.7 • 10-5 in 
the tuning effect and to the QED radiative correction a/21r = 115.9 • 10-5

_ V. Belokurov, 
D.Shirkov and R. Feynman [8,9] suggested that similar factor close to a/21r (correction 
to the electron magnetic moment) is contained also in the electron mass itself. 

The fundamental origin of observed tuning effects (including common fine structure in 
particle masses and in unclear data) is connected with an important role of QCD as SM
component. We observe the fine structure and long-range correlations with me, b.. = 9me 
and b.Mt,. = 32b. [6] in nuclear data because the hadronization and mass generation in 
QCD is a base for the nuclear physics. Intervals of common fine structure in CODATA 
relations (n=l 7,18) and in nuclear data (n=13,14-18 [6]) are expressed as: 

D = b..M = n x 9.5 keV; n = 13, 14, 16, 17, 18 (1) 

The value of the period 8' =9.5 ke V =8c' is boxed in the central left part of Table 1. 
Manifestation of this parameter in positions of neutron resonances in light nuclei (top) 
and in the near-magic nuclei with N=82 (141 Ce and 142Pr, center of Table 2 left) and in 
low-lying excitations of neighbour 143Ce is presented in Table 2 together with the position 
ofresonances at integer values of 1/8 part of the 8' , namely, at integers of the parameter 
c'=l.188keV, found earlier [5,6] in nonstatistical effects in many nuclei. 
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In the distribution of differences (LiM) between all accurately known particle masses 
the grouping effect was found at the muon mass (LiM=104 eV, 13'5-me), the pion mass 
(LiM=142 MeV, 17J+me), in regions of the constituent quark mass in NRCQM (LiM=445-
460 Me V) and at the bottom quark mass ( LiM =3959 Me V close to 9Mq=3969 Me V). It al
lows to represent as a single mass sequence the vector boson masses Mz=9l.l9 GeV=l38°
Mq=L•Mq and Mw=80.38 GeV=13 • 16M;, the top quark mass ffit=172GeV (close to 
3x16'5°=169GeV), and finally, scalar field mass, MH=125GeV (close to 188°=126GeV) 
with the period '5°=16Mq=(a/27r)-1J. Rapidly increasing number of accurately estimated 
values of particle masses allows to check CODATA relation with the forthcoming file 
PDG-2018. Besides nuclear fine structure effects with intervals multiple to 161-170keV 
(n=l 7,18), additional systems of stable intervals corresponding to n=13,14,16 with the 
same period J=9.5keV were found [6]. Simultaneously, in neutron resonance spacing 
distributions second order effects with the same above mentioned small QED parameter 
a/27!' were found as superfine structure with the period J"=ll eV=(a/27r)2J=(a/27r)3J0

• 

It is shown in Table 1, where above discussed intervals of the tuning effect (starting 
from NRCQM parameters, line X=0, M=3), stable spacing in particle masses spectrum 
104 MeV:::,j mµ and m" (n=13,17, line X=0, M=l) and corresponding intervals offine and 
superfine structures (lines X=l and 2) are presented as different power X of discussed fac
tor a/27!' :::,j 1/32 x 27 and numbers n=l,13,16,17,18 in the expression n•16m.(a/27r)xM. 

Table 1. Representation of parameters of tuning effects in particle masses (top) and nuclea~ 
data (bottom) with the expression n·16me(a/21r)XM and different values of the X-power of 
QED factor: a/21r and integers M,n. Boxed are groups of values differing with a/21r. · 

X M n = 1 n = 13 n = 16 n = 17 n = 18 n = 18·6 

-1 3/2 ,------, mt=l 72.0 
GeV 1 16Mq=o0 I Mz=91.2 I M8=115 

1/2 (mb-Mq) ML3=58 

0 1 j 16me=o=8eo 11 mµ=l06 I f1r=130.7 
MeV 3 NRCQM _ M" 9=me/2 

1 1 
CODATA 

keV 8 

I m1r-me I 

I ko-mn-me= I 
I =161.65 I 

omN=1293.3 

1 1 l 9.5=o'=8e' I 123 152 ATF=161 
keV 3 

4 492 
6 
8 984 

2 1 I n=o"=8e" I 143 
eV 2 

4,6 570 (Sb) 
8 

8x5 
* Before recoil correction 

484 (E*) 
648 (Pd) 

1212 1293 (E*) 

176 186 (Nd) 
377 Nd) 

749 (Br,Sb,Rh) 
1500 (Pd,Hf,Sb,Rh) 

7498 (Pd) 
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IMH=126 I 

I AM,1,=147 I 
M.9=441=AEB 

I 170 = me/3 I 

170 (Sn) 
512 (Pd) 
682(Co) 

1023 (Os) 
1360 (Te) 

1205 (Os)* 

M=3 

I 2Mq I 

I E.'o=2me I 

I e'=llBB l 

I e"=l.35 I 

_ ...... ,.-. 



2. Fine structure in nuclear excitations 

General character of the QCD dynamics is reflected in proximities to QED correction 
of ratios of fine structure parameters in nuclear data and particle masses to well-known pa
rameters of strong interaction m,r=l40 MeV and ~M6.=147MeV (161 keV /m1r=115·10-5 

and 170.3keV/147MeV=116·10-5). We should mention here three aspects. 
1) Position of neutron resonance is a difference between excitation energy and neu

tron separation energy, hence, now one can assign nonstatistical effects in neutron reso
nance positions to the common structure in particle masses (CODATA) and nuclear data 
(n=17,18 of the period 9.5keV=8'). This interval 8' was directly observed by M. Ohkubo 
in the position of strong resonances of near-magic 141Ce [10] (Table 2). 
2) Observed by K. Ideno [11] superfine structure in 124Sb with the period 11 eV=8" (see 
Table 1, Fig. 8 in [12]) could serve as a second example of a role of neutron spec
troscopy in SM-development due to the fact that a ratio between these parameters 
8"/8'=11eV/9.5keV=l15.8·10-5 is close to a/2rr. In Table 1 (bottom) similar ratios be
tween superfine intervals D=373-570-1501eVin 124Sb (Fig. 186 in [6]), D=748-1495eV 
in 104Rh, D=749eV in 80Br, D=1497-7498eV in 107Pd (Fig. 191 [6]), D=757-1509eV in 
127

•179Hf, D=186-377eV in 146•149Nd (Fig. 192 [6]), D=1205eV in 187•188Os (Fig. 193 [6]), 
and corresponding stable fine structure excitations in the same or neighbour nuclei are 
presented. Such relation could provide an indirect confirmation of QED factor a/2rr. 

Table 2. Comparison of positions and spacing in light and near-magic nuclei with the integer 
values of the parameter of the fine structure c:' = 8' /8 = 1.188 keV [6]. 
Top: Positions E~ of strong neutron resonances in light and magic nuclei and the periodicity 
in spacing distributions in resonances of 61 Ni ( top right). 
Center: Values En in nuclei with N=83=82+1, maxima in spacing distributions of 141 Ce. 
Bottom left: Positions of strong neutron resonances in isotopes with Z=35-39 are compared 
with integer number of the period c:'=1.188 keV=9.505 keV /8 found in positions of strong reso
nances in Z=57-59, N=83 nuclei (center). Bottom right: Excitation energies E* of 143Ce. 

Nucl: Ca-Ni Ni 
En, ln=O, D(keV) 18.8 19.0 
k(c') 16 8 12 16 
kxc:' 19.0 9.6 14.4 19.0 
Nucl. 
J;" 
r~,meV 
En 
E*,E~ 
m(Sc:') 
mx8c:' 
Nucl. 
J;" 
r~,meV 
En 
E*,E~ 
m(Sc:') 
mx8c:' 

54 
1.179 
11.1101 
1/8 
1.188 

1.201 
11.1861 
1 
1.188 1.188 
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D 
21.7 

2.370 
2 
2376 

D 
43.1 

E* 

18.9 
2 
19.0 

20 
24.7 

Ce 

D 
86.2 

9 
85 

42.3 
9/2 
42.77 



In Fig. 1 and Table 3, new results of fine structure analysis in recently published data 
are presented. Boxed are excitations in light nuclei which belong to fine structure with 
n=17 (E*=i5mN etc. [12]). Such excitations in 59Co, 41K and 116Sn were noticed by 
0.1. Sumbayev [13] in data from ,-ray compilation [14]. Presence of the fine and superfine 
structures simultaneously in low-lying excitations and in neutron resonances was found 
in the regions around N=50, Z=51 and Z=72 (Hf, Os). Proximity of intervals of both 
structures in different nuclei could be assigned to meson exchange dynamics [6,15]. 

Neutron resonances correspond to a part of nuclear excitation spectra. In compilation 
ENSDF appearance of neutron resonances in the spectra of states can be seen as the 
groping effect. Such groupings were found by S.L. Sakharov [16] (periodicity in positions 
of these groupings). Results are similar to the correlation noticed earlier in [5]. 

Returning to the check of CODATA with files of nuclear data (CRF, NRF, MDF), we 
should notice that combined analysis of these files is important for development of truly 
microscopic models based on QCD. Quantum numbers of nuclear states should be mea
sured. This time most of neutron resonances have uncertain spin/parity assignment. For 
example, in new data for excitations in near-magic 57Ni spacing distributions (shown in 
Fig. 1) could be determined only for groups of states (see partial distributions which con
tain maxima at D=342keV=36,5', of low-lying levels), 510keV=3x18,5' (negative parity 
levels), 481-510keV with small J < 9/2 and 680keV (all positive parity levels). 

Marked values in Table 3 [6] belong to the discussed system k(me/3) or k(,5mN/8). 
Table 3. Excitations (in keV) in nuclei N=21,22 (top), N=28,27 and the period of 161 keV. 

(Z-14)/2 w 2w YsJ 1 1 0 0 
Az 41Ca 39 Ar 375 335 43S 32Si 3ssi 

E* 0.0 I I 1943 II 1267 I I 646.2 I 111129211 322 11320.711 1942 973.9 

2J" 7- 3- 3- 3- 2+ D 7- 2+ (3+) 

k~ 0.0 1941 1293 646 1293 322 322 1941 971 
Az 53Ni 2Jo=7- ssNi 59Ni a1Ni 53Co sgco 

E* I 1320(3) 1111292* I 1456*111454.21 I 339.4 I I I 1454.811 I 646.2* 1111291.6) I I 1459 I 
2J" (5-) (3-) (11-) 2+ 3-_5- 7- 7- 3-

k~ 322 1293 1454 1454 322 1454 647 1293 r I•-,_ I -•• rl O•-"• "• 

f~~i~~ 
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Fig. 1. Top: Spacing distribution in all levels of 57Ni ( at left) and in negative parity levels. 
Bottom: The same for negative parity levels with small spins and for nonnegative parity levels. 
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3. Analysis of particle masses in PDG-2016 file 

In Tables 4-6, a continuation of the analysis [3] of particle masses from PDG-2016 [1] 
is presented. Table 7 contains new file PDG-2017. Values are given in the same order 
as they appear in Summary Tables and marked according to their uncertainty 6.M (as 
it was done in (6,12]. In this work, distributions for averaging intervals 6.=5 MeV and 
9MeV (Tables 4-6) were used. 

Table 4. Particle masses [4] (in MeV) known with the uncertainty less than 6MeV (intervals 193-1304 MeV). 

Particle m1 Ll. 193 584 794 Ll.=9 932 1092 1304 
1 leptons electron 0.0 

µ 105.658 931 (13) 1303 (1) 
T 1776.82 191 (11) 584 (4) 792 (18) 1304 (12) 

2 Unflav. mesons 
,r± 1-co-) 139.570 1090 (1) 

T/ o+co-+) 547.86 1306 (2) 
T/'(958) o+co-+) 957.78 
¢(1020) o-c1--) 1019.46 1093 (4) 

b1 (1235)* 1+(1+-) 1229.5 3.2 796 (2) 1090 (1) 1306 (4) 
/2(1270)* 0+(2++) 1275.5 0.8 1302 (6) 
/1(1285) 0+(1++) 1282.0 0.5 194 (2) 583 (6) 
a2(1320) 1-c2++ 1318.3 0.5 794 (4) 934 (5) 
T/(1405)* o+co--) 1408.8 1.8 587 (8) 1303 (I) 
/1(1420)* 0+(1++) 1426.4 0.9 191 (4) 584 (IO) 933 (2) 1092 (7) 
T/(1475)** o+co-+) 1476 4 194 (2,5) 584 (!) 
/~(1525)** 0+(2++) 1525 5 585 (2) 793 (7) 934 (9) 
"' (1600)** 1-c1-+J 1662 8 192 (7) 794 (8,9) 930 (11) 1306 (10) 
T/2(1645)** o+co-+) 1617 5 191 (3,4) 
wa(l670)** o-c3--) 1667 4 191 (5) 585 (11) 794 (10,11) 
1r2(1670)* 1-c2-+J 1672.2 3.0 192 (7) 793 (12) 1094 (8) 
p3(1690)* 1+c3--> 1688.8 2.1 797 (!) 
/0(1710)** o+co++) 1723 6 191 (6) 795 (15) 
cf,3(1850)** 0-(3--) 1854 7 192 (7,11) 582 (5) 791 (19) 1306 (2) 
a4(2040)** 1-c4++ 1995 8 587 (8,13) 797 (21) 

3 strange mesons 
K± 1/2(0-) 493.677 932 (1,2) 

K'(892)'± 1/2(1-) 891.66 584 (!) 797 (1) 931 (3) 
K1(1270)** 1/2(1 +) 1272 7 582 (5) 1306 (5) 
K1(1400)** 1/2(1+) 1403 7 1305 (8) 
Ki(1430)h 1/2(2+) 1425.6 1.5 191 (3) 585 (9) 932 (I) 1093 (6) 
K2(1770** 1/2(2-) 1773 8 796 (16) 
Kj(1780)** 1/2(3-) 1776 7 192 (10) 583 (3) 793 (17) 932 (12) 1304 (11) 
K.j(2045)** 1/2(4+) 2045 9 191 (12) 583 (15) 

4 charmed mesons 
vo 1/2(0-) 1864.83 192 (8,9) 583 (6) 1090 (2) 
v± 1/2(0-) 1869.58 584 (12) 930 (4) 1094 (3) 

D'(2010)± J/2P-) 2010.28 585 (9,10,14) 
D1(2420) 0 J/2(J+) 2420.8 0.5 1090 (10) 1305 (3) 

D2(2460)h 1/2(2+) 2465.4 1.3 798 (11,12,13) 934(10) 1091 (11) 
5 charmed, strange mesons 

D; o+co-) 1968.27 192 (10,11) 586 (7) 798 (20) 
D,± O(?') 2112.J 0.4 583 (16) 797 (3,4,5,23) 1093 (4) 1303 (13) ' v;o(2317)± o(o+) 2317.7 0.6 794 (6,7) 934 (7) 

D,1(2460)± 0(1+) 2459.5 0.6 798 (9,10) 934 (9) 
D,1(2536)± 0(1+) 2535.10 1306 (4) 
v;2(2573)* 0(2+) 2569.l 0.8 794 (16,17,18) 1303 (17) 

v;,(2100)±> 0(1-) 2708.3 3.4 190 (14) 932 (12,13,16) 1304 (8,9) 
6 bottom mesons 

B± 1/2(0-) 5279.31 932 (19) 
B1(5721)+* 1/2(1+) 5725.9 2.7 194 (20) 1305 (18) 

7 bottom strange mesons 
B~ o(o-) 5366.82 582 (20) 

9 CC" mesons 
T/,(1S) o+co-+) 2983.4 0.5 191 (16) 790 (26) 

J/1/J(lS) o-c1--) 3096.90 191 (17) 790 (28) 
x,o(IP) o+co++) 3414.75 932 (18) 1303 (13) 
Xo1(lP) 0+(1++) 3510.66 933 (14) 1090 (10) 
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Table 4. Continued. 

Particle m, A 193 584 794 A=9 932 1092 1304 
hc(lP) ?'(o+-J 3525.38 586(18) 933(15) 
Xc2(lP) 0+(2++) 3556.20 790(25,29) 1091(11) 1304 (14) 
'1c(2S)* o+(o-+) 3639.2 1.2 584(19) 931(16) 
,J,(28) o-c1--J 3686.10 1094(12) 

,J,(3770) o-c1--J 3773.13 790(26) 1302 (15) 
,J,(3823)* ?'(r-J 3822.2 1.2 1304 (16) 
X(3872) 0+(1++) 3871.69 792(27) 932(17) 1303 (17) 
X(3900)* 1+(1+-) 3886.6 2.4 790(28) 
X(4140)* o+(??+) 4146.9 3.1 1092(13) 
X(4140)* o+(??+) 4146.9 3.1 1092(13) 
X(4360)** ?'(1--) 4346.9 6 791(29) 932(18,19) 
,J,(4415)** 0-(1--) 4421 4 1305 (18) 
X(46~0)** ?'(1--) 4643 9 193(18) 1306 (19) 

10 bb mesons 
'1b(1S)* o+(o-+) 9399.0 2.3 
T(lS) 0-(1--) 9460.30 795(30) 

T(lD)* 0-(2--) 10163.7 1.4 192(21) 
Xbo(2P) o+(o++) 10232.5 0.4 584(21) 
Xb1(2P) 0+(1++) 10255.46 795(30) 
T(3S) 0-(1--) 10355.2 0.5 192(21) 

X(10610)h 1+(1+) 10607.2 2.0 584(21) 
11 baryons 

n 1/2(1/2+) 939.5654 585(2) 930(4) 
A 0(1/2+) 1115.683 1305 (3) 

A(1405)1/r • 0(1/r) 1405.1 1.3 1303 (9) 
A(1520)3/2- * o(3/r) 1519.5 1.0 798(6) 934(8) 

:co 1(1/2+) 1192.642 191(1) 584(3,4) 1094(5) 
:C(1385)0 * 1(3/2+) 1383.7 1.0 191(1) 586(7) 934(7) 

;so 1/2(1/2+) 1314.86 0.20 797(3) 
:::- 1/2(1/2+) 1321.71 0.07 797(5) 930(6) 1306 (7) 

E:(1530)3/2+ 0 1/2(3/2+) 1531.80 0.32 191(6) 945(10) 
E:(1820)3/2- 1/2(3/2-i•· 1823 5 931(3) 

E:(2030)** 1/2(?: 3/21 ) 2025 5 786(2,22) 
n- 0(3/2+) 1673.45 191(9) 794(13,14) 1092(9) 

0(2250)-** 0(?') 2252 9 585(11) 932(5,6) 1304 (14) 
12 charmed baryons 

At 0(1/2+ 2286.46 793(24) 1094(5) 
Ac(2595)+ 0(1;2-J 2592.25 583(14) 930(11,15) 1094(12) 
Ac(2625)+ o(3/r) 2628.11 191(15) 583(15) 1306 (7) 

Ac(2940+)• 0(5/2+) 2939.3 1.5 586(18) 932(17) 
Ec(2455) 0 1(1/2+) 2453.75 192(13) 584(12) 792(8) 934(8) 
Ec(2520) 0 1(3/2+) 2518.48 190(14) 795(15) 1092(6,7) 1304 (16) 

Ec(2800) 0 ** 1(3/2+) 2906 7 190(17) 794(23) 
:o 1/2(1/2+) 2470.85 584(17) 797(14) 1302 (15) -c 

-:::to• 1/2(1/2+) 2577.9 2.9 583(13) 933(14) 1304 (5,6) -c 
Ec(2645) 0 1/2(3/2+) 2645.9 0.5 192(13) 792(19) 

Ec(2790) 0 * 1/2(1/r) 2791.9 3.3 192(16) 797(21) 
E:0 (2815) 0 * 1/2(3/2-J 2819.6 1.2 191(15) 795(22) 
Ec(2970) 0 * 1/2(?1) 2968.0 2.6 1306 (10) 
E:0 (3055)* 1/2(71) 3055.1 1.7 584(17,19) 1092 (13) 
Ec(3080) 0 * 1/2(71) 3079.9 1.4 794(24,27) 1304 (11,12) 

n~• 0(1/2+) 2695.2 1.7 583(16) 
nc(2770) 0 * 0(3/2+) 2765.9 2.0 798(20,25) 1092 (8,9) 

13 bottom baryons 
Ao 0(1/2+) 5619.51 192(19) 

b 
Ab(5920)0 o(3/r) 5919.81 194(20) 

:c+• 1(1/2+) 5811.3 1.9 192(19) 
b 

Eb(5945) 0 * 1/2(3/2+) 5948.9 1.6 582(20) 1306 (19) 
Pc(4450)+* 4449.8 3.0 193(18) 

Table 5. Particle masses [4] (in MeV) known with the uncertainty less than 6 MeV (intervals 336-3371 MeV). 

Particle m, A 336 447 460 1673 1688 3371 
1 leptons el.," 0.0 1673 (1,2) 1688 (1) 

µ 105.658 1673 (3,4) 
.,. 1776.82 336 (22) 460 (7,9) 1673 (4) 
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Table 5 Continued 
Particle m1 336 447 460 1673 1688 3371 

2 Unflav. mesons 
,,-± 1-co-i 139.570 3371(1) 

77 o+co-+) 547.86 
p(770) 1+(1--) 775.26 336(1) 1688(2,3) 3371(3) 
w(782) o-w-) 782.65 336(2) 447(2) 1673(5,6) 1688(4) 
77'(958) o+co-+) 957.78 336(6) 447(4,5,6) 460(1) 1673(8) 1688(7) 3371(2) 
q,(1020) o-c1--J 1019.46 460(3) 1673(9) 1688(8) 

b1(1235)* 1+(1+-i 1229.5 336(3) 447(2,7,8) 460(4) 1673(11) 
!2{1270)* 0+(2++) 1275.5 336(5) 447(10) 1688(10) 3371(5) 
/i(l285) 0+(1++) 1282.0 336(9) 1688(11) 

77(1295)** o+(o-+) 1294 336(6) 1673(12) 1688(1) 
a2(1320) 1-c2++ 1318.3 460(8,9) 
77(1405)* o+(o--J 1408.8 447(6,14) 460(13,14) 1673(17) 1688(14) 
/i(l420)* 0+(1++) 1426.4 447(16) 1673(19) 
77(1475)** o+(o-+J 1476 460(3) 
!0(1500)** o+(o++) 1504 460(15) 
f,(1525)** 0+(2++) 1525 336(7,13) 447(18) 
,,., (1600)** 1-,1-+) 1662 336(10,16) 447(19) 
772(1645)** o+co-+) 1617 336(9) 
W3(1670)** 0-,3--J 1667 447(20) 
,r2(1670)* 1-cr+) 1672.2 336(17) 447(7) 1673(1) 
p3(1690)* 1+(3--J 1688.8 336(19) 460(4) 1688(1) 
Jo(l 710)** o+co++) 1723 336(11) 447(9,10) 1688(15) 
q,3(1850)** o-c3--) 1854 336(12) 447(12,13,14) 460(18) 1673(20) 
a4(2040)** 1-(4++ 1995 336(16) 460(16,19,21) 1688(19) 3371(6) 

3 strange mesons 
K± 1/2(0-) 493.677 447(1) 460(1) 

K'(892),± l/2W) 891.66 336(3) 1673(7) 1688(5) 
K1(1270)** 1/2(1 +) 1272 336(4) 447(9) 3371(4) 
K1(1400)** 1/2(1+) 1403 447(4,12) 460(2,10) 1673(15) 
K2(1430)±o 1/2(2+) 1425.6 447(15) 1673(12) 
K2(1770** l/2(r) 1773 336(20) 447(11) 460(5) 
K3(1780)** 1/2(3-) 1776 336(21) 460(6,8) 1673(3) 
K4(2045)** 1/2(4+) 2045 3371(7) 

4 charmed mesons 
vo 1/2(0-) 1864.83 336(13,14) 460(10,11,13) 1688(17) 
v± 1/2(0-) 1869.58 336(15) 447(15,16,21) 460(12,14) 1688(18) 

D'(2010)± 1/2(1-J 2010.28 336(17,18) 447(22,23) 460(21) 1673(22) 
D1(2420) 0 1/2(1+) 2420.8 460(24) 3371(9) 

D,(2460)±• 1/2(2+) 2465.4 1688(3) 3371(13,14) 
5 charmed, strange mesons 

v± o+co-) 1968.27 447(17,18) 460(15) 1673(12) ' D,± o(?1) 2112.1 336(20,21,22) 447(19,20) 460(22) . 
v;o(2317)± O(O+) 2317.7 447(21,26) 460(18) 
D,1(2460)± 0(1+) 2459.5 336(25) 447(23,27) 460(20) 1673(6) 1688(2,20) 3371(11,12) 
D,1(2536)± o(l+) 2535.10 447(29) 
v;2(2573)* 0(2+) 2569.1 336(26) 460(22) 1673(7) 

v;,(2100)±- 0(1-i 2708.3 460(23) 1688(8) 
6 bottom mesons 

B± 1/2(0-i 5279.31 336(32) 
B' 1/2(1-i 5324.65 1688(22) 

B1(5721)+• 1/2(1+) 5725.9 447(33) 1688(24) 
B;(5747)H 1/2(2+) 5737.2 460(31) 
BJ(597o)+ 1/1(?1)** 5964 3371(17) 

7 bottom strange mesons 
B~ O(o-) 5366.82 447(34) 460(32) 3371(6) 
n;* 0(1-i 5415.4 3371(7) 

B,1(5830)0 0(1+) 5828.63 447(35) 460(32) 3371(10,11) 
B;2(5640)0 0(2+) 5839.84 3371(14,15) 

8 bottom charmed mesons 
B;* oco-J 6275.1 336(34) 447(35,36) 460(33) 3371(18) 

9 cc" mesons 
77c(1S) o+co-+) 2983.4 336(28) 447(29) 1673(13) 1688(12) 

J/,p(lS) o-c1--J 3096.90 447(30) 460(27) 1673(18,19) 1688 (13.14) 
xc0(lP) o+co++) 3414.75 336(29) 447(31) 460(28) 1688(15) 
Xc1(lP) 0+(1++) 3510.66 460(26) 1688(16) 3371(1) 
h,(lP) 11(0+-i 3525.38 447(32) 1673(20) 
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Table 5. Continued 
Particle m; 336 447 460 1673 1688 3371 
Xc2(lP) 0+(2++) 3556.20 460(27) 1688(17, 18) 
1Jc(2S)* o+co-+) 3639.2 1673(21) 1688(22) 
,J,(2S) o-c1--) 3686.10 336(30) 460(29) 1673(26) 1688(19) 

X(3872) 0+(1++) 3871.69 460(28) 
X(3900)* 1+(1+-) 3886.6 460(30) 
X(3915)* o+c1++) 3918.4 336(31) 3371(2) 
Xc2(lP)* 0+(2++) 3927.2 1673(23) 1688(23) 
X(4020)* 1(7?) 4024.1 336(30) 
,j,(4040)** 0-(1--) 4039 1688(24) 
X(4140)* o+(??+) 4146.9 460(29) 1673(24) 1688(20,25) 3371(3) 
,j,(4160)** 0-(1--) 4191 1673(25) 
X(4260)** ?7(1--) 4251 336(31) 1673(28,26) 1688(26) 
X(4360}** 77(1--) 4346.9 460(30) 
X(46~0)** ??(1--) 4643 1673(27) 3371(4,5) 

10 bb mesons 
'lb(lS)* o+(o-+) 9399.0 460(34) 
Xbo(lP) o+(o++) 9859.44 460(34) 
Xb1(lP) o+(o++) 9892.78 336(35) 460(35) 
hb(lP)* 7?(1+-) 9899.3 336(36) 460(36) 
Xb2(lP) 0+(2++) 9912.21 447(37) 
T(2S) 0-(1--) 10023.26 336(37) 

T(lD)* 0-(2--) 10163.7 447(38) 
Xbo(2P) o+(o++l 10232.5 336(35,36) 
Xb2(2P) 0-(2+-) 10268.65 336(38) 
T(3S) 0-(1--) 10355.2 336(37) 447(37) 460(35,36) 

10 X(10610)h 1+(1+) 10607.2 336(38) 447(38) 
11 baryons 

n 1/2(1/2+) 939.5654 336(4,5) 447(1,3) 460(2) 1688(6) 
A 0(1/2+) 1115.683 336(1,2) 1673(10) 

A(1405) 1/2- * 0(l/2-) 1405.1 447(5,13) 460(11,12) 1673(16) 1688(13) 
A(1520}3/r * o(3/r) 1519.5 336(12) 447(17) 

EO 1(1/2+) 1192.642 336(7,8) 1688(9) 
E(1385) 0 * 1(3/2+) 1383.7 336(11) 447(3) 1673(14) 

go 1/2(1/2+) 1314.86 460(5,6,7) 1673(13) 
:::- 1/2(1/2+) 1321.71 336(10) 447(11) 

?:(1530)3/2+0 1/2(3/2+) 1531.80 336(8,14,15) 460(16) 
?:(1820)3/2- 1/2(3/2-)** 1823 460(17) 1688(16) 

?:(2030)** 1/2(~ 3/27) 2025 336(19) 447(24) 
n- 0(3/2+) 1673.45 336(18) 447(8) 1673(2) 

11(2250)-** 0(7?) 2252 336(23) 447(25) 460(21) 1673(23) 3371(8) 
12 charmed baryons 

A;/" 0(1/2+ 2286.46 460(17) 
Ac(2595)+ 0(1/r) 2592.25 336(23) 460(25) 3371(17) 
Ac(2625)+ 0(3/2-) 2628.11 336(27) 1673(8) 1688(6) 
Ac(2880+) 0(5/2+) 2881.53 1688(9) 
Ec(2455) 0 1(1/2+) 2453.75 336(24) 447(22) 460(19) 1673(5) 3371(10) 
Ec(2520) 0 1(3/2+) 2518.48 447(28) 1673(12) 

Ec(2800}0 ** 1(3/2+) 2906 336(26) 447(27) 1673(11) 3371(18) 
,:;o 1/2(1/2+) 2470.85 447(24) 460(21) 1673(24) 1688(4) 3371(15) -c 

-::::10* 1/2(1/2+) 2577.9 1673(26) 1688 (5) 3371(16) -c 
?:0 (2645) 0 1/2(3/2+) 2645.9 336(28) 447(30) 1688(7) 
3 0 (2790) 0 * 1/2(1/r) 2791.9 336(24,25) 1673(10) 
3 0 (2970) 0 * 1/2(77) 2968.0 336(27) 447(28,31) 1673(12,27) 1688(10,11) 
?:0 (3055)* 1/2(77) 3055.1 460(25,26) 1673(14) 

3 0 (3080) 0 * 1/2(77) 3079.9 336(29) 447(32) 1673(15,16,17) 
n~• 0(1/2+) 2695.2 447(25) 1673(9) 

110 (2770) 0 * 0(3/2+) 2765.9 447(26) 1688(21) 
13 bottom baryons 

Ao 0(1/2+) 5619.51 336(32,33) 1688(23) 3371(8) 
E.f* 1(1/2+) 5811.3 447(34) 460(33) 
rl+• 1(3/2+) 5832.1 447(36) 1688(25) 3371(12,13) b :o 1/2(1/2+) 5791.9 3371(9) -b 

::::b(5935J- 1/2(1/2+) 5935.02 336(34) 1688(26) 
?:b(5945)0 * 1/2(3/2+) 5948.9 3371(16) 
=.(5955)- 1/2(1/2+) 5955.33 336(33) 

14 exotic baryons 
Pc(4450)+* 4449.8 1688(21) 
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Table 6. Particle masses [4) (in MeV) known with the uncertainty less than 6 MeV (intervals 4425-3959 MeV). 

Particle m, ~ 4425 4640 3943 4406 4052 3959 
1 leptons el., V 0.0 4425(1) 4640(1) 

0 105.658 
T 1776.82 4052(13,14) 3960(11) 

2 Unflav. mesons 
,r± 1-co-J 139.570 4052(1) 

1/ o+co-+) 547.86 
p(770) 1+c1--i 775.26 4640(2) 
ry1(958) o+co-+) 957.78 4406(1) 

b1 (1235)* 1+c1+-i 1229.5 3.2 4052(2) 
/2(1270)* 0+(2++) 1275.5 0.8 4640(6,7) 4052(4) 
J,(1285) 0+(1++) 1282.0 0.5 4640(8) 

ry(l295)** o+co-+) 1294 4 4640(9) 
a2(1320) 1-c2++ 1318.3 0.5 4640(11) 4406(2) 4052(6) 3960(3) 
ry(l405)* o+co--J 1408.8 1.8 4425(10) 4640(15) 4406(7) 3960(7) 
Ji (1420)* o+(l++J 1426.4 0.9 3940(3) 4406(10,11) 
11(1475)** o+co-+) 1476 4 3939(4) 
/0(1500)** o+co++) 1504 6 4406(12) 
/~(1525)** 0+(2++) 1525 5 4425(12) 4406(13) 
1TI (1600)** 1-c1-+J 1662 8 3960(1) 
1/2(1645)** o+co-+) 1617 5 4425(14) 
1r2(1670)* 1-c2-+J 1672.2 3.0 3947(5) 4052(7) 
p3(1690)* 1+c3--i 1688.8 2.1 4052(9) 

4'3(1850)** o-(3--J 1854 7 4425(15) 3960(12) 
a4(2040)** 1-c4++ 1995 8 3940(10) 4052(17) 3960(16) 

3 strange mesons 
K± 1/2(0-J 493.677 3960(1) 

K1(1270)** 1/2(1+) 1272 7 4640(5) 4052(3) 
K1(1400)** 1/2(1+) 1403 7 4425(6,7) 4640(13) 4406(5) . 3960 (5) 
K:i(1430)±• 1/2(2+) 1425.6 1.5 3941(2) 4406(8,9) 
K2(1770** 1/2(2-J 1773 8 4052(10) 3960(9) 

4 charmed mesons 
vo 1/2(0-J 1864.83 3046(7) 4406(15) 4052(15) 3960(13) 
v± 1/2(0-) 1869.58 3942(8) 4406(16) 4052(16) 3960(14,15) 

v•c2010)± 1/2W) 2010.28 3943(11,12) 
5 charmed, strange mesons 

v± o+co-J 1968.27 3944(9) 
' v;1 (2100)± • OW) 2708.3 3.4 

6 bottom mesons 
B± 1/2(0-J 5279.31 4052(2) 3960(2) 
B• 1/2(1-J 5324.65 3941(1) 4052(3,4) 

B1(5721)+* 1/2(1+) 5725.9 2.7 4406(2,3) 4052(7,8) 
B2(5747)+* 1/2(2+) 5737.2 0.7 4425(4,16) 4052(9) 3960(9,10,11) 
B,(5970)+ 1/1(?')** 5964 5 4640(12,17) 3939(13) 

7 bottom strange mesons 

B~ o(o-J 5366.82 4425(2) 3941(2,3) 4406(1) 4052(5,6) 3960(5,6,7) 
s;• OU-) 5415.4 1.5 4640(2) 3939 (4) 

B,1 (5830) 0 0(1+) 5828.63 4425(6,8,18) 4640(1) (8,10,18) 4052(10,11,13) 3960(13,14) 
B;2(5640) 0 0(2+) 5839.84 4425(20) 4052(19) 

8 bottom charmed mesons 
n;* oco-J 6275.1 1.0 4425(15) 4406(15,16) 3960(17,22) 

9 cc" mesons 
,/;(4160)** o-c1--) 4191 5 4052(1) 

,/;(4415)** 0-(1--) 4421 4 14425(1) 1 

X(4660)** ?1(1--) 4643 9 14640(1) 1 

JO bb mesons 
Xbo(lP) o+(o++) 9859.44 3943(14,15) 4052(18) 
Xb1(lP) o+(o++) 9892.78 3944(16) 4052(19) 3960(18) 
hb(lP)* ?'(I+-) 9899.3 0.8 3944(17) 3960(19) 
Xb2(lP) 0+(2++) 9912.21 3960(20,21) 
T(2S) o-(1--) 10023.26 4425(17) 4406(17) 

T(ID)* 0-(2--) 10163.7 1.4 4425(1) 
Xbo(2P) o+ (O++) 10232.5 0.4 4406(18) 3960(22) 
Xb1(2P) 0+(1++) 10255.46 4425(18,19) 4640(16) 
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Table 6. Continued. 

Particle m; Ll. 4425 4640 3943 4406 4052 3959 
X&2(2P) 0-(2+-) 10268.65 4425(20) 
T(3S) 0-(1--) 10355.2 0.5 4406(19) 

X(10610)±• 1+(1+) 10607.2 2.0 4640(17) 
11 baryons 

n 1/2(1/2+) 939.5654 4425(2) 
A 0(1/2+) 1115.683 

A(l405)1/2- * 0(1/r) 1405.1 1.3 4425(8,9) 4640(14) 4406(6) 3960(6) 
A(l520)3/r * 0(3/2-) 1519.5 1.0 4425(11) 

EO 1(1/2+) 1192.642 4425(3) 4640(3,4) 
E(l385} 0 * 1(3/2+) 1383.7 1.0 4425(5) 3941(1) 4406(4) 

so 1/2(1/2+) 1314.86 0.20 4425(4) 4640(9} 4052(5) 3960(2) 
s- 1/2(1/2+) 1321.71 0.07 4640(12} 4406(3} 3960(4) 

S(l530}3/2+o 1/2(3/2+) 1531.80 0.32 4425(13} 4406(14) 
::::(2030)** 1/2(~ 3/21} 2025 5 3939(13) 

n- 0(3/2+) 1673.45 3946(6} 4052(8} 
13 bottom baryons 

Ao 
b 0(1/2+) 5619.51 4425(3) 4640(16} 3947(5,6) 4406(17} 3960(8) 

A&(5912) 0 0(1/r) 5912.11 4640(5,6) 3944(9,14) 4406(12) 
A&(5920} 0 0(3/2-} 5919.81 4640(7,8) 3940(15) 4052(15,16) 

E+• 1(1/2+) 5811.3 1.9 4425(5,17) 3943(7,8) 4406(5,6,7) 4052(18) 3960(12) 
r/+• 1(3/2+) 5832.1 1.9 4425 4640(4) 4406(9,11} 4052(12,14) 3960(15) b 

(7,9,10,18) 
,00 1/2(1/2+) 5791.9 0.5 4406(4) -· ::::;,(5935}- 1/2(1/2+) 5935.02 4640(9} 3940(10} 4406(13,14} 3960(18,19) 

::::.(5945)0 * 1/2(3/2+) 5948.9 1.6 4425(11,12) 3938(11,16} 4406(19) 3960(20} 
::::b(5955J- 1/2(1/2+) 5955.33 4425(13) 4640(10,11) 3945(12,17) 3960(16,21) 

n-• 
b 0(3/2+) 6046.4 1.9 4425(14) 4640(13,14.15} 4052 (17) 

14 exotic baryons 
Pc(4450}+* 4449.8 3.0 3960(1) 

4. General conclusions 

Performed confirmation of CODATA relations between masses of nucleons and the 
electron provides a base for the Symmetry Motivated Electron-Based approach to the 
Standard Model development with the dominant role of two parameters of the electron: 
the mass value m, and QED radiative correction [8,9]. This approach requires collection 
and analysis of new accurately measured data on particle masses and nuclear states. 

Three parts of CODATA relations were considered: 
1) The period 8 = 16m, common for many different particles, including leptons and 

hadrons; this period is confirmed with the analysis of data from PDG reviews. Distin
guished position of the pions parameters frr, m11:, b..Mii. with n=16,17,18 provide a direct 
confirmation of symmetry motivated origin of the common period 8. 
2) Fine structure with values of shifts 161keV and 8x161keV coinciding with nucleon 
mass splitting was earlier observed in nuclear excitations. Only recently this splitting was 
estimated theoretically within very large uncertainty, but its appearance in nuclear data 
was noticed long ago. 
Now members of fine structure in nuclear data are determined within 1 keV uncertainty. 
3) Similar situation exists with the parameter 170 keV=m,/3 frequently seen as the analog 
of above mentioned fine structure. A possibility to study directly this common fine struc
ture is a unique opportunity of the nuclear and neutron resonance spectroscopies which 
should not be ignored (taking into account a possibility to study position of nucleon mass 
within the first just discussed correlation). 
4) Confirmation of CODATA relations suggested by Y. Nambu should be supplement with 
efforts from neutron resonance spectroscopy to check the role of the QED correction. 
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Table 7. Particle masses (MeV) from PDG-2017 known with an uncertainty <30MeV given 
without rounding up; values with one and two meaningful numbers after the point are given 
directly; values with uncertainty < 8 MeV are marked by *; values with uncertainty > 8 MeV 
are marked by**; values which belong to members of multiplets excluded from the analysis (see 
text and [3,6,12]) are marked by***. 

Particle m, A Particle m, A 
1 1 leptons electron, v 0.511 53 D2{2460)±• 1/2(2+) 2465.4 1.3 

2 µ 105.658 5 charmed strange mesons 
3 T 1776.82 54 D';' o+co-) 1968.18 

2 Unflav. mesons 55 n<± 0(7?) 2112.1 0.4 ' fw 130.7 0.4 56 n;o{2317)± o(o+) 2317.7 0.6 
4 71"0*** 1-co-) 134.977 57 D,1(2460)± 0(1+) 2459.5 0.6 
5 ,r± 1-co-) 139.571 58 D,1{2536)± 0(1+) 2535.10 
6 11 o+co-+) 547.862 59 n;2{2573)* 0(2+) 2569.1 0.8 
7 p(770) 1+c1--i 775.26 60 n;, (2100)± • 0(1-i 2708.3 3.4 
8 w{782) o-w-) 782.65 6 bottom mesons 
9 11'(958) o+co-+) 957.78 61 B± 1/2(0-i 5279.32 
10 ¢(1020) o-c1--) 1019.46 62 no*** 1/2(0-) 5279.63 
11 b1 (1235)* 1+(1+-) 1229.5 3.2 63 B' 1/2(1-) 5324.65 
12 /2(1270)* 0+(2++) 1275.5 0.8 64 B1(5721)+. 1/2(1+) 5725.9 2.7 
13 !,(1285) 0+(1++) 1281.9 0.5 65 B1{5721) 0 *** 1/2(1+) 5726.0 1.3 
14 11(1295)* o+co-+) 1294 4 66 B2{5747)+• 1/2(2+) 5737.2 0.7 
15 a2{1320) 1-c2++J 1318.3 0.5 67 8:i(5747J 0

••• 1/2(2+) 5739.5 0.7 
1'(1400) 1-c1--i 1354 25 68 BJ{5970)+ 1/1(71)** 5964 5 

16 11(1405) o+co--) 1408.8 1.8 69 BJ{5970) 0 *** 1/1(77)•• 5971 5 
17 ft (1420) 0+(1++) 1426.4 0.9 7 bottom strange mesons 
18 11(1475)* o+co-+) 1476 4 70 B~ 0{o-) 5366.89 

ao{l450)** 1-co++) 1474 19 71 B;* 0(1-) 5415.4 1.5 
19 /0(1500)* o+(o++) 1504 6 72 B,1(5830)0 0(1+) 5828.63 
20 /2(1525)* 0+(2++) 1525 5 73 B;2{5640)0 0(2+) 5839.85 
21 1r1{1600)* 1-c1-+J 1662 8 8 bottom charmed mesons 
22 112(1645)* 0+(2-+) 1617 5 74 B~* 0{o-) 6274.9 1.0 
23 wa{l670)* o-c3--) 1667 4 9 cc mesons 
24 1r2{1670) 1-c2-+i 1672.2 3.0 75 11c(1S) o+co-+) 2983.4 0.5 
25 p3(1690) 1+(3--) 1688.8 2.1 76 J/,p(lS) 0-(1 --) 3096.90 

p{l700) 1+c1--i 1720 20 77 Xco{lP) o+co++) 3414.75 
26 /0(1710)* o+co++) 1723 6 78 Xct{lP) 0+(1++) 3510.66 
27 </>(1800)** 1-co-+) 1812 12 79 hc(lP) 71(1+-) 3525.38 
28 </>a{l850)* o-c3--) 1854 7 80 Xc2{lP) 0+(2++) 3556.20 
29 1r2{1880)** 1-c2-+i 1895 16 81 11c{2S) o+co-+) 3639.2 1.2 
30 /2(1950)** 0+(2++) 1944 12 82 ,J;{2S) o-c1--) 3686.10 
31 a4{2040)* 1-(4++ 1995 8 83 ,f;{3770) o-{1--) 3773.13 
32 /2(2050)** 0+(4++) 2018 11 84 ,J;{3823) ?'(z--) 3822.2 1.2 
33 ,f;{2170)** o-w-) 2188 10 85 X{3872) 0+(1++) 3871.69 

3 strange mesons 86 X{3900) 1+(1+-i 3886.6 2.4 
34 ~ 1/2(0-) I 493.677 1 87 X{3915) o+(7++) 3918.4 1.9 
35 K 1/2(0-) 497.01 0.013 88 Xc2{lP) 0+(2++) 3927.2 2.6 
36 K'{892)'± 1/2(1-) 891.76 0.29 89 X{4020) 1(7?) 4024.1 1.9 
37 K' {892)' 0 

••• 1/2(1-) 895.85 0.20 90 ,f;{4040)* o-c1--) 4039 1 
38 K1{1270)* 1/2(1+) 1272 7 91 X{4140) o+(71+) 4146.8 3.1 
39 K1(1400)* 1/2(1 +) 1403 7 92 ,f;{4160)* o-c1--) 4191 5 
40 K'(l410* 1/2(1-) 1421 9 93 X{4260)* 71(1--) 4230 8 
41 K'(l43o)± 1/2(2+) 1425.6 1.5 94 X{4360)* 71(1--) 4341 8 
42 K:i h430) 0 ••• 1/2(2+) 1432.4 1.3 95 ,f;{4415)* o-c1--) 4421 4 

K'{l680** 1/2(1-) 1718 18 96 X{4430)** 71(1+) 4418 15 
43 K2(1770* l/2{Z-) 1773 8 97 X(4660)* 71(1--) 4643 9 
44 K3{1780)* 1/2(3-) 1776 7 10 bb mesons 
45 K2(1820** 1/2(2-) 1819 12 98 11b(1S) o+co-+) 9399.0 2.3 
46 K.j(2045)* 1/2(4+) 2045 9 99 T{lS) o-c1--) 9460.30 

4 charmed mesons 100 XbO(lP) o+(o++) 9859.44 
47 no 1/2(0-) 1864.83 101 Xb1(lP) o+co++) 9892.78 
48 n± 1/2(0-) 1869.59 0.20 102 hb(lP) 71(1+-) 9899.3 0.8 
49 D' {2007)0 *** 1/2(1-) 2006.85 103 Xb2{lP) 0+(2++) 9912.21 
50 D'{2010)± 1/2(1-) 2010.28 104 T(2S) o-c1--) 10023.26 
51 D,{2420)0 1/2(1+) 2420.8 0.5 105 T(lD) o-c2--) 10163.7 1.4 
52 n; {2460)0 ... 1/2(2+) 2460.7 0.4 106 Xbo(2P) o+(o++) 10232.5 0.4. 
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Table 7. Continued. 
Particle m; t,. Particle m1 t,. 

107 Xb1(2P) 0+(1++) 10255.46 143 Ec(2520)++**• 1(3/2+) 2518.41 
108 Xb2(2P) o-c2+-) 10268.65 144 Ec(252Q)+••• 1(3/2+) 2517.5 2.3 
109 T(3S) o-c1--) 10355.2 0.5 145 Ec(2520) 0 1(3/2+) 2518.48 
110 Xb1(3P) 0+(1++) 10512.1 2.3 146 Ec(280Q)++**• 1(3/2+) 2801 6 
111 T(4S) o-c1--) 10579.4 1.2 147 Ec(2800)+** 1(3/2+) 2792 14 
112 X(10610)± 1+(1+) 10607.2 2.0 148 Ec(2800)°* 1(3/2+) 2806 7 
113 X(10610)0 1+(1+) 10609 6 149 =+*** 1/2(1/2+) 2467.87 -c 
114 1'(10860) o-c1--) 10889.9 3.2 150 -:,o 1/2(1/2+) 2470.87 -c 
115 1'(11020)* o-c1--) 10993 10 151 =~+••· 1/2(1/2+) 2577.4 1.2 

11 baryons 152 ,;:::10 1/2(1/2+) 2577.8 0.3 -c 
116 p*** 1/2(1/2+) 938.2721 153 Ec(2645)+••• 1/2(3/2+) 2645.53 
117 n 1/2(1/2+) 939.5654 154 Ec(2645) 0 1/2(3/2+) 2646.32 
118 A 0(1/2+) 1115.683 155 Ec(2790)+**• 1/2(1/Z-) 2792.0 0.5 
119 A(1405)1/Z-* 0(1/2-) 1405.1 1.3 156 Ec(2790) 0 1/2(1/Z-) 2792.8 1.2 
120 A(1520)3/Z-* 0(3/Z-) 1519.5 1.0 157 Ec(2815)+•** 1/2(3/Z-) 2816.67 0.31 
121 E+*** 1(1/2+) 1189.37 0.D7 158 Ec(2815) 0 1/2(3/Z-) 2820.22 0.32 
122 EO 1(1/2+) 1192.642 159 Ec(2970)+**• 1/2(?7 ) 2969.4 0.8 
123 r:-••· 1(1/2+) 1197.45 0.03 160 Ec(2970)0 1/2(?7 ) 2967.8 0.8 
124 E(1385)+*** 1(3/2+) 1382.80 0.35 161 Ec(3055) 1/2(?7) 3055.9 0.4 
125 E(1385) 0 1(3/2+) 1383.7 1.0 162 Ec(3080)+ *** 1/2(?7 ) 3077.2 0.4 
126 E(1385)- ••• 1(3/2+) 1387.2 0.5 163 Ec(3080) 0 1/2(?7 ) 3079.9 1.4 
127 ::;o 1/2(1/2+) 1314.86 0.20 164 !1~ 0(1/2+) 2695.2 1.7 
128 ::- 1/2(1/2+) 1321.71 0.07 165 !1c(2770}0 0(3/2+) 2765.9 2.0 
129 E(1530}3/2+ 0 1/2(3/2+) 1531.80 13 bottom baryons 
130 E(1530)3/Z- ••• 1/2(3/2+) 1535.0 166 Ao 0(1/2+) 5619.58 b 
131 E(1820)3/Z- • 1/2(3/Z-) 1823 5 167 Ab(5912) 0 0(1/Z-) 5912.18 0.21 
132 E(2030)* 1/2(2: 3/27 ) 2025 5 168 Ab(5920) 0 0(3/Z-) 5919.90 0.19 

133 ~ 0(3/2+) 1 1613.45 1 169 E+• 1(1/2+) 5811.3 1.9 b 
134 !1(2250)-** 0(?') 2252 9 170 E- *** 1(1/2+) 5815.5 1.8 

12 charmed baryons 171 i•+• 1(3/2+) 5832.1 1.9 b 
135 At 0(1/2+ 2286.46 172 E•-••• 1(3/2+) 5835.1 1.9 b 
136 Ac(2595)+ 0(1/Z-) 2592.25 173 =-•·· 1/2(1/2+) 5794.5 1.4 -b 
137 Ac(2625)+ 0(3/2-) 2628.11 174 -:,o 1/2(1/2+) 5791.9 0.5 -b 
138 Ac(2880+) 0(5/2+) 2881.53 175 E~(5935}~ 1/2(1/2+) 5935.02 
139 Ac(294o+)• 0(5/2+) 2939.3 1.5 176 Eb(5945) 0 1/2(3/2+) 5949.8 1.4 
140 Ec(2455)++•** 1(1/2+) 2453.97 177 Eb(5955)- 1/2(1/2+) 5955.33 
141 Ec(2455)+•** 1(1/2+) 2452.9 0.4 178 n- 0(3/2+) 6046.1 1.9 b 
142 . Ec(2455) 0 1(1/2+) 2453.75 
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Abstract. A simultaneous determination of the nuclear level density (NLD) and the radiative 
y-ray strength functions (RSF) is a way to investigate the nuclear superfluidity. The empirical 
method, proposed for this purpose, is based on analysis of the two-step y-ray cascades (TSC), 
which are resulted from a capture of thermal neutrons. At that, different valid assumptions 
and phenomenological representations of NLD and RSF parameterizations were used and 
tested for the experimental TSC intensities description. Investigation of 44 nuclei with masses 
in the region 28 :S A :S 200 showed an influence of the nuclear shape on the dynamics of a 
change of a phase of nuclear matter. 

1. Introduction 

By analogy with the superfluidity effect in metals due to pairing of electrons [l, 2] a pairing 
of nucleons results in the superfluidity of nuclear matter [3]. As information about pair 
correlations, thermodynamic characteristics and properties of electromagnetic transitions [4, 
5] can be extracted from NLD and RSF values, so in order to understand the process of phase 
change in nuclear matter it is necessary to determine these two values experimentally. 

As it is impossible to resolve all individual levels and to determine probabilities of 
transitions between them by available now spectrometers, information on the superfluidity 
can be obtained from indirect experiments only. The method of TSC measuring has been 
developed at FLNP JINR [6]. In this method TSC of y-decay following a thermal neutron 
capture are recorded, and then their intensities are described by functions of some fitted 
parameters (chosen for NLD and RSF according to appropriate theoretical representations) at 
the excitation energies from the ground state to neutron resonance [7]. 

Up to now, the experiment was carried out on 44 nuclei of mass region 28 :S A :S 200: 
28 Al, ~. s2y, 60Co, 64Cu, 11Ge, 74Ge, 114Cd, 118Sn, 124Te, 12sTe, 128I, rnBa, 138B a, 139B a, 14°1.,a, 
1s0Sm, 1s6Gd, 1s8Gd, 16°Tb, I63Dv, 164Dv, 16sDv, 166Ho, 16sEr, 11°Tm, 112Yb, ,114Yb, 116Lu, mLu, 
181Hf, 182Ta, 183W, 184w, 185w, 181w, 1880s, 19<bs, )9)Os, 192lr, 193Os, 196pt, and 198Au. 

TSC is determined by the energies of initial, intermediate and final levels as well as 
the probabilities of electromagnetic transitions between them. In a small interval t-.E of 
energies of primary transitions the sum of the intensities of TSC from initial states A to a 
group of low-lying final states/through intermediate levels i is determined by an equation: 

1r/E1 ±M/2 )= LL I';; I';J =LI r!.j nj rif (1) 
,.f ; I', I'; !..f i < I' JJ > M JJ < I' if > m if 
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where ni= <pi>·6.E is the number of excited levels of the cascades in the 6.E energy bin, <pi> 
is a mean value of NLD in the 6.E energy bin, a sum of the partial widths of the primary 
transitions Ljf,j to M,j intermediate levels is <f,j>M,j, and a sum LJf if for the secondary 
transition to mi/final levels is <f if>mif, inasmuch as <f,j> = :E;f,/M,jand <f if>= :E;f /mit. 

The system of equations (1) is nonlinear and strongly correlated. Its solving (by 
maximum likelihood method) allows to obtain the NLD and RSF values simultaneously. The 
required NLD and RSF values, which are expressed as functions p(Ee,)=cp(p1,p2 ... ) and 
r(E1)= 1j1(4J,q2 ... ) using different valid repre~entations, can be evaluated from the fits of pi, 
p2, ... and qi, q2, .... parameters to the experimental intensities for all observed y-transitions. 

Now NLD is commonly represented by Gilbert-Cameron formula [8], what combines 
the Fermi gas model [9] and the constant temperature model [4], the backshift Fermi gas 
model (BSFM) [10] or phenomenological version of generalized superfluid model (GSM) 
[11]. Parameters of these models are founded by fitting to the experimental data of cumulative 
numbers of low-lying levels and the average distance between neutron resonances [12]. As 
these data cover only an interval of the excitation energies Eex<Ed (~ is an upper energy of 
the region of discrete levels) and energies in the vicinity of B0 (B 0 is the neutron binding 
energy), so calculated by these models NLD values will contain unexpected errors in energy 
region Ed < Eex < Bn, There is a similar problem for phenomenological RSF models, as the 
Kadmenskij-Markushev-Furman model (KMF) [13] or the generalized Lorentzian model 
(GLO) [14]. 

However, calculations usi~ abovementioned models of the NLD and RSF indicate 
that calculated TSC intensities, 111, are significantly lower than the experimental TSC 
intensities, expl11• Average values of ratio expln /caJin over 40 nuclei are 1.4-2.6 for different 
models of NLD and RSF [15]. Moreover, it must be said that a strong correlation between 
NLD and RSF was not taken into account in these models. 

2. Experiment 

The TSC method with recording of gamma-quanta coincidences following a thermal neutron 
capture was described in detail in [6]. The spectrometer includes two semiconductor detectors 
of high -efficiency at face-to-face close geometry. TSC to a group of final levels are observed 
as a group of peaks in the spectrum of sums of amplitudes of coincident pulses (SACP) (see 
Figure 1.1). Distortion of TSC because of noise coincidences is inhibited and removed by 
follows: 

- coincident events due to y-quanta backscattering between the detectors are reduced by 
lead filters 2.5 g/cm2 in front of each detector's window; 

- coincidences with a small energy of y-quanta are completely eliminated by the 
threshold for detectors at 520 ke V; 

- coincidences due to the Compton scattering and random coincidences are removed at 
an appropriate background subtraction. 

Amplitude's codes of coincident pulses are recorded and processed off-line. This 
procedure brings the possibility to improve the energy resolution of TSC spectra by the 
numerical algorithm without a loss of efficiency, which was presented in [16]. 

In order to obtain the experimental TSC intensities we have to determine efficiency of 
both detectors in the energy region 0.5 <By< 9 MeV. It was done using areas of full-capture 
peaks of the single y-ray spectra, which were recorded from 35Cl(n,y)36Cl reaction, and known 
for them y-ray intensities [17]. 
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After efficiency correction TSC distributions are obtained. Any intensity distribution 
of two-step cascades contains only peaks of the full capture of the cascade energy and a noise 
background with a zero average. A dispersion of a background line is effectively diminished 
at an increase in the number of events of recording of the total energy of the cascade (see 
Figure 1.2). Each of TSC spectra includes couples of mirror-symmetrical peaks, their center 
positions correspond to the energies of primary transition (E1) and secondary transition (E2). 
Areas of these mirror-symmetrical peaks are equal to each other. FWHM of all resolved peaks 
is not more than 2-4 keV. 
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Figure 1.1. A part of SACP spectrum of nucleus 
172Yb, the energies of final levels (in keV) of the 

cascades are written nearby. 
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Figure 1.2. The distribution of TSC to the 
ground state of 172Yb. 

Relative intensities iyy of the strongest cascades with intensity i I are used for a 
determination of absolute values of the sum lyy of all cascades: lyy==i1·B,100/iyy, where the 
branching ratio B, is determined from the set of y-y coincidences, accumulated in the 
experiment. And an absolute intensity ii (in percent per decay) of primary transitions is 
usually taken from PGAA [18] or ENDSF [19] files. 

3. Determination of the In(E1) distribution 

Structure of each TSC spectrum was described in detail in [20], and it consists of three 
components: 

1. a set of pairs of resolved peaks (see Figure 2.1, part A); 
2. overlapping distribution of unresolved peaks (Figure 2.1, part B); 
3. noise background with zero average line. 

Each TSC distribution (as in Figure 1.2) depends on both E1 and E2 energies of the 
cascade quanta. We can consider this distribution as a sum of two mirror-symmetrical 
distributions, lyy(E1) and lyy(E2). For the experimental data analysis by proposed Dubna 
method it is need to separate In(E1) intensity distribution from the total lyy(E1,E2) one. Taking 
into account that a background is almost absent, an equality of areas of the peaks of primary 
and secondary transitions (for each individual cascade) and a mirror-symmetry of their 
positions in relation to the spectrum center at 0.S(E1+E2), we subtracted all peaks of intense 
low-energy secondary transitions from the energy interval of the intermediate levels E; 2: 
0.5Bn. The rest of intensity in this interval (a continuous distribution of intensity of large 
number of low-energy primary cascade gamma-quanta) in sum with intense resolved primary 
transitions from the energy interval E;:S. 0.5Bn is just the most probable distribution Iyy(E1). 

177 



Fii 
anc 
wit 
Ce: 
107 
fou1 
Bot 
ing1 
are c 

100, 

~ ., 
dj 

so, 

2000 

secondary primary 
resolved 1 resolved · 

I 

4000 
E ,keV 

y 

6000 

A 

Figure 2.1.Illustration of the lyy(E1) separation 
procedure for TSC to the ground state of 172Yb 
nucleus (the percentage of resolved peaks is 

70%). 
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Figure 2.2. Evaluation of the effect of 
systematic errors for 172Yb in 4 fits at chosen 

boundary points of "zero primary 
transitions" at 2500, 3000, 3500, 3900 keV. 

The spectra were obtained for a sum of 
intensities of the cascades to the ground state 

and to the level with Er= 78 keV. 

Of course, if a part of peaks near the energy 0.5(Ei+E2), where there is a mixture of 
inseparable primary and secondary transitions, is inaccurately identified, the obtained function 
In= f{E1) distorts. But the part of the intensity of secondary transitions, which are mistakenly 
included into lyy(E1), and the part of the intensity of primary transitions, mistakenly included 
into lyy(E2), are equal to each other. At that, a possible distortion of a shape of /yy(E1) 

distribution in a small energy region of the primary transitions near 0.5Bn decreases with an 
increase in statistics. If TSC are recorded with a sufficient statistic (more than - 4000 events 
at the sum peak), percentage contribution of the unresolved peaks in the;.total intensity 
distribution is small. Three of quarter of all investigated nuclei had a minimal required 
statistic, and it was some times more for the rest of nuclei (in the case of 172Yb, for example, 
the percentage of resolved TSC to the ground state was 70% ). So, a high statistics allows to 
obtain lyy(E1) distribution'with an accuracy not worse than 10-20% in any energy bins. 

In Figure 2.2 the lyy(E1) distributions are shown, obtained at four chosen boundary 
points (it is supposed that the intensity of primary transitions decreases to zero in these 
points): 2500, 3000, 3500 and 3900 keV. As the shape of the lyy(E1) distribution does not 
change, so an extension and a shape of the "tail" of unresolved primary transitions, which 
were taken into account inaccurately, have no influence on the fitting .. It means that an 
uncertainty of such determination of the partial distribution lyy(E1) is acceptable. 
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4. The empirical Dubna model 

There is a potential for simultaneous estimation of the most probable NLD and RSF values 
even by model-free method [15] using the Monte-Carlo technique. However, it would be 
preferable if the NLD and RSF values should be built on a kind of physical assumptions. 
These assumptions have to take into account shell effects, pairing correlations, collective 
phenomena ofNLD, and also a dependence of width giant dipole resonance on temperature. 

The presence of the step-like structure at the fitted NLD curves (this structure was 
noticed even in [15]) confirms a validity of the superfluid nucleus theory, which interprets the 
step-like structure as the consequence of breaking Cooper pairs. In the RIPL projects [12] the 
GSM [11] model has also been considered as a preeminent model. But the GSM model needs 
in more precise description of the level density below a point of the phase transition. 

Description of the NLD function 
For a description of the nuclear level density in the empirical Dubna model [21,22] the 
representations were usecl: - , 

1) Gaussian distribution GnU) for the ]-spin-dependent expansion ofNLD, 
2) a dependence on excitation energy of Dn(Eex)density ofn-quasi-particle states[23] in 

the nucleus, 
3) a modified (see [24]) phenomenological coefficient Coon [12] for collective effects 

included the effect of an erihancement of the level density due to vibrational and 
rotational (for deformed nuclei) excitations. 
So, the NLD function was expressed asp(Eex) = GnU) X fln(Eex) X Ccoll• The fitted 

parameters, included in the NLD function p(Eex)=<p(U1,g,A1,P,Eu), are: the breaking thresholds 
U1 (l is a number of Cooper pair) from both fln (Eex) and Coon distributions, the density of 
single-particle states g near the Fermi-surface from fln (Eex)distribution and also parameters 
of density of vibrational levels A1 above each breaking point, the nuclear deformed parameter 
panda rate Euof a change in densities of quasi-particle "and phonon levels from Ccoll• 

The shell inhomogeneities of a single-particle spectrum were taken into account (as in 
[24]) through a dependence on excitation energy of the parameters g=6·a(Eex)ln2

, where 
a(Eex) is described in detail in [13]. 

Description of the RSF function 
RSF functions bcith for El- and Ml-transitions are predicted by the model [13] to be smooth, 
the analysis of the experimental database showed an absolute necessity of an addition of one 
or two peaks to the_ smooth parts of them for the better description ofTSC intensities [25]. 

In the Dubna model RSF functions of El- and Ml-transitons are pj-esented by the 
smooth parts from KMF model [13] in a sum with one or two peaks, each of which is 
described by asymmetrical Lorentzian curve. 

Parameters of the RSF functions (normalized parameter w for the total radiative width 
r1, a parameter K for a possible change of the thermodynamic temperature and also position, 
width, amplitude and asymmetric parameter of each local i-th peak [24]) of El- and Ml
transitons are fitted separately. 

5. The results and discussion 

The results of the best I11(E1) fits of the radiative widths ancl the level densities for 43 
investigated nuclei are presented in [24] in comparison with their calculations using generally 
accepted models. In Fig.4 there is an example of I11(E1) description for the 172Yb nucleus. 
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Figure 4.1. The Iyy(E1) distribution for the 172Yb nucleus. Histogram is the experiment with its 
errors. Broken lines are the results of 5 the best fits. Triangles are the cascade intensity calculated 

using models [11] and [10]. 
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Figure 4.2. Dependence of the level density for 172Yb on the excitation energy. Dased line is the 
level density predicted by the model [10] for spins O SJ$ 3 and both parities; open points and 

stars are numbers of "discrete" levels obtained by TSC method and other experiment [26] 
corresponding; black points with errors are the densities from the best fits to the experimental 
cascade intensities; solid lines noted by numbers are densities of vibrational levels above the 

breaking thresholds of 3 Cooper pairs, calculated with fitted parameters. 

Using fitted parameters, the NLD and RSF values are simultaneously determined with 
help of the presented empirical model. Obtained distributions of the NLD for 172Yb nucleus 
are shown in Figure 5, as an example. For 172Yb, as for ·a11 investigated nuclei, the p(E,x) 
distributions have a step-wise structure. At the first step (it is usually at excitation energies 
from 1-2 to 3-4 MeV), above the first breaking point, NLD distribution is mostly constant 
and is even lowered with an increase of excitation energy (see·. Figure 5). And energy 
dependences of NLD above breaking points of the second and the third Cooper pairs rapidly 
increase as it was predicted by the model [23]. 
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The NLD dependencies on the excitation energy obtained from the Dubna model were 
compared with ones of the BSFG model, which is considered as a standard model for NLD 
description in low-energy region and nearby Bn. The comparison showed an agreement 
between the results in the area near the breaking point of the first Cooper pair and Bn, but at 
an increase of excitation energy there is a strong divergence between the results of the 
compared models. However, a plateau, or even a little fall of NLD distributions of Dubna 
model in the region of excitation energies of 2 - 4 Me V is not in discrepancy with the density 
of discrete levels obtained from some different experiments (see Figure 5). 
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Figure 6. Mass dependencies of Eu fitted 
parameter for even-even nuclei (black points), 

even-odd nuclei (half-black points) and odd-odd 
compound- nuclei (open points). 
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Figure 7. Mass dependencies of breaking 

thresholds of the second (points) and of the 
third (squares) Cooper pairs for even-even 

nuclei (black points), even-odd nuclei 
(half-black points) and odd-odd 

compound- nuclei (open points). Triangles 
are mass dependencies ofBi/80• 

In Figures 6, 7 the mass dependences of fitted parameters for the investigated nuclei 
are shown: E,/80 ratios (6o=l2.8·A112 is the mean pairing energy of the last nucleon in the 
nucleus) as well asthe breaking thresholds of the second and of the third Cooper pairs. It is 
seen that the mean value of E,/60 ratios was approximately 1 for about 30 nuclei, and the 
breaking thresholds of Cooper pairs for spherical nuclei (A<150) have values higher than 
those for deformed nuclei (see Figure 7). It is obvious that for spherical nuclei the breaking 
thresholds of the 3-rd Cooper pair are about B0 , and for deformed nuclei they are far less. 

5. Conclusions 

The Dubna empirical model has an ability to describe the experimental I-,-y(E1) distributions 
with a high accuracy. The experimental intensity distributions were measured for 44 nuclei 
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precisely enough to assert that in case under consideration of the used phenomenological 
representations the obtained results are reliable: 

✓ an existence of the superfluid phase of nuclear matter was established at an 
observation of the behavior of the NLD dependences on the excitation energy during 
the phase transition process; 

✓ it was obtained that the energies of the breaking thresholds of Cooper pairs in 
spherical nuclei are larger than ones for deformed nuclei, i.e. the dynamics of the 
phase transition in the nuclear matter depends on a shape and a parity of the nucleus. 

In order to obtain a more detailed picture of the dynamics of a transition between the 
fermion and the boson states in the nucleus one should to expand the number of the studied 
nuclei. 

A validity of obtained results depends also on a reliability of the used 
phenomenological descriptions of NLD and RSF functions, so model evolution is necessary. 
And, first of all, a replacement of the phenomenological coefficient of enhancement of 
collective levels by a modem appropriate model must be done. 
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Abstract. For the purpose of an enhancement of the experimental data set on the cascade 
intensities of two gamma quanta emitted step by step after radiative capture of thermal 
neutrons, the 171Yb(Ilth,2y)-reaction was investigated. In the analysis of the cascade intensities 
a structure change of the observed levels of the 172Yb nucleus was discovered depending on 
the excitation energy, and the most probable breaking thresholds were obtained for four 
Cooper pairs of neutrons below the neutron binding energy. 

1. INTRODUCTION 

A nucleus with even number of neutrons (and protons) is, in the ground state, a system 
of pairing nucleons, and it becomes a system of excited fermions at its excitation in a process 
of pair breaking. An investigation of the dynamics of this process promotes obtaining the 

· principally new information about fundamental interactions occurred in the nucleus. 
In representation about the nuclear superfluidity, which is generally accepted among 

experimenters, an excited nucleus is considered as a statistic fermion system. And now as 
before, this representation is applied in the experimental analysis, even at using a state-of
the-art instrumentation and at a modem status of theory of the nucleus. Theorists exploit a 
representation about "pair correlations of superconductive type", at least, in an excitation 
region above the experimentally obtained energies of rotational and vibrational excitations. 

Unfortunately, a multiple increase in errors of the extracted experimental parameters 
(level density p and widths r of emission of gamma-quanta), which exists due to large 
coefficients of transfer to them of errors of the measured spectra (or cross-sections), hamper 
the progress in understanding of the intranuclear processes. 

In the realized in Dubna method [ 1] of measuring the intensities of two-step cascades 
at y-decay of neutron resonances, the most probable values of both the level density p of 
intermediate levels in compound-nucleus and the partial widths r of emission of reaction 
products are determined simultaneously. It allows to study a change dynamics in behavior of 
superfluid phase of the nuclear matter at an increase in the excitation energy of the nucleus, 
since the energies of three cascade levels (initial, intermediate and final ones) as well as the 
probabilities of transmissions between them are determined in the investigated (n,2y)-reaction 
with a high accuracy. 

The correlation alwars exists between the obtained parameters p and r (or radiative 
strength functions k =fl(A21 -E/-Di.), where A is a mass of nucleus, Di. is an average space 
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between its levels, and E1 is an energy of emitted y-quantum). Nevertheless, at an existence of 
the total system of equations, which connect the p and r values in each point of the excitation 
energy Eex, these two values could be calculated exactly. But because of a deficiency of 
experimental information, a simultaneous determination of p and r values from the 
experimental data is possible only with use of different appropriate model representations 
about p(Eex) and r(E1) functions. At that, an uncertainty, which exists due to a correlation 
between p and r values, is converted into systematical errors in the tested correlated models 
for p(Eex) and r(E1) functions. 

At the analysis of the lyy(E1) intensities of the two-step cascades of y-transitions, 
measured by now for 43 nuclei in the mass region 28 :'.S A :'.S 200, it turned out, that the 
experimental information for each investigated nucleus is individual. It completely 
corresponds to the modem theories about dynamics of fragmentation of nuclear states (the 
wave functions of excited nuclear levels are formed in the fragmentation process of states of 
nuclear potential with different quantum numbers and various positions relative to Fermi 
surface) [2, 3]. 

The theoretical description of a structure change of the complex nuclei in the energy 
range from the ground state up to neutron resonances one can inquire for in [4], for example. 
Although there is no yet a comprehensive knowledge about an interaction between Fermi
and Bose-states in the nucleus, but on a base of the analysis of the cascades' intensities 111(£1) 

measured for stable nuclei-targets with different PIN ratio (P is a number of protons, N is a 
number of neutrons) the quite realistic picture of nuclear changeover to fermion system at the 
excitation energy Eex < B0 (B0 is a neutron binding energy in the nucleus) already exists. In 
particular, the strenth functions, obtained for pairs of nuclei with the same P and various N 
(

156Gd and 158Gd, 1 8Os and 190Os), are essentially different, and the level densities for such 
pairs of nuclei differ to a lesser degree. 

An existence of two phases of nuclear matter in the nucleus and their interaction 
indicate that the partial widths of gamma-transitions are determined by the wave functions 
with different contributions of vibrational and quasi-particle components, so regarding to 
them the Porter-Thomas hypothesis [5] cannot be applied, by a definition. 

The investigations [6-10] resulted that both a number of breaking Cooper pairs of 
nucleons and a shape of excited nucleus [8] have an influence on the dynamics of superfluid 
phase of the nuclear matter. Widening of the region of investigated nuclei and, in that way, a 
numerical growth of experimental data will help to make clear the details of interaction 
between fermion and boson nuclear states. 

2. EXPERIMENT 

The experiment with the sample of ytterbium as a nucleus-target was carried out at the 
DDNR reactor (Dalat, Vietnam). The sample of0.5 g mass contained 0.45 g of 171Yb and was 
irradiated during 830 hours in "closed" [1] geometry with a distance between the target and 
the detector of about 5 cm Cascades were recorded by HPGe-detectors with an efficiency of 
35% relative to efficiency of Nal(Tl) crystal (with 72 mm in diameter and the same height). 
The recording threshold for a cascade gamma-transition was chosen 0.52 MeV. 

An informative part of the spectrum of amplitudes' sums of coincided pulses for 
171 Yb(llth,2y)172Yb reaction is presented in fig. 1. In figs. 2 and 3 the spectra of the cascades to 
the ground state and to the first excited level with the energy Et= 78 Ke V are shown. The 
algorithm is used for a digital improvement ofresolution [11], according to which a deviation 
of the sum of y-quanta energies from its average for any cascade is divided proportionally to 

184 



widths of the cascade peaks and then subtracted from ( or added to) the energies of primary E1 
and secondary £ 2 transitions of each recorded event of the total absorption of the cascade 

: energy by the detectors. The spectra of the intensities (figs. 2 and 3) are normalized by the 
recording efficiency of corresponding cascades with a storing of the total number of events. 
The energies and the relative intensities were determined for all experimentally resolved 
peaks for 386 cascades. 
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Fig. I. Spectrum of the sums of amplitudes of coincident pulses for 171Yb(n1h,2y)
reaction. Along X-axis: energy of the cascades, Y-axis: number of recorded events with 
the total energy E1+E2 > 6500 KeV. The energies of the final levels of the cascades (in 
ke V) are pointed near the peaks of the total energy absorption. 

200 

(/) 

'E 
~ 
W 100 

0 
2000 4000 6000 

E
1

, keV 

Fig. 2. Intensity distribution for the cascades to the ground state of the 172Yb nucleus 
depending on the energies of the primary and the secondary quanta. An efficiency of the 
cascade recording is taken into account. 

At the analysis the spectra of the experimental intensities of the cascades (figs. 2, 3), 
using the technique [1, 12] and the nuclear spectroscopy methods [13], are transformed [14] 
into two mirror-symmetrical distributions of intensities of primary lrr(E1) and secondary 
/yy(E2) transitions. The parameters p and q of the most probable functions p=cp(p1, pz, ... ) and 
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f'=ljl(q1, q2, ••• ) were determined by fitting of a model description of the cascade intensity 
lyy(E1) to the experimental one. The physical information about the nucleus is obtained from 
the experiment analysis at a comparison of some of the model representations. There are no 
other ways to obtain simultaneously the level density and the radiative strength functions from 
the gamma-spectra of the decay of high-excited levels. Any gamma-spectrum can be 
described, if only the energies, quanta numbers in the cascades and the total number of 
gamma-transitions are correctly determined. 
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Fig. 3. Intensity distribution for the cascades to the level with the energy E1 =78 KeV of 
172Yb depending on the energy of the primary and the secondary quanta. 

A cascade decay of a neutron resonance (or any compound-state) A occurs through the 
intermediate levels i to the final levels f. Spins and parities of the intermediate levels of 
different cascades are determined by the selection rules on multipolarity. The part of primary 
transitions lyy(E1) for any small energy interval tiEi of cascades may be presented by an 
equation: 

r,. rit "r;; r,1 - "" ~ . ~-
1 yy(EI )= Lk.J rr- k.Jk.J < r. > M JJ 1 < I' ff > mjf 

,Ji, i !../1 )J 

(1) 

A sum of the partial widths of the primary transitions :ETv to MN intermediate levels is 
<f' ,j>M,j, and a sum Ljl ff for the secondary transition to mil final levels is <f' pmif, inasmuch 
as <f'Ji> = :EX,JMJi and <f'if> = Lif'ufmif, In the small energy interval tiEi a number of 
intermediate levels of all types is ni = ptiEi-

As equipment possibilities to determine the parameters of all cascades are absent, the 
necessary information for the system (1) solving is extracted from the fits of model 
descriptions of the intensities for all observed y-transitions to their experimental intensities. 
Any intensity distribution of two-step cascades (see figs. 2 and 3) contains only peaks of the 
full capture of the cascade energy and a noise background with a zero average [l]. A 
dispersion of a background line is effectively diminished at an increase in the number of 
events of recording the total energy of the cascade. 

Taking into account a practical absence of a background, an equality of areas of the 
peaks of primary and secondary transitions (for each individual cascade) and a mirror
symmetry of their positions in relation to the spectrum center 0.5(E1+E2) of all cascades, we 
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subtracted all peaks of intense low-energy secondary transitions from the energy interval of 
the intermediate levels E; c:'. 0.SB0 • The rest of intensity in this interval (a continuous 
distribution of intensity of large number of low-energy primary cascade gamma-quanta) in 
sum with intense resolved primary transitions from the energy interval E; ::, 0.SBn is just the 
most probable distribution Irr(E1). 

Of course, if a part of peaks near the energy 0.5(E1+E2), where there is an mixture of 
inseparable the primary and the secondary transitions, is inaccurately identified, the obtained 
function Irr = ft.E1) distorts. But the part of the intensity of secondary transitions, which are 
mistakenly included into Irr(E1), and the part of the intensity of primary transitions, 
mistakenly included into Irr(E2), are equal to each other. At that, a possible distortion of a 
shape of Irr(E1) distribution in a small energy region of the primary transitions near 0.5B0 

decreases with an increase in statistics. 
At the system (1) solving the average partial width of transitions of the same type and 

the level density in the branching coefficients (f.1/( <f.1j>M.1j) for the primary transitions and 
fj(<fit>m.1j) for the secondary transitions) were fitted in small energy intervals tillj. A large 
statistics of events and a small background under peaks of full capture of the cascades' 
energies E, + E2 = 8020 keV and E 1 + E2 = 7942 keV allowed us to accept for 172Yb the width 
of energy interval for summation of experimental intensity 6.Ei = 250 keV (two times less 
than for all nuclei investigated before). So, a shape of Irr(E1) function was obtained with a 
better accuracy for 172Yb in comparison with the other 43 nuclei [8, 10]. 

The resolved peaks with the widths of - 2 - 4 keV for the cascades with Et= 0 and Et 
= 78 ke V were 70% and 67% of the total area of the spectra, correspondingly (see figs: 2 and 
3). According to [12], the primary quantum in two or more cascades with different Et, as a 
rule, is the cascade transition of a bigger energy. This condition with use of the likelihood 
method allowed us to make an independent and correct scheme of the decay of initial cascade 
level, in addition to the data of the ENDSF file. 

The absolute intensity of primary transitions of the investigated reaction was 
determined from the intensities of gamma-rays of 171 Yb+ 27 Al complex target. The obtained 
data for the cascade E1+E2 = 5540+2402 keV coincide with the data of [15] within some 
percents. 

3. THE DECAY SCHEME FOR 172Yb 

Spectra of the sums of amplitudes of coincided pulses were obtained not only for the 
cascades to the ground state and to the first excited level of 172Yb, but also for final levels of 
the cascades with the energies Et = 1042.7; 1117.4; 1155.9 and 1197.3 KeV. Unfortunately, a 
large background under peaks of the cascades with Et> 78 keV (because of events of 
recording of only a part of the cascade energy) did not allow to obtain for them such quality 
spectroscopic information as it was done for the cascades with Et= 0 and Et= 78 Ke V. 

In the presented experiment for the cascades of the biggest intensity the errors in the 
determination of Irr values were mainly much lower than 30% (at that error the cascade peak 
was assumed to be resolved). In a majority of cases, the procedure [12] shows that the 
primary transition triggers some (at least, two) secondary transitions, what (taken together 
with the data of [15]) allowed to identify the primary transitions with a strong probability. 

In order to determine the parameters of the nuclear superfluidity in excited nucleus 
[16] the independent p values at two energy regions are needt:d: at Eex:::: 1-3 MeV and at Eex:::: 
B0 • The accuracy of p determination at these energies is bounded because of a loss of 
resonances with small neutron widths and an omission of low-lying levels, which are weakly 

187 



excited in the nuclear reaction or have a big background. But it is worthy of being noted, that 
in the method of the two-step cascades' investigation there are no the main sources of 
background, which exist in the ordinary (one-step) experiments. So, background conditions in 
the case two-step cascades are practically not dependent on the excitation energy of the 
nucleus, what allows to determine the density of its "discrete" levels with a smaller (if to 
compare with other nuclear reactions [13]) threshold of gamma-quanta recordinB. 

Radiative capture of thermal neutrons by the stable nucleus-target 2Yb limits a 
number of spins of levels, which density is needed to determine, by the interval O :S J :S 3. 
The obtained from different experiments densities of "discrete" levels of 172Yb for all spins 
and parities are presented in fig. 4 in the energy region 2 - 4 MeV. Approximation of p and r 
values was done here for the cascades with the total energies 8020 and 7982 keV only. Up to 
excitation energy of Eex=3 MeV the densities of low-lying intermediate levels of the cascades 
to the final levels with Et= 0 and E1 = 78 keV from the presented experiment coincide quite 
good with the values predicted by the back shifted Fermi-gas model [17]. The same one could 
say about level densities from ENDSF file and from the experiment [15] with the neutron 
beam of 2 ke V energy. But at a growth of the excitation energy a number of "discrete" levels 
descend faster than it is predicted by the Fermi-gas model. 
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Fig.4. The dependences of the level density for 172Yb on the excitation energy. Dased line 
- level density predicted by the model from [17]] for spins O :S J :S 3 and both parities. 
Open points - number of "discrete" levels obtained in the present experiment. Full points 
with errors - densities from the best fits to the experimental cascade intensities. Stars -
calculation from the spectrum of resolved gamma-transitions after a capture of neutrons 
with the energy E0= 2 keV [15]. Solid lines noted by numbers are density of vibrational 
levels above the breaking thresholds of three Cooper pairs, calculated according to (3) 
with fitted parameters. 

In the framework of existing theoretical representations about deformed heavy nucleus 
the excitation energy of 2 - 2.5 MeV is approximately equal to the breaking energy of the 
first Cooper pair 2~ (~ is a pairing energy of the last nucleon in the nucleus). But a small 
level density at the energy about 2~ prevents to notice the breaking threshold of the first 
Cooper pair, which is expected at this energy (according to a redistribution of the excitation 
energy). Nevertheless, for a quantitative description of the total cascade intensity, it is 
necessary to take into account in the fittings an existence of vibrational levels below the 
breaking threshold of the second Cooper pair. 
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4. THE EMPIRICAL MODEL OF THE GAMMA-DECAY 

In order to extract reliable experimental information about a behavior of a superfluid 
phase of the nuclear matter it is necessary: 

1) to measure an intensity of gamma-cascades to the low-lying levels of investigated 
nucleus (to the ground state and to a group of levels with small energies); 

2) to ensure the best description of measured spectra at a simultaneous fitting of the 
parameters of both the level density and the partial radiative widths. 
The principal problem for a study of superfluidity in the excited nucleus is a choice of 

model representations for reliable description of the investigated process. To obtain the level 
density and the partial widths of the products of the nuclear reaction, in a majority of the 
world's experiments, the models are used, which are based on the calculations of different 
spectra and cross-sections at the large excitation energies [ 17-19]. The analysis of the created 
by now experimental data on the intensities of the two-step cascades for 43 nuclei showed a 
worthlessness (for a valid description of the processes in the nucleus) of an obsolete 
representation, that the nucleus is a system of uninteractive Fermi-particles. 

In the absence of correct theoretical models we used our empirical model, including the 
different realistic phenomenological representations into it. But it is illegal to use even 
generally accepted representations about the parameters of the investigated process without 
experimental testing. Otherwise, the principle errors will inevitably appear. 

For the level density description in the present analysis the model of density of n
quasi-particle nuclear excitations [19, 20], which is commonly used in a study of the 
preequlibrium reactions, was parameterized. The density p1 of levels of fermion type above the 
expected breaking threshold of the I-th Cooper pair was written by an expression: 

"(E -U )"-' 
Q (E )- g ex I 

n ex - ((n/2)!)2(n-1)!° 
(2) 

Here n" is a density of n-quasi-particle states, cr is a factor of spin cutting, J is a spin of the 
compound-state of nucleus, g is a density of singe-particle states near Fermi-surface, and U1 -

the breaking energy of the I-th Cooper pair (or the energy of an excitation of pair of quasi
particles). 

For a description of the coefficient Ceo// of an increase of a density of collective levels 
a phenomenological relation between entropies of phases of the nuclear matter was used [16] 
JGN] with taking into account a cyclical break of Cooper pairs: 

(3) 

Here A1 are fitting parameters of vibrational level density above the breaking point of each I-th 
Cooper pair, parameter~ 2: 0 can differ from O for deformed nuclei. Parameter Eu (a rate of a 
change in densities of quasi-particle and phonon levels) is practically equal to the average 
pairing energy of the last nucleon in the majority of investigated nuclei [6-10]. 

As it was experimentally determined earlier [21], a correct description of the 
intensities of the two-step cascades is possible only if to add one or two peaks to the smooth 
energy dependence of the radiative strength functions of El- and Ml-transitions. The smooth 
parts of the energy dependences k(El,Ey) and k(Ml,fir) were described as in the model [18] 
with addition fitted parameters of weight we (or WM) and of a change of derivatives of the 
strength function Ke (or KM) (indexes E and M refer to El- or Ml-transitions, 
correspondingly). And in order to take into account the local peaks one or two summands 
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were added to the smooth parts of the strength function. In the presented analysis the 
asymmetric Lorentzian curve was used for description of the shape of each local peak. So, 
k(El,E1) and k(Ml,E1) strength functions were expressed similarly as: 

r~e<E: +,cE4n:
2Ti) L (E; +(aE;(EEi -E1 )I E 1 ))I'i; k(El, E ) = WE----'-----+ WE.---'-------''----'---

1 (E2 _ E2 )2 + E2 r2 i , (E2 _ E2 )2 + Ez r2 , 
y GE GE GE 1 Ei 1 Ei 

r~M(E; +,cM41r
2Ti) L (E; +(aM;(EMi -E, )I E 1 ))I'!; k(Ml, E ) = WM __ ____:. _ __:_:_, _ __:_:_ + WM'__: _ _..:,.___;__:_:_,--,-..:...._.,.....--,.,--_:..:.:_ 

, (E2 _ E2 )2 + E2 r2 1 , (E2 _ E2. )2 + Ez r2. , 
y GM GM GM y M1 1 M, 

(4) 

(5) 

where EGE ( or EGM) and r GE ( or r GM) are location of the center and width of the maximum of 
the giant dipole resonance, Te (or TM) is a varied nuclear thermodynamic temperature, for El
(or Ml-) transitions. And for each i-th peak (i ::S 2) of the strength functions of El- (or Ml-) 
transition: Ee; (or EM;) is a center position, fe; (or fM;)-width, We;(or WM;)- amplitude, and 
ae; (or aM;) - r is an asymmetry parameter. A necessity of taking into account a peak 
asymmetry in the radiative strength function results both from the model [ 18] and from the 
theoretical analysis of features of the fragmentation of single-particle states in the nuclear 
potential [2]. At the fitting the functions (4) and (5) are appreciably varied. 

The shell inhomogeneties of a single-partial spectrum were also taken into account in 
the presented analysis (as in [9]). 

A comparison of the level density obtained from spectra of evaporated nucleons [22] 
with the data of analysis of the cascade intensities [23] shows their sizeable distortion in the 
energy points of the Cooper pairs' breaking. A phonon disappearance and an appearance of 
additional pair of quasi-particles must noticeably change the level density. From the existence 
of the smooth evaporated spectra results that a change in the level density (at breaks of the 
Cooper pairs in the nucleus) must be compensated by a change in the strength functions at the 
same excitation energies. And a resonance structure of the strength functions, experimentally 
discovered [24] near the point of the second Cooper pair breaking (at the excitation energy of 
about 3 - 4 MeV), which was interpreted by an existance of a "pygmy"-resonance in the 
nucleus; must be accompanied by a change in the level density. For a verification of this 
reasonable assumption we introduced into equations (4) and (5) the compensation coefficients 
M [6,25]: 

M = PmocYPexp• (6) 

Here Pmod is the level density calculated using Fermi-gas model, Pexp - the level density 
obtained at the experimental intensity description. For the strength functions (4) and (5) 
coefficients M are fitted separately. 

The compensation parameters M introduce some unaccounted anti-correlation between 
p and r, which was not completely included in used model representations for p and r. At a 
high enough quality of the experimental data on the two-step cascades on 172Yb there is a real 
possibility to evaluate an influence of compensation parameters M on determination of the 
breaking thresholds of Cooper pairs. 

5. RESULTS 

5.1.0n a stability of obtained parameters 

The results of analysis of the cascade gamma-decay of 172Yb using the empirical model 
describe with a high accuracy the intensity of the cascades with the total energies from E1 + E2 
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= 8020 keV to E1 + E2 = 6823 keV including the resolved local peaks above Eex:::: 5 MeV (see 
fig. 5). 

Irr,% per decay 

3 

2 3 4 
E1, MeV 

5 

Fig. 5. The dependence of the total intensity of the cascades of 172Yb to 6 final levels with 
Er :S 1197 keV on the energy of primary transition. Histogram is the experimental 
intensity with its errors obtained by the procedure (14]. Broken lines are the results of the 
best fits with different M coefficients. Triangles are intensity calculations using models 
[17] and (18]. 

In figs. 6 - 8 there are the best seven fits of the intensity of the cascades with different 
compensation parameters M. The initial M values were chosen in the interval 1 :SM :S 10. The 
results of a description of the cascades' intensities with different initial M values showed that 
their fitted values are always bounded above (for El-strength function M :S 5, and for Ml
strength function M :S 3). 

105 p, MeV1 

103 

102 

2 4 6 8 

Eex' MeV 

Fig. 6. The excitation energy dependences of the level densities for 172Yb. Solid lines are 
the level densities obtained from approximations of the total intensity 111 of the cascades 
to 6 final levels with Er :S 1197 keV at varied M (6). Dashed and dotted lines are 
calculations of p value using the model [ 17] with and without taking into account the 
shell inhomogeneities of a single-particle spectrum [16], correspondingly. Fit without 
taking into account the parameter Mis shown by an arrow. 
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For 
172

Yb, as in [8, 10], the stepwise structure in the level density at a growth of the 
excitation energy was discovered (fig. 6), at a decrease of the density of the levels of 
vibrational type between the breaking thresholds of Cooper pairs. This result is in qualitative 
agreement with the model representations both from [16] about the behavior of the density of 
vibrational levels (see fig. 4), and from [20], where a rapid rise of density of the quasi
particle levels at each Cooper pairs' breaking threshold was predicted. 

The probable values of El- and Ml-radiative strength functions for 172Yb nucleus in 
dependence on the energies of primary transitions of the cascades (with taking into account a 
contribution of a negative (below neutron binding energy) resonance) are presented separately 
in fig. 7. In fig. 8 the sums of El- and ,\fl-radiative strength functions are shown. The results 
were obtained by a condition that a part of decays of the compound-state with the spin J = 1 is 
60%. 

10-,k-k(E1), MeV3 

2 4 E1, MeV 6 

Fig. 7. The strength functions k(El) and k(Ml) of El-transitions (upper picture) and Ml
transitions (bottom picture) obtained for the energy of primary transition in the interval 
0.52 < E1 < 6 MeV at varied parameter M (6). Triangles - calculation of the strength 
function of El-transitions using the model [18] in a sum with c k(Ml)= const. Two fits 
without taking into account the parameter M are shown by arrows. 

Figs. 5 and 6 results that the compensation coefficients M have almost no influence on 
the calculated cascade intensities and relatively weakly change the level density near the 
breaking thresholds of the first, the second and the third Cooper pairs. And figs.7 and 8 shows 
that the fittings with parameter M noticeably change the strength functions. More essential 
fact is that at M > 2 in the fitted spectra of radiative strength functions the local peak with the 
center at £ 1 ;::: 1 MeV appears (near excitation energy, where there is the breaking point for the 
fourth Cooper pair). An increment of the strength function in the point of breaking the 4-th 
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Cooper pair, as for 172Yb, would be expected also for a number of nuclei with noticeable 
excess intensity of the cascades near E1 = 1- 2 MeV [8, 10]. 

At the fits with M > 2 the positions of both the peak of the electrical strength functions 
at the energy of primary transitions near 6 Me V and the peak of the magnet strength functions 
near E1= 4 MeV (see fig.7) correspond to the breaking points of Cooper pairs of 172Yb 
nuclear. 

10'' 
k(E1)+k(M1), MeV3 

172Yb 

10·• 

10·• ! 

10·10 

2 4 6 
E

1
, MeV 

Fig. 8. Dependences of the sums of El- and Ml- radiative strength functions on the 
energy of primary transition. Points with errors connected by dashed line are the best 7 

.. fits with varied M (6). Triangles -El-strength function calculated using the model [18] in 
a sum with k(Ml )=const. 

At the fits with M = 1, in the energy dependence of the El- radiative strength 
function, the peak of the strongest resolved cascade 5540+2402 keV near E1= 6 MeV is not 
observed (according to [15], its relatively strong intensity is due to existing negative 
resonance). Nevertheless, such intense peak is not observed at a capture of2 keV neutrons, so 
it would be a large random deviation. 

5.2.0n a connection between the parameters of the gamma decay and the compound
state spin 

Cascading y-decay of the neutron resonance of a target with odd number of neutrons 
(or/and protons) is happened through dipole El- and Ml-transitions practically in 100% of 
decays. Mixtures of dipole and quadrupole gamma-transitions are present at the y-decay 
process and have an influence on the values of the strength functions, but their existence in 
the two-step cascades of all nuclei investigated earlier was not identified. 

A high resolution of the detectors for the cascade recording allows to investigate a 
dependence of the parameters of the nuclear superfluidity on the spins of the excited levels 
and on their parities at varied excitation energy. At the fitting an unknown ratio of the 
densities of levels with different parities in the interval of excitation energy Ed::; E,x::; B0 (Ed 
is upper energy boundary of the area of discrete levels) was taken as r = p(n-)/(p(n-)+p(n+)), 
where p(n-) and p(n+) are the densities of levels with negative and positive parities, 
correspondingly. In all calculations for 172Yb, at Bn =8 MeV r = 0.5 (it is generally accepted 
now hypothesis) and at Eex = Ed r varied from Oto 1 (at Ed< E,x< B0 r value was taken from 
corresponding linear extrapolations). 

A capture cross sections of thermal neutron by 171Yb nucleus composed by known 
resonances to the compound states J = 1 n J = 0 are cr1 = 4 band cro = 1.8 b, correspondingly. 
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And capture cross section from the negative resonance is 42.8 b [26). An existence of the 
negative resonance with unknown spin influences on the fitting results (and on the calculated 
values of the breaking thresholds). Under selection rules on multipolarity, at the decay of 
compound-state with the spin J = 0 the two-step cascade excites the final levels with spins I= 
0, 1, 2, and at the decay of the compound-state with J = 1 the final levels with I= 0, 1, 2 and 
3 are excited. 

It is possible to evaluate an influence of a spin of the compound-state on the fitted· 
parameters, which describe the experimental intensities in the present experiment, from 
calculated dependences of intensities on a ratio cri/(cr1+cro), This ratio determines a 
contribution of a neutron capture by the compound states with spin J = 1 to the total capture 
cross section cr1+cr0• The calculated total intensities for a given ratios cri/(cr1+cro) (points 
connected by lines) are shown in fig. 9 for the cascades to 8 final levels of 172Yb. Six of the 
final levels presented in fig. 9 have energy Et> 1 MeV. The best fits for the level density and 
for the strength functions (figs. 6-8) are used in calculations of Irr for these cascades. The 
obtained from the experiment parts of intensities for the sums of two strongest cascades and 
of four cascades with the energies 1043; 1118; 1155 and 1198 keV are 0.203(11) and 
0.078(11), correspondingly. 
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Fig. 9. The calculated total intensities of the cascades for a given ratios cr1/(cr1+cr0) of a 
capture cross section by the compound states with spin J = 1 to the total capture cross 
section (points connected by lines). The energies of the final levels are denoted by arrows 
(in keV). Points with errors are the experimental intensities of the explored cascades. 

If the negative resonance have a spin J = 0, the calculations (fig. 9) show that the 
levels with Et= 1172 keV (/ = 3+) and Et= 1221 keV (/ = T) cannot be excited often than in 
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1 case per 1000 decays. If the negative resonance has a spin J = I, these cascades have 
intensities up to 1 % per a decay. From a comparison of calculations, which are presented in 
fig. 9, the ratio cri/(cr1+cr0) can be evaluated by a value 30 to 60 %. 

In dependence on a spin of negative resonance the calculated sum of the intensities of 
the cascades to the ground and the first exciting states changes from 18.8 to 19.6% per decay. 

The obtained intensities of the cascades with Et = 0 (I= 0) and Et = 78 keV (/ = 2) 
clearly demonstrate an anti-correlation between calculated intensities of the cascades to these 
final levels, when the part of cross-section of a capture to the state with J = I changes. 

6. CONCLUSION 

In the present experiment the specific behavior of the gamma-decay, discovered by us 
earlier for 43 nuclei, was confirmed for 172Yb nucleus. The intensities of the two-step 
cascades in the 172Yb nucleus were determined with the best accuracy among all investigated 
even-even nuclei. 

From the experimental distributions /yy(E1) of the cascades to different final levels at a 
capture of thermal neutrons by 171Yb nucleus the most probable value of the breaking 
threshold for the second Cooper pair was obtained with an uncertainty less than 0.5 MeV, and 
the breaking thresholds for the 3-rd and the 4-th Cooper pairs were determined with some 
bigger uncertainties. A demonstrable connection between the breaking thresholds and the spin 
of the neutron resonance was not discovered in the analysis. For 172Yb (as for all investigated 
deformed nuclei) the obtained value of the breaking thresholds for 4-th Cooper pair satisfies 
the condition U4 $ Bn. 

All obtained dependencies (k(El), k(Ml) and p(Eex)) for 172Yb have the similar shapes 
if to compare with ones for 174Yb [9, 10]. An existence of the stepwise structure in the p(Eex) 
distribution with the closed for two ytterbium isotopes breaking thresholds of Cooper pairs 
can be considered as an observation of common pattern of the gamma-decay for these 
deformed nuclei. A comparison of the level density p obtained from approximation of the 
intensity of the cascades to two final levels (fig. 4) and analogous data for 6 cascades (fig. 6) 
showed a weak dependency of p on a structure of the wave functions of rotation and 
v.ibrational final levels of 172Yb. An accuracy of the lyy(E1) experimental distribution allows us 
to declare that the superfluid phase of the nuclear matter exists and we can observe its change 
with a growth of the excitation energy. 

. For 172Yb the energy dependencies of El- and Ml-radiative strength functions are 
similar, on the whole, with ones obtained earlier for the other even-even deformed nuclei. 
Some difference can be explained by both errors of the experiment and imperfection of the 
model representations about p and r parameters of the investigated nucleus. 

For a further research of the cascade gamma-decay of the compound-states the new 
models are needed, which would be able to describe the dipole radiative strength function and 
the level density at all excitation energies of investigated nucleus. First of all, it is necessary 
to change a phenomenological coefficient of vibrational enhancement of the level density by a 
modern appropriate model. The new models had to take into account a dependency of p and r 
on spin, parity, quantum number K etc., and, for an objectivity of obtained results at a study of 
the change dynamics of superfluid nuclear properties, the required models had to have a 
possibility the descriptions of the nucleus both as a pure fermion system and as a pure boson 
one, as special cases. 

A heavy potential for investigation of the superfluidity of exited nuclei one can expect, 
if for the cascades' intensity recording the system of great number of HPGe-detectors would 
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be used (for a separation of the cascades with different multiplicity of quanta and with the 
intensities up to 90% of the total intensity of primary transitions), and at a study of the decay 
of compound-states with emission of two divers reaction products. 
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Abstract 

The method of Neutron Resonance Capture Analysis (NRCA) is currently being 
developed in the Frank Laboratory of Neutron Physics (FLNP) for the purpose of 
determination of the element composition of samples. The method is based on registration 
neutron resonances in radiative capture and ,measurement the yield of reaction products in 
these resonances. To test the capabilities of this method, such investigations were carried out 
in collaboration with Institute of Archaeology of RAS at the pulsed neutron source IREN of 
FLNP for the ancient coins from Phanagciria's treasure. A cylindrical multi-sectional liquid 
scintillator detector was used as a detector of y-quanta. 

Introduction 

The method of Neutron Resonance Capture Analysis (NRCA) is currently being 
developed in the Frank Laboratory of Neutron Physics for the purpose of determination of the 
element composition of samples [1,2]. The method is based on registration neutron 
resonances in radiative capture and measurement the yield of reaction products in these 
resonances. The resonance parameters were determined to date for practically all stable nuclei 
in the neutron energy region up to several tens ofkeV [3, 4], that allows us to solve an inverse 
problem. The investigations are carried out at the !REN facility by time-of-flight method. To 
test the capabilities of this method such investigations were carried out in collaboration with 
Institute of Archaeology RAS for the ancient coins from Phanagoria's treasure [5]. 

The main part of a treasure (more than two thirds) is staters of Reskuporid V 
(242/243-276/277). These coins are of special interest for studying of economic climate and 
inflationary processes which are followed by degradation of coinage alloy of staters. We 
selected to this study the staters of the following years AD (Fig. 1): 242/243 (catalog N2 2), 
249/250 (N2 183), 250/251 (N2 271), 251/252 (N2 355), 252/253 (N2 482), 262/263 (N2 709, 
732), 263/264 (N2 860, 961), 264/265 (N2 1025). A more detailed description and photographs 
of coins can be found in the publication of the results of archaeological research in 
Phanagoria [5]. 
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Fig. 1. Bosporan staters (3 century AD) from the Phanagoria's treasure found in 2011. 

Previously, the X-ray fluorescence analysis was applied for determination the 
elemental composition of coins [6]. The applied type of a spectrometer allows to make 
measurements of a surface on depth to 10 µm. Most of the metal archaeological finds are 
inhomogeneous. The investigation of such objects requires a different approach. The NRCA 
is non-destructive and gives a possibility to study samples through all its volume. Therefore, 
such analysis was carried out at IREN facility. 

Experiment 

The main part of the IREN facility is a linear electron accelerator LUE-200 with non
multiplying neutron-producing target of the VNZH-90 alloy [7, 8). The facility parameters in 
which the investigation was made are: the average energy of electrons - 40 MeV, the peak 
current - 1.5 A, the width of electron pulse - 100 ns, the repetition rate - 25 Hz. The total 
neutron yield is about - 3·1011 s·1

• The measurements were carried out at the 58.6 meters 
flight path of the 3rd channel of the IREN. The big liquid scintillator detector was used for the 
registration of y-quanta [9]. The neutron flux was permanently monitored by a neutron 
counter located on the 4th neutron channel of the IREN facility. The signals from the detector 
and the monitor counter were simultaneously fed to the two independent inputs of TDC. The 
time-of-flight spectra were stored on a computer disk for later processing off-line. A more 
detailed description of experimental setup can be found in Ref. [l]. 
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To evaluate of the method the investigations were carried out in the "bulk-form", for 
.all coins at once. The coins were placed in an aluminum cassette, which was placed in a beam 
inside the detector channel. The total mass of coins was 73.033 g. The measurements with the 
sample lasted about 13 hours. Only silver and copper resonances were identified on the time
of-flight spectrum (Fig. 2). The measurements with standard samples of silver and copper 
were made in addition to the measurement with the investigated sample. 
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Fig. 2. Part of time-of-flight spectrum, obtained from measurement with ancient coins from 

the Phanagoria's treasure. 

Results 

The number of nuclei of the element in the sample was determined by the 
measurement of the yield of gamma-quanta in the resonances. The sum of events in the 
resonance is related with resonances parameters and experimental values by the expression [1, 
10]: 
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Here,ftEo) is the energy density of the neutron flux at the resonance energy E0, S - the area of 
the sample, t - measuring time, By - the detection efficiency of radiative capture by the 
detector, r y, r - the radiative and total widths of the resonance . 

.... 
A= f[I-T(E)}iE (2) 

is resonance area on the transmission curve. 

T(E) = e-nu(E) (3) 

is the energy dependence of the neutron transmission by the sample; cr(E) - the total cross 
section at a given energy, n - the number of isotope nuclei per unit area. The value A for 
investigated sample was determined from experimental data by the formula: 

A,= L,N, ·M, ·S, 
L,N, ·M ·S ·A,· 

X X• 

(4) 

Here the indices x ands refer to the investigated and standard samples, respectively; M - the 
number of monitor counts during the measurement time. The value A, for the standard was 
determined by well-known parameters of resonances and the standard sample using a program 
based on the algorithm of Ref. [11]. The number of nuclei per unit area of isotope was 
determined from the value Ax by the same program. 
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Fig. 3. The values of the mass of silver in coins obtained from individual resonances and the 
weighted-average value. 

202 

j._ 



The twelve resonances of 107 Ag and 109 Ag were processed for determination the mass 
of silver in coins. The results are shown in Fig. 3. The weighted-average value of silver 
content in the samples was (6.762 ± 0.086) g or (9.26 ± 0.12) wt. %. The copper content was 
estimated only by one resonance of 65Cu at 230 eV. Another observed resonance of 63Cu at 
579 eV is covered by closely spaced silver resonances, and it can't be used for processing. 
The result for copper is 62.0 ± 3.1. 

Conclusion 

The total mass of the elements in coins, determined from the resonances, is 68. 76 ± 
3.1 g. The mass of coins determined by weighing is 73.033 g. The difference does not exceed 
two standard deviations, in that way the result can be considered satisfactory. 

We can make preliminary estimation of the possibilities of method, if it would be 
necessary to analyze the isotope composition of each coin separately. The weighted-average 
value of silver content in ten coins is 6.76 ± 0.09 g. The statistical error is about 1 %. In the 
case when each coin is measured separately, the statistics will be in 10 times less during the 
same measurement time and the error will increase by 3 times (up to 4-5 %). In that way if 
the difference in the silver content in coins is more than 12 % we can define it with high 
degree of confidence. 
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Introduction 

The study of the biology and ecology of marine benthic microalgae due to their 
i~portance to the world's oceans as one of the major primary producers of the shelf zone, 
where their products are comparable to the products of temperate forests. Moulded 
macrophytes coastal thickets are, on the one hand, and spawning habitat for fish and 
invertebrates, and on the other - a natural barrier to anthropogenic pollution coming from 
coastal runoff. Currently, one of the most important areas of research of macroalgae is to 
assess their contribution to the exchange ofbiogeochemical ocean. 

Objects and methods 

Object of this research are representatives of one 
of dominant trade views of the Black Sea - Cystoseira 
barbata (Turn.) C. Ag. Cystoseira barbata (Stachouse) 
of C. Agardh - large (to 1 m of height) the attached sea 
brown alga living on a solid substratum: stony terraces, 
boulders, stones. Absorbs all difficult differentiated 
surface of a thallus. The root system is absent. 

Collecting material was carried out in 1980 -
2015 on various shallow sites of the Black Sea. As 
model sites from 2001 to 2015 served the sites around 
Anapa which are settling down from the settlement of 
Sukko to the cape Utrish. The algae were collected at 
depths of0,5; 2; 4; 6 and 8 meters (fig. 1). 

Determination of content of Na, Rb, Cs, Ba, Sc, 
La, Ce, Th, U, Au, Cr, Fe, Co, Zn, Hg, As, Se, Sb, Br in 
thalliCystoseira barbata were determined by neutron 
activation, and K, Mg, Ca, Mn, Cu, Ni, Cd, Pb by 
atomic absorption and x-ray fluorescence analysis. 

Fig. 1. Field sampling (Anapa district) 
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Results and its discussion 

Figure 2 shows the long-term (over 20 years), these changes of mineral composit10n 
Cystoseira barbata (Bunkova et al, 2014; Kamnev et al, 2014). Only such long-term data 
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Fig. 2. Average concentration of elements in Cystoseira barbata. 

allow relatively correctly 
judge the actual 
concentration opportunities 
Cystoseira barbata 
(Stachouse) C. Agardh. 

As a result, our 
research has received several 
patterns of different 
chemical elements in the 
thallus of the brown alga 
Cystoseira barbata, 
collected in the waters of the 
river to the Sukko - the cape 
Utrish. Within chemical 
group we analyzed alkali 
metals (Na, K, Rb), alkaline 
earth metals (Mg, Ca, Ba), 
and IV group metals of the B 
subgroup (Pb), and V group 
B subgroups (Sb) of the 
periodic table. 

Figure 2 shows that 
the mineral elements in their 
average content in thallus 
cystoseira barbata can be 
arranged in the following 
descending order: K> Ca> 
Br> Na> Fe> Mg> Ba> As> 
Mn> Zn> Ni> Rb> Cu> Cr> 
Co> Pb> U> Ce> La> Se> 
Sc> Cs> Sb> Th> Hg> Au. 

As can be seen, the content of the same mineral elements in the algae 
contemporaneous depending on various factors can vary from 2 to 99 times (depending on the 
item). The reason for such fluctuations may be changing as the concentration of a particular 
element in the mineral water and the complex environmental factors environment, affecting 
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the accumulation of this element of the vegetable organism and the physiological condition of 
the macrophytes. 

The ratio of the maximum and minimum macronutrients concentrations, such as the 
Na, K, Mg, Ca in thallus Cystoseira barbata can vary from 2 (Mg) 5 (K) times, and trace 
elements - 22 (Zn) and 99 (Fe) times. Similar fluctuations are also characteristic of 
physiologically "unimportant" items. These results, on the one hand, to some extent, show 
absorption physiological selectivity of chemical elements Cystoseira barbata and confirm the 
presence of physiological regulatory mechanisms of accumulation of nutrients. Perhaps this is 
due to the fact that the availability of these elements in different geological epochs changed 
and, accordingly, the physiological mechanisms of accumulation are different ranges. On the 
other hand, these results indicate the existence of a particular pool is able to accumulate these 
elements. In the case of Cystoseira - a storage pool such minerals may be alginic acid and 
fucoidan forming intercellular spaces and cell walls, and excessive penetration of the delay 
elements in the cell concentration. 

These results, summarizing long-term observations, may indicate the potential need 
algae in certain elements, as well as the carrying capacity of the cell walls C. barbata in 

relation to the accumulation of the individual elements. 

Seasonal variations 

The study changes depending on the mineral composition of C. barbata on the degree 
of contamination of the habitat and its depth has been found that in general, the content of the 
majority of these elements in the thallus in the river above the removal area - "conditionally 
dirty" stations. This is most clearly seen at a depth of 2 m, which is probably due to the 
immediate removal of the various elements of the drain of the river, and the higher the 
metabolic activity of the algae in shallow water. An exception is the concentration of non
metals arsenic and selenium contents of which are higher value-added station. It is possible 
that this is due to local pollution by these elements of the "value-added" station. 

On the "value-added" the station the mineral elements are also generally higher in the 
algae at a depth of2 m. The exception to both stations is Ba, Sb and Br. 

At a depth of about 4 meters of both stations, metal concentrations in thallus vary 
slightly. Nevertheless, a number of active elements is stored at this depth. Thus, in place of 
the river removal have high concentrations of bromine, the content of which is almost 1,4 
times higher than that at a depth of 2 m the same station and 2-4 times higher than 4 m and 2 
m, respectively "value-added" station. Furthermore, at a depth of 4 m "conditionally dirty" 
stations are the highest concentrations of uranium and gold. 

As for the "heavy" metals, some of the general laws fall Pb, whose concentration 
decreases with depth, but the maximum on the "value-added" station, and Mn, m. To. Its 
concentration is also higher on the "value-added" station. It can be concluded that to 
"conditionally dirty" river station takeaway clearly affects the accumulation of minerals, and 
in the value-added station may have some local flooded contaminants (As, Se, Pb, Mn). 

Seasonal variations 

To study the content of mineral elements in the daylight saving time following contact 
was chosen mineral elements: Fe, Mn, Cu, Zn, Pb, Cd. When harvesting season, summer or 
winter (within a limited time period), the picture is somewhat different (even if the collection 
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was carried out at several stations, several depths, located a few kilometers from each other). 
Especially clearly this is manifested in the analysis of changes in the content of macro and 
micro elements (fig.3). 
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Fig. 3. Seasonal changes of element concentrations in Cystoseira barbata. 

The ratio of the maximum and minimum contents of rnacronutrients (Na, K, Mg, Ca) 
in the algal thallus varies 1,5 - 4,3 times, trace elements (Fe, Mn, Zn, Cu) - 3,8 - 9,9 times, 
heavy "physiologically insignificant" heavy metals in the 20,8 - 34,6 times. 

The results clearly demonstrate the selectivity of the physiological absorption of 
chemical elements macroalgae and confirm the presence of the physiological regulatory 
mechanisms of accumulation of biogenic elements. 

The difference in concentrations in the winter, namely an increase in 2-3 times,. 
probably due to a change in the length growth rate, growth prevailing in thickness, and 
accordingly, changes in the structure and functioning of the cell walls. Reducing Pb content; 
probably due to its level of change in the environment. Reducing Pb content, probably due to 
its level of change in the environment. 

Age-related changes 

Defined contribution is age-related changes in the accumulation of elements of 
different ages algae and their parts. In order to study the dependence of change in the content 
of mineral elements of the age part thallus contact 8 elements (Ca, Na, K, Mg, Fe, Mn, Zn, 
Cu). In age-related changes are most clearly traced to the copper, magnesium, sodium, 
potassium, iron and manganese (fig.4, fig. 5, fig. 6). 

208 



According to our research stations clear age-related changes can be traced, and the 
minimum content of the elements characteristic of the axis O of the order, and the maximum -
for axis II and higher orders. 
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Fig. 4 Age-related changes on the absorption Fe and Mn (mkg/g dry matter) 
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Fig. 5 Age-related changes on the absorption Cu and Mg (mkg/g dry matter) 
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Fig. 6 Age-related changes on the absorption Na and K (mkg/g dry matter) 

Coefficients of concentration and biological absorption 

One of the most important areas in biogeochemistry is the concept of biogeochemical 
provinces, based on the separation of which is the specificity of the behavior of certain 
elements within the areas associated with excess or deficiency of elements in the 
environment. Therefore, the establishment of the content in relation to a particular standard 
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element is one of the most important techniques in biogeochemistry (Perelman, Kasimov, 
1999; Bogatyrev, 2008). 

There are approaches integral consideration of the content of the most important 
macro- and microelements data. These approaches include the construction of geochemical 
spectra of the elements. With their construction are guided by the following procedure. 
Usually, on the x-axis successively placed elements according to their serial number. The 
ordinate axis represents the ratio of the content of each element in the investigated object to 
the average content in the earth's crust, or lithosphere (Clarke). Then the indices greater than I 
indicate concentration of the element is smaller - about the dispersion (Bogatyrev, 2008). 
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When man-made pollution of the environment is not only a dangerous excess of MPC 
members (maximum permissible concentration), but also changes in the relations of elements 
to each other, and this should be taken into account when carrying out this kind of work. 
Clarke values set by AP were used to calculate the concentration factor Vinogradov 
(Vinogradov, 1962). By geochemical spectra presented above clearly shows that the resulting 
study data show the graphic elements of the same type of behavior accumulated in 
macrophytes collected in one region (fig. 7, fig. 8). 

Conclusions 

1. The availability of these elements to different geological ages varied and accordingly 
accumulation physiological mechanisms have different ranges. Over the past 100 years, the 
situation with the availability of many nutrients change, and anthropogenic pollution has 
led to the fact that some elements of the power plant inaccessible (Cu, Zn, Fe, Co) steel 
contaminants, which are classified as "heavy toxic metals." Experimental study of the 
accumulation of some elements of the algae leads to the assumption that a number of 
elements not found the upper accumulation physiological range, which can lead to a 
variety of toxic effects on algae. 

2. The study changes depending on the mineral composition of C. barbata on the degree of 
contamination of the habitat and its depth has been found that in general, the content of the 
majority of these elements in the thallus in the river above the removal area -
"conditionally dirty" stations. 

3. Seasonal changes of mineral element concentrations in the axes of various orders in the 
winter becomes less pronounced, which is likely to be associated with reduced metabolism. 

4. According to our research stations clear age-related changes can be traced, and the 
minimum content of the elements characteristic of the axis 0 of the order, and the 
maximum - for axis II and higher orders. 

5. By geochemical spectra clearly it shows that the resulting study data show the graphic 
elements of the same type of behavior accumulated in macrophytes collected in one region. 

6. Only long-term data, including various stations and depth allow relatively correctly judge 
the real possibilities of uneven concentration of brown algae Cystoseira barbata. 
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ASSESSING THE ENVIRONMENTAL POLLUTION USING NEUTRON 
ACTIVATION ANALYSIS - Ko METHOD ON MOSSES 
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ABSTRACT 

The problem of toxic pollutant agents that exists in environment was and still is a main 
interest subject for nowadays health protection issues. Evaluating the impact of these agents 
on human health can influence major decisions that are to be taken by the authorities 
concerning the industrial activities developed in the inhabited areas or from the surrounding 
areas that directly impact the environment and inferentially the man. Precise measurements of 
toxic particles in the environment at the level of microelements are essential for exact and 
correct evaluations of the pollution degree. In order to determine the chemical elements that 
have negative effects on human health, we used as vegetal indicator, the ground moss. This 
plant has the ability to retain in the tissue the chemical elements precipitated from the 
atmosphere, because it is missing the cuticle that would normally prevent the elements fron:i 
penetrating the cell interior. In order to determine the elements' concentration in the samples, 
it was employed as analysis method the neutron activation (NAA-ko) using ko standardization. 
The neutron activation analysis is an analytic technique based on measuring the number and 
energy of gamma radiation emitted by the radioactive isotopes produced in the sample matrix 
by irradiation with thermal neutrons in a nuclear reactor. After the irradiation and the specific 
radioactive decay, the energy spectrum of gamma rays is obtained by measuring the sample 
with a detection system for high-resolution gamma spectrometry. The sample irradiation was 
processed in the TRIGA ACPR reactor in the rabbit (D10 location). The study was conducted 
on a total of four samples of ground moss from the environment (rough samples) and these 
were processed, irradiated and studied and the results obtained were recorded in a database. 
The thermal neutron flux supplied by the ACPR reactor in the rabbit location was fair enough 
for activating elements like manganese, potassium, bromine, europium, lanthanum, arsenic, 
scandium, antimony, iron. During the entire irradiation period, the presence of the sample in 
the irradiation location did not disturb the average value of the thermal neutron flux. The 
differences showed between the elements concentrations in the samples are actually because 
of the pollution more or less intense in the areas from which they were taken. Hence the 
quality of the ground moss as a good monitor. From the analysis of the results obtained on 
these samples and following the comparison with the reference values, it was noticed a slight 
excess concentration for arsenic and antimony. These overhauls are smaller than 2 ppm. 
Nevertheless, the alert value is not reached. 

Key words: Neutron activation analysis, Ko method, moss, ACPR 

Introduction 
The purpose of this paper is to determine the concentrations of the chemical elements 

that affect the human health, toxic agents that are present in the air and that are retained 
through fallout in the earth moss used as a genuine pollution indicator.In order to determine 
.these chemical elements that negatively affect the human health, we used the moss as 
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indicator. This plant has the ability to retain in the vegetative tissue the chemical elements 
precipitated from the atmosphere, because it lacks the cuticle that would stop the penetration 
of elements in the cells.In the urban areas, the air's quality is strongly influenced by many 
human activities. The high population density, the heavy traffic and the house heating system 
in winter and various industrial activities in the outskirts, influence the concentration of trace 
elements and radionuclide in the atmosphere. Consequently, the population is exposed to 
potential adverse effects of changes in the composition of urban air. Thus, monitoring of air 
quality has become a standard of quality control procedures in the urban environment.This 
plant has the ability to retain in the tissue the chemical elements precipitated from the 
atmosphere, because it is missing the cuticle that would normally prevent the elements from 
penetrating the cell interior. 

Figure 1. Samples of mosses 

Moss samples were picked-up from certain locations (the locations considered with an upper 
degree regarding environment pollution), and then these were processed (burned in an 
industrial oven) and finally their residual solid state was inserted in polypropylene vial. These 
vials were exposed to a neutron flux in TRIGA ACPR rabbit. After been activated in the 
neutron field, the samples were measured via high resolution gamma ray detection system 
The system consists of hyper-pure germanium detector crystal, electronic system 
(preamplifier, pulsating source, detector polarization unit and amplifier) and a multichannel 
analyser which was delivered with software specially used for radiation spectrum analysis. 
This system was used in order to obtain the qualitative analysis of the sample (which are the 
elements contained in the samples) and the quantitative analysis (determination of the 
concentrations of the elements discovered) using NAA-kO standardization method. The results 
can be used to make a graphical representation of the areas with a high degree of pollution 
and based on this map decisions can be taken to reduce environment pollution. 
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Sampling 
· For the experimental part of this research work there have taken a total of 9 samples 
from different locations of the Pitesti city.Out of the total samples we choose to analyse only 
4 samples due to the lack of time. 

Table 1. Samoles selected for rrradiation in the TRIGA ACPR 
Sample 

Sampling location Sample weight (g) 
Mapping 

no. indicative 
1 TRIGA Reactor stack 4470E-5 Pl 
2 Pitesti South train station 6715E-5 P4 
3 ARPECHIM Petrochemical Factorv 10884E-5 P6 
4 ROLAST S.A. (Gavananeighbourhood) 12113E-5 P7 

The samples and the flux monitor preparation. Irradiation experiment 
After collecting the samples, they were stored in polyethylene bags at room temperature 

for 10 days after which they were weighed and then placed in an oven at a temperature of 
40°C. There were made regular measurements of the masses and then the work continued with 
drying them in the oven until the land moss's mass remained constant. 
The samples burning took place in CTD 2 oven type at a temperature of 450° C until a white 
coloured ash was obtained. This step was made for the following reasons: 
· Water evaporation from the vegetative tissue of mosses; and 
• Chemical elements concentration; thru this method it will be easier to determine the 
chemical elements resulted from neutron activation in TRIGA ACPR rabbit. 

1 2 3 4 5 6 7 8 9 

■ lnltlal mau 

■Mau after drying In oven 
at 40 degrees celslus 

■ Mass after burning In oven 
at 450 degrees celslus (ash) 

Figure 2. Moss mass evolution from initial sampling until burning (ready to be irradiated in 
reactor core) 

For irradiation experiment, we have chosen a quantity approximately equal from the all four 
samples; these were weighted in polypropylene vials with small dimensions and then were 
sealed. The samples irradiation was processed in the TRIGA ACPR reactor in the rabbit (D10 
location). The study was conducted on a total of four samples of ground moss from the 
environment (rough samples) and these were processed, irradiated and studied and the results 
obtained were recorded in a database.The samples together with flux monitor (foil of Au-197) 
were irradiated in ACPR rabbit for 4142 seconds. During the entire irradiation period, the 
presence of the sample in the irradiation location did not disturb the average value of the 
thermal neutron flux.The calculus made after irradiation showed that the mean value of 
neutron thermal flux was about 9.47E+ll neutrons/ (cm2·sec).lt should be mentioned that the 

215 



short irradiation period of time did not allow the activation of heavy metal elements. Hence, 
in 4142 seconds of irradiation we succeed in activation of short life-time isotopes: 55Mn, 41K, 
45Sc, 121Sb, 139La, 1s1Eu, 1s As, st Br, ssFe. 

Qualitative-quantitative measurements of the elements retained in mosses; NAA-ko 
standardization method 

Accurate measurements of toxic particles in the environment at the level of 
microelements are essential for exact and correct evaluations of the pollution degree.In order 
to determine the elements' concentration in the samples, it was employed as analysis method 
the neutron activation (NAA-ko) using ko standardization.The neutron activation analysis is an 
analytic technique based on measuring the number and energy of gamma radiation emitted by 
the radioactive isotopes produced in the sample matrix by irradiation with thermal neutrons in 
a nuclear reactor. Usually, the sample matrix together with specific flow monitors, duplicates 
and standards for items of interest are irradiated for a selected period of time in a neutron flux 
in the core of the research reactor. After the irradiation and the specific radioactive decay, the 
energy spectrum of gamma rays is obtained by measuring the sample with a detection system 
for high-resolution gamma spectrometry.It was made a set of eight measurements on gamma 
ray HPGe detector for each one of the four samples irradiated. For chemical elements 
concentrations determination it was used NAA-ko standardization method.The high resolution 
gamma ray detector is shown in the following figure. 

Model 7500SL 
Vertical Slimline Cryostat 

~ DeteetorHolder 

~~~~o'ughs .. ~ 

Fin/Vent Tubes ~ ~I 1a1e~------

Dewar 

Superlnsulation '-- Cofdfinger 

Figure 3. HPGe Gamma ray detector scheme 

For this experiment it were used the following samples, apparatus and installations: ground 
mosses samples, polypropylene vials, TRIGA ACPR reactor (rabbit) and detection system 
consisted of bin and power supply, high resolution germanium y-rays detector, amplifier, 
detector bias supply, pulsating source, multichannel analyser (MCA) and personal computer. 
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Figure 4: Block diagram for high resolution gamma ray measurement chain 

According to NAA-ko method, element concentration in a sample is obtained as follows: 

(
NP/tc) 
SDCW a 1 G,h,m . f + G,,m . QO,m (a) e p,m 6 

P.(µg I g) == --~·--· ---""--'--------'--'--'----· - • 10 
A,p,m ko,m (a) G,h,a . f + G,,a . QO,a (a) e p,a 

where, 
analysed element concentration - "a" (µgig); 

m - co-irradiated monitor for neutron thermal flux value determination; 
Np- measured net peak aria; 

tc - counting time [s]; 
S - saturation factor;== 1- exp(-Atir), where t;r-- irradiation time and A= (ln2)ff112 with 

T 112 - half-life time; 
D- decay factor; == 1-exp(-A.td), where tcr decay time (starting from the end of 

irradiation until the measuring start); 
C- counting factor;= [1-exp(-Atc)]IAtc; 
W- sample mass [g]; 

Asp - (Np/tc)/SDCw, specific counting rate, w - monitor element mass [g]; 
ko,m(a)- ko factor of analysed element "a" experimental determined relative to mmonitor, 

defined as: ko,m(a) == {Mm0acro,aYa)/(Ma0mcro,mYm), with M - molar mass, 0 -
isotopic abundance, cro- cross section of (n,y) reaction at 2200 ms-1

, y - absolute 
intensity of gamma ray; 

Gth - correction factor for thermal neutrons self-shielding; 
G0- correction factor for epithermal neutrons self-shielding; 
f- <l>~<l>e, thermal neutron fluency rate and epithermal neutron fluency rate ratio; 

(for ACPR reactor the/ parameter value at irradiation date was 17.12); 
Qo(a)- , where 

with - resonance integral, defined as 

- resonance effective energy in e V; 
A - the value for the epithermal neutrons fluency rate distribution deviation from 

ideal shape 1/E, approximated as ; (for ACPR reactor the a parameter 
value at irradiation date was 0.01159); 

- Full-energy peak detection efficiency. 

Figure 5 shows the concentration of each detected element by samples, resulted after making 
the calculus using the NAA-ko standardization method. 

217 



l 
I 
I • 

' . I 
I 

l 
1 
I 

~~1••1 

===c~~= ___ .,_..., .. ,. .... ..._,.,_ ....... __ ,_ -· 

.i M W • II • Iii ■ 
.. J. . ...l, •• L,.t,. •• ,1., ...... J_. .,a_.1,,.i.,.l~J.-!,.J 

1♦1'41 

l 
I 
! 

l 

l 

l 
I 
I . 

l 

8IZ 

f 
Ai~f.llt 1111'1'! 

# ' J ' ; i ~ V 
• • • I g 

' 
............ """""'---&....-1-~,,j-J -l-~-L......-l 

I 

l 
I 
I 



Conclusion 
Thermal neutron flux provided by ACPR reactor in rabbit point had an experimental 

determined value of 9.47E+l 1 n/(cm2·sec). During irradiation period, the presence of samples 
in irradiation location did not influence the mean flux value. The results indicated the 
presence of the following elements contained in samples: manganese, potassium, bromine, 
europium, lanthanum, arsenic, scandium, antimony and iron. The differences showed 
between the elements concentrations in the samples are actually because of the pollution more 
or less intense in the areas from which they were taken. Hence the quality of the ground moss 
as a good bio-monitor.After analysing the results of the samples and after comparing them 
with reference values from Environmental Protection Agency database, it is noticed a slight 
excess concentration for arsenic (accepted reference value == 5 ppm) in Pl (TRIGA Reactor 
stack), P2 (Pitesti South train station) and P4 (ROLAST S.A.) samples. These exceeding are 
Jess than 2 ppm. Nevertheless, the alert value is not reached.Another identified element in the 
samples and for which there is a reference value from EPA is antimony (accepted reference 
value == 5ppm). In two of four analysed samples there is an exceeding for antimony in Pl 
(TRIGA Reactor stack) and P2 (Pitesti South train station). For manganese the threshold is 
900 ppm but it is not reached. For the other elements found in samples there is no exceeding. 
It is worth mentioning the fact that no sample showed elements like cadmium, cobalt, 
mercury, selenium, or zinc. 
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Abstract. For the fifth time Bulgaria participates in the moss survey carried out in the framework of 
the Intematiorial Cooperative Programme on Effects of Air Pollution on Natural Vegetation and 
Crops (the UNECE ICP Vegetation). In the summer of 2015, I 15 moss samples (Hypnum 
cupressiforme, Pleurozium schreberi and Pseudoscleropodium purum) were collected in accordance 
with the sampling strategy. Concentrations of a total of 37 elements were determined in moss 
biomonitoring species using instrumental epithermal neutron activation analysis (Na, Mg, Al, Cl, K, 
Ca, Sc, Ti, V, Cr, Mn, Fe, Ni, Co, Zn, As, Se, Br, Rb, Sr, Sb, I, Ba, Cs, La, Ce, Nd, Eu, Tb, Tm, Yb, 
Lu, Hf, Ta, W, Th, U). Three additional environmentally important elements were analysed using 
inductively coupled plasma atomic emission spectroscopy (Cd, Cu, Pb). The determined 
concentrations were compared with data from previous moss surveys conducted in Bulgaria, as well 
as with data from other European countries participating in the ICP Vegetation programme. 

INTRODUCTION 

Mosses obtain nutrients primarily through wet and dry deposition, and possess a certain set of 
morphological and physiological properties (such as rudimentary root system and lack of vascular 
tissues), which make them suitable for biomonitoring of atmospheric depositions of metals (1]. Their 
wide geographical distribution facilitates large scale monitoring. The moss technique is a well
established method for monitoring in Europe. Several moss species have been thoroughly studied and 
accepted as biomonitors in air pollution monitoring programs conducted in more than 25 countries 
under the auspices of United Nations Economic Commission for Europe (UNECE) · International 
Cooperative Programme on Effects of Air Pollution on Natural Vegetation and Crops (ICP 
Vegetation) [2]. Surveys have been conducted in parallel at five-year intervals in all participating 
counties since 1990. 

Bulgaria was involved in the program in 1995. Sampling was performed regularly, and the 
predominant biomonitoring species was Hypnum cupressiforme. The sampling networks were non
uniform throughout the years because of the climate conditions (hot and dry summers unfavourable 
for moss growth), mountainous terrains, and different member groups partaking in the sampling. 

In previous moss surveys, it was ascertained that there were several persistent local hotspots 
corresponding to contemporary and historical non-ferrous and ferrous facilities, mining and smelting 
activities. Over the past three decades, the country has undergone a shift from a highly centralized, 
planned economy to an open market-based economy, characterized by slow economic restructuring 
and growth. The largest industrial enterprises have been closed down, which has lead to a reduction 
in local pollution emissions. Still, continuous and systematic exceeding of limit values for daily and 
annual particulate matter concentrations (PMIO) is being reported via state air quality monitoring 
stations in over 20 towns. This is attributed to domestic heating (especially burning wood and coal), 
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vehicle emissions (obsolete fleets lacking catalytic converters), and to a lesser extent, electricity 
production and industrial activities. 

SAMPLES AND METHODS 

Object of study 
For the purpose of the study, 115 moss samples were collected in Bulgaria the summer and 

autumn of 2015. The predominant species was Hypnum cupressiforme. In its absence Pleurozium 
schreberi and Pseudoscleropodium purum were collected instead. Sampling was performed in 
accordance with the requirements of the ICP Vegetation Programme [3]. A map of the sampled sites 
is presented in Fig. 1. All collected samples were put into paper bags for storage and transportation. 

-;? 
\ 

Fig. 1. Sampling sites 

Methodology and equipment 
After removal of extraneous plant material, the unwashed samples were sorted, so that only the 
green living part of the moss was subjected to analysis. The samples were air-dried to constant 
weight at 40 °C for 48 h. 

Instrumental epithermal neutron activation analysis was performed in the radioanalytical 
laboratory REGATA at the reactor IBR-2 ofFLNP, JINR. Moss samples of about 0.3 g were packed 
in polyethylene foil bags for short-term irradiation and in aluminum cups for long-term irradiation 
[4]. Neutron activation analysis was performed in the radioanalytical laboratory at the fast pulsed 
reactor IBR-2 of the Frank Laboratory ofNeutron Physics, Joint Institute for Nuclear Research (FLNP 
JINR), Dubna, Russia. Qualitative and quantitative analysis were conducted on the basis of certified 
reference materials. 

Inductively coupled plasma atomic emission spectroscopy was carried out in Plovdiv, 
Bulgaria. 0.5 g of moss were treated with 7ml concentrated NHO3 and 2 ml H2O2 overnight. 
Microwave digestion was performed. Digests were filtered and transferred quantitavely to 25 ml 
flasks. 

221 



RESULTS AND DISCUSSION 

Concentrations of 34 elements in total were determined using instrumental epithermal neutron 
activation analysis (NAA) (Al, As, Ba, Br, Ca, Ce, Cl, Co, Cr, Cs, Eu, Fe, Hf, I, K, La, Lu, Mg, Mn, 
Na, Nd, Ni, Rb, Sb, Sc, Se, Sr, Ta, Tb, Th, Ti, Tm, U, V, W, Yb, and Zn). Three additional elements 
(Cd, Cu, and Pb) were analysed by means of inductively coupled plasma atomic emission 
spectroscopy (ICP-ES). 

Summarized results of the determined elemental contents are presented in Table I. A 
comparison with NAA and AAS data of 2005 and 2000 for Bulgaria shows a decrease in the 
concentration of element pollutants. This could be explained by the shutdown of several major 
industrial facilities, the implementation of better filtering technologies, and emission control 
introduced in the functional operational factories. A comparison with background values for regions 
of Norway where the influence of air pollution is considered minor [5] shows that As, Cr, Fe, and V 
contents are still high. 

Multivariate statistics (factor analysis) was applied to identify associations between the 
determined elements. Four factors were determined, of which one was interpreted as anthropogenic. 
Factor I is mixed, characterized by earth crust elements (Na (0.66), Mg (0.81), Al (0.74), Sc (0.80), 
Ti (0.65), V (0.84,) and Fe (0.82)) and marine aerosols (Cl (0.53), Br (Q.53), and I (0.61)). Factor 2 
contains REEs, U (0.61), and Th (0.84) - typical crust components, indicating presence of soil 
particles in the samples. Factor 3 has high loadings for As (0.75), Se (0.73), Sb (0.72), and Cu (0.74), 
which are found in ores. The highest loadings for this factor were for sites located near Cu-Ag mines. 
Factor 4 has high values for K (0.67) and Ca (0.65), characterizing wet deposition by higher 
vegetation. 

Fig. 1 shows the temporal trends for metals reported in the moss surveys, with the exception 
of Sb. Data for this element determined in mosses using INAA in 2000/2001 is available elsewhere 
[6], and in the thematic report in 2005/2006 as additional data. Median values for Sb decreased by 
52% (from 0.23 mg/kg in 2000, 0.29 mg/kg in 2005, to 0.11 mg/kg in 2015). 

A comparison between the median values submitted in the ICP Vegetation reports for Bulgaria 
shows that with the exception of As, all reported metals have decreased atmospheric depositions 
between 1995 and 2010. 
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Fig. I. Temporal trends - median values for concentrations of IO metals, normalized to their values 
for 1995 

The median value for As increased sharply in 2010 but has decreased again in 2015 (from 0.2 
mg/kg in 1995, 0.21 mg/kg in 2000, 0.2 mg/kg in 2005, 0.63 mg/kg in 2010 and 0.44 mg/kg in 2015). 
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The maximal values for As in 2015 could be attributed to operation activities in cement plants and .. 
fossil fuel power stations. 

Table 1. Results and come.arison. Descri[!_tive statistics 

median 

Na 225 
Mg 2080 
Al 2310 
CI 78.8 
K 5670 
Ca 6630 
Sc 0.408 
Ti 143 
V 3.89 
Cr. 2.73 
Mn 180 
Fe 1190 
Co 0.585 
Ni 2.1 I 
Cu 7.36* 
Zn 27.8 
As 0.447 
Se 0.2 
Br 2.76 
Rb 7.38 
Sr 25 
Cd 0.1* 
Sb 0.113 
I 1.28 
Cs 0.207 
Ba 46 
La 1.35 
Ce 2.41 
Nd 1.33 
Eu 0.0701 
Tb 0.0258 
Tm 0.0137 
Yb 0.094 
Lu 0.0198 
Hf 0.158 
Ta 0.0355 
w 0.0994 
Pb 10.72* 
Th 0.39 
u 0.124 

Bulgaria, 2015 
N=ll5 
[mg/kg] 

range 

79-1560 
514-8550 
569-10900 
16.6-861 
3250-14200 
606-14200 
0.104-3.13 
46.4-764 
J.3-22.7 
0.219-25 
39-551 
376-7240 
0.197-3.29 
0.451-13.5 
3.2-46.88* 
9.52-101 
0.201-3.57 
0.00753-0.671 
J.21-9.39 
2.24-50.7 
I 1.3-122 
0.02-1.56* 
0.0397-0.511 
0.48-2.99 
0.0716-1.8 
14.2-309 
0.399-22.6 
0.49-29.2 
0.22-24.1 
0.00972-0.918 
0.00531-0.422 
0.00147-0.214 
0.0248-1.08 
0.0003-1.45 
0.0404-1.44 
0.00921-0.284 
0.0244-1.44 
3.72-102.8* 
0.091-2.8 
0.0327-3.2 

Bulgaria, 2005 [5) 
N=99 
[mg/kg] 

median range 

725 189-8210 

6930 1532-43600 
232 84-1330 
6020 2750-13800 
8960 4530-32200 
0.92 0.21-7.20 
340 94-2590 
8.7 2.23-64 
3.8 1.18-55 
243 45-1270 
3000 689-19400 
1.49 0.35-28 
5 1.08-29 
6.84** 0.1-63.9** 
45 23-774 
0.97 0.27-8.76 

0.09-4.71 
1.33-18 

15 5.16-68 
36 14-170 
0.23** 0.1-5.56** 
0.29 0.07-8.7 
2.6 0.85-6.31 
0.52 0.18-5.71 
79 21-294 
3.3 1-61.79 
6.8 1.75-143 
3.15 0.01-47 

0.076 I • 0.02-0.98 
0.057 0.02-0.67 
0.22 0.05-3.32 
I I I I I, 

I I 

0.45 0.11-12.I 
0.127 0.03-1.52 
1.22 0.25-13 
11.7** 0.5-368** 
0.86 0.27-23 
0.3 0.09-6.28 

Bulgaria, 2000 [5] Norway [7] 
N=I03 

[mg/kg] [mg/kg] 

median range median range 

523 155-5580 
1730 940-2370 

3843 I JI 1-46400 200 67-820 
161 59-1180 
5760 3270-20500 -
7280 2270-19700 2820 1680-5490 
0.65 0.2-6.4 0.052 0.009-0.220 

12.4-66.4 
8.4 2.2-113 0.92 0.39-5.1 
3.2 0.5-26.9 0.10-4.2 
251 32-986 256 22-750 
2310 692-147 209 77-1370 
1.08 0.23-10.6 0.202 0.065-0.654 
4.1 0.5-18.6 0.12-6.6 
14.5** 5.34-1860** 
41 19-379 7.9-i73 
1 0.35-59 0.093 0.020-0.505 I' I I 

0.24 0.01-1.18 0.33 0.05-1.30 

12 3-69 7.7 1.3-51.5 
25 7-106 15.8 3.6-43.3 

0.23 0.07-20.2 0.033 0.004-0.240 
1.4 0.6-4.4 2.5 0.6-41.7 
0.4 0.10-2.96 0.072 0.016-0.88 
68 17-517 17.1 5.6-50.5 
2.9 0.8-23.7 0.189 0.045-2.56 

0.342 0.095-4.61 

0.068 I 1,: 0.016-0.610 0.003 I I , I , I I II <0.002-0.030 I II II I 

0.46 0.11-4.78 
0.076 0.018-0.563 
0.193 0.03-1.39 
18.9** 4.55-887** 
0.56 0.11-4.53 
0.2 0.03-1.87 

O.Dl 
0.127 
-
0.033 
O.Dl5 

<0.01-0.07 
0.009-1.23 

11 I I 

II' 

0.004-0.240 II• •I 
II 0.001-0.138 

It should be noted that due to the analytical methods applied (ICP-ES until 2010, NAA in 
2015), some differences in the results are anticipated. They arise from the sample preparation and I·•• • I 

sensitivities, and in ICP-ES, refractory compounds in the samples may potentially be omitted. Still, .. 
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the trends for decreasing in Ni and Cd atmospheric depositions are retained in 2015. Fe and Cu have 
a slightly higher median value in 2015 than in 2010. 

Bulgarian mosses had the highest concentration of Pb (maximal values) in the European moss 
survey in .1995. Since then, leaded petrol has been phased out. Open quarries and tailings, and an 
explosion in an ordnance plant in Iganovo (VMZ Sopot) explain the observed maximal values for Pb 
in 2015. 

In 2015, the highest concentrations for the elements Al, V, Ni and Fe were determined in three 
of the border crossing posts with Greece (Kulata, Ivaylovgrad, Zlatograd), along the nearest major 
roads, and in a site located relatively close to a fossil fuel power station. 

CONCLUSIONS 

Concentrations of a total of 37 elements were determined in 115 moss samples using 
instrumental epithermal neutron activation analysis (Na, Mg, Al, Cl, K, Ca, Sc, Ti, V, Cr, Mn, Fe, Ni, 
~~~~~~~~L~~~~~~~~~~~~~~~~ 
Three additional environmentally important elements were analysed by means of inductively coupled 
plasma atomic emission spectroscopy (Cd, Cu, and Pb). The concentrations determined are 
comparable with data from other European countries, reported in the 20 IO moss survey. In 2010 there 
was an observation that, in general, since the beginning of Bulgaria's participation in the ICP 
Vegetation programme in 1995, concentrations of metals deposited from the atmosphere have steadily 
decreased by about 30%. The most recent survey data does not show continuation of that trend for all 
elements reported. Following the shutdown of several major industrial facilities and. the 
implementation of better filtering technologies, a vehicle fleet renewal and more strict environmental 
and safety regulations are required to improve air quality. The results obtained supplement state 
monitoring air quality data, which is limited to a small number of sites and pollutants. They could 
provide for a better estimation of health and environmental risks, and aid risk-management decisions. 
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Abstract 

• Attention of astronomers from all over the world at 2012-2013 was focused on the 
comet.C/2012 Sl (ISON). It came at a distance of 1.17 million km near the Sun at 28.11.13 
and fall to pieces. Snow samples were collected around the Dubna city at the period when 
Earth came through the comet dust cloud. Melted water fractions with less thanl µm and 
more than 1 µm particles were analyzed separately. Snow samples contained increased 
compared with normal for this region content of Os, Ir, Au, Pt, U. 

Introduction 

· The ISON comet was discovered on 21 September 2012 by Russian astronomers Vitali 
Nevski and Artyom Novichonok. ISON passed at a distance of 1.17 million kilometers from 
the Sun's surface on 28.11.13 at 22:30 on Moscow time. With the passage of the perihelion, 
the comet disintegrated into pieces. According to the calculations of most astronomers [1, 2], 
the dust cloud with smaller than 10 µm particles resulting from the comet collapse has 
covered the Earth in the period from 12.01.2014 to 17.01.2014 . 

. The study of the substance of the comet has of great scientific interest. Some scientists 
believe that comets may be carriers of life in the Universe (the hypothesis of space 
panspermia). The comet first flew in the inner region of the Solar system from the Oort cloud, 
so the volatile substances of it ice core have not been disturbed and has not been seriously 
affected by heat and gravity. The age of the comet was estimated at 4.5 billion years and the 
study of dust particles from the ISON comet may answer on questions about the substance at 
the time of formation of our planetary system. 

Experimental 

. To conduct the study, samples of snow were taken in the vicinity of the Dubna city in 
the period of Earth passage through the dust cloud of the comet, few days before it and few 
days after it. Upper layer of snow less than 5 cm was collected and melted. Melted water 
samples were filtrated through the polymer nuclear filter with pore size 1 µm (F-fraction was 
stay on the filter). Less than 1 µm particles were co-precipitated with Fe(OHh (OH-fraction): 
50 µgldm3 Fe3

+ solution was added and NaOH solution was added dropwise to pH=8. 
Received precipitates were filtered throu~ the polymer nuclear filter. 

Also, evaluation of potential 1 7Cs technogenic pollution of snow samples was 
conducted. After precipitation with Fe(OHh and followin~ filtration, solutions were boiled 
down to 50 ml and acidified by HNO3 to pH=5 [3]. 1 7Cs was sorbed at the dynamic 
conditions with the m(sorbent)N(solution) = 10·2 g/ml ratio at the granulated K2Ni[Fe(CN)6] 

sorbent. 
Solution and precipitate samples were analyzed by nuclear physics methods. 
X-ray fluorescent analysis (XRF). Multi-element analysis of dried precipitates on 

filter was conducted by the X-ray fluorescent spectometer at FLNR JINR. Radioisotope 109Cd 
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(E=22.16 keV, T112=453 d) and 241Am (E=59.6 keV, T112=458 y) sources were used for 
excitation of X-ray radiation. Characteristic radiation was registered by a semiconductor 
Si(Li) detector with 145eV resolution on Fe line (6.4 keV). Element contents at the explored 
samples were determined by the simultaneous determination method in saturated layer [ 4]. 

Gamma-activation analysis (GAA). Standards of Au, Ir, Pt, Os, U, Th and dried 
precipitates on filter, which put on 5 mm high and 0=35mm polyethylene cassettes covered 
by 6-10 µm lavsan film, were irradiated 2-5 h by gamma-rays with energy E'y= 24 MeV on 
the compact electron accelerator MT-25 microtron at FLNR JINR. Electron current was 
15 µA. Methods similar with (5, 6] were used. 

Gamma-spectroscopy. Natural activity of precipitates on filters and sorbents as well as 
activity of irradiated samples were measured by Canberra gamma-spectrometer with a HP Ge 
detector, which has 1.5 keV resolution and 1 % efficiency on 1.33 MeV (6°Co) line. 
Measurement time was 1-24h. 

Results and discussion 
The content of elements in 1 dm3 of thawed water on the average corresponds to the 

content of elements in 5 liters of snow collected from a five-centimeter of 0.1 m2 surface 
layer. 

Plenty of elements, such as Mg, K, Ca, Cr, Fe, Ni, Cu, Zn etc., may be contained in 
cosmic particles (7, 8]. However, for sparse and platinum-group elements (Os, Ir, Au, Pt, U)a 
difference between their content in cosmic particles and the earth's crust should be more 
noticeably. It is considered that iridium is a precise indicator of cosmic matter presence in the 
samples, since its content in meteorites is approximately 20,000 times higher than in rocks of 
the earth's crust. Therefore, to these components was paid attention. 

Contents of macro components were determined by XRF. The XRF spectrum is shown 
.1. 
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Fig. I. The X-ray spectrum of F-fraction (> 1 µm particles on filter) of sample 17.01.14 
obtained by 109Cd source. 

Ir, Au, Pt, Os, U and Th were determined by GAA. Nuclear reactions, which 
interesting to this research, are shown in the Table 1. 

The spectrum of irradiated OH-fraction of sample 17.01.2014 was shown in Fig. 2. 
Visible content differences of Fe, Ni, Cu, Cr, Zn, Th, Pt in various samples not found. 
However, elevated contents compared to usual levels of elements such as Ir, Os, Au, U were 
found in the snow samples in the period of the Earth passage through the dust cloud. 

;i 
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Table 1. Reactions of interest to this research for GAA 

El Isotope T112 Ey,KeV(%) Reaction 

Ir Ir-190 11.8d 605 (41.3), 187(53.4) 191Ir(y,n)190 Ir 

Au Au-196 6.2d 333 (23), 355.7 (86.9) 197 Au(y,n)I96 Au 

Pt Pt-197 18.3h 77(17.1) 198Pt(y,n)191Pt 

Os Os-183 13h 114.59 (20), 381.7 (89.6) 184Os(y,n) 183Os 

u U-237 6.75d 208 (21.14) 238U(y,n)231U 

Th Th-231 25.5h 25.65 (14.6), 84 (6.65) 232Th (y, n) 231Th 

..... ·······························································································""· a) 
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Fig.2. The spectrum of irradiated OH-fraction of sample 17.01.2014 (a) and fragments of 
spectrum (b), (c), (d). Filter background (FB) peaks concern to irradiated filter without a 
sample. 
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The change of Ir, Os, Au and U content in melted water samples in the period of the 
Earth passage through the dust cloud is shown at the Fig.3. White bars correspond with a 
more than 1 µm particle size fraction (F-fraction) and grey bars correspond with a less than I 
µm particle size fraction (OH-fraction). 
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Fig.3. The change oflr, Os, Au and U content in melted water samples in the period of 
the Earth passage through the dust cloud. White bars correspond with a more than 1 µm 
particle size fraction (F-fraction) and grey bars correspond with a less than 1 µm particle size 
fraction (OH-fraction). 

Determination of 137Cs was conducted for evaluation of the environmental state. A 
content of radio-Cs was less than 0.0049 Bq/dm3 in all samples. Accordingly an obtained 
result indicates on unpolluted region by cesium. 

Conclusion 
Elevated compared to usual levels of Ir, Os, Au and U in the snow samples from 

Moscow region at the period of the Earth passage through the cosmic dust cloud was 
determined. Obtained results indicates the possibility of a comet observation by snow cover 
samples (and dust samples) research at Moscow region. 
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Abstract 

In the present work, a method of a blue topaz production at the reactor IBR-2 is 
studied. To obtain deep blue color the fast neutron fluence needs to be about 1018 cm·2• The 
optimal sample position in the channel N23 was determined. The special irradiation containers 
filled with boron carbide were created to reduce activation by thermal and resonance 
neutrons. 

1. Introduction 

Most of the natural topazes Al2Si04 (F,OH) 2 are colorless. To enhance these 
gemstones various types of radiation are widely used [1]. The irradiation forms the color 
centers in the crystal structure which change the mineral's color and, thereby, increase its 
consumer value. Reactor neutron irradiation is commonly applied to create an attractive deep 
blue color, called «London Blue», in the almost colorless topazes (Fig. 1). The production of 
blue centers is established to be caused by fast neutrons, while thermal and resonance 
neutrons lead to induced radioactivity of trace-element in topaz. This induced radioactivtty 
doesn't allow using topazes in jewelry immediately after irradiation, because it can harm the 
health. The irradiated topazes can be used only after several years, when the radiation level 
will decrease to appropriate levels. Fast reactor IBR-2 makes it possible to achieve effective 
color modification with a minimum of induced activity. 

This work is devoted to the optimization of the irradiation conditions in the channel 
N23 of the reactor IBR-2 [2] for production of «London Blue» topazes. In addition, the 
mechanism of blue centers formation were investigated by the optical absorption and Raman 
spectroscopy methods. 
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po 

Fig.1. Color changes of Ural topazes before (a) and after (b) neutron irradiation at the reactor 
IBR-2. Fast neutron fluence was about 1018 cm-2

. 

2. Experiment 

Topazes of different deposits were irradiated by neutrons at the reactor IBR-2. 
Samples were placed on the I-bar in the research channel N23 in the aluminum capsules 
(Fig. 2). 

Fig. 2. Capsules for samples in the research channel N23 at IBR-2. 

Fluence value was varied by positioning the samples at different distances from the 
moderator. Fast (>l MeV) fluence value was measured by the method of the neutron 

activation analysis. Threshold detectors based on the reaction 58 Ni(n, p )58 Co were positioned 

near each samples group. The reactor operation cycle was 264 hours. The activity of 
irradiated samples was analyzed using gamma spectrometer with HPGe detector (Canberra) 
with relative efficiency of 40 %, an energy resolution of 1.8 keV at 1332 keV for 6°Co. The 
annealing was carried out in a furnace in air. 
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3. Results and discussion 

Sample positions in channel N23 and the color changes depending on the fast neutron 
(>1 MeV) fluence value are presented in Fig. 3. 
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~ "•: .. ,~:·:?::i;, ";i ;,:,'1:::,fll 

ie • . I· / ·I .. i'. .. ,. J -,.,,, 
~ 1111· I ■· •· '.', ·t:: , 1 :.\ 

,.r ·, ,, ,i,: 1~,'1 I:'!;,.,} ·",,,.:,.fl" 

&,, ~~· 

Fig. 3. Sample positions in channel N23 and the color changes depending on the fast neutron 
(> 1 Me V) fluence value. 

It can be seen that «London blue» color can be obtained with the fast neutron fluence 
of about 1018 cm-2

• This fluence value is reached at the I-bar end. 
Some samples have a brown tint which is easy removed by heating in air at the 

temperature (200-;-300)°C (Fig. 4). Various annealing modes at temperatures above 500 °C 
give any shade of blue color (the optical absorption band is centered at 620 nm). Achieved 
color remains stable at room temperature for a long time. 

T==(200+300}°C 

air 

Fig. 4. Removing a brown tint by heat treatment. 
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Gamma-ray spectroscopy detected the presence of different radionuclides in the 
irradiated topazes. To reduce activation the special irradiation containers were created. The 
containers sides were made of boron carbide placed between two aluminum layers (Fig. 5). 
These containers significantly reduced the residual activity level. The residual activity values 
of two Ural samples at the end of irradiation are stated in Table 1. 

Table 1. Residual activity of two Ural samples at the end of irradiation. 

Nuclide Half-life 
Residual activity (Bq/g) 

Sample J~H Sample.N22 
,,. Cs 753.6 d 0.51±0.04 8.17±0.13 
,.Mn 312.3 d 14.53±0.08 49.58±0.28 
uum Ag 249.79 d 0.27±0.04 9.85±0.18 
o,Zn 244.26 d 8.70±0.09 42.06±0.37 

'"'Ta 114.43 d 22.94±0.25 59.58±0.79 
,o Sc 83.79 d 28.27±0.11 39.91±0.24 
,o Co 70.86 d 1.52±0.03 11.53±0.14 
IOUTb 72.3 d 8.88±0.13 97.09±0.69 

'"'' Sb 60.2d 2.94±0.10 19.60±0.42 
,, Fe 44.5 d 11.28±0.13 37.88±0.43 
_,., Hf 42.39 d 3.39±0.04 42.22±0.22 

', "'Ce 32.5 d 3.36±0.03 23.07±0.17 
,. Cr 27.7 d 35.92±0.29 281.79±1.38 
<JJ Pa 26.96 d 70.59±0.19 798.57±1.12 
•o Rb 18.63 d 5.71±0.52 1267.60±5.85 

_msb 2.72d 37.94±0.87 251.87±2.65 
1

'
0 Au 2.69 d 11.45±0.39 4041.18±6.55 

SJ> Np 2.35 d 906.7±3.69 13107.59±18.00 
••uLa 1.67 d 269.08±7.40 2152.36±23.72 

"Mo 65.94h 2.69±0.19 85.36±1.76 
i>jsm 46.28 h 2516.38±9.27 27414.81±37.09 

"Na 14.95 h (7.07±0.10)E+06 (8.44±0.07)E+06 
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Fig. 5. The irradiation containers filled with boron carbide between aluminum layers 

To optimize this method, we need to investigate the mechanism of blue centers 
formation. The preliminary results of Raman spectroscor,y showed intensity decreasing of 
peaks, associated with the OH stretching mode (3650 cm- ), after neutron irradiation. Trucing 
into account that natural blue topazes have a low OH-content [3], we can suppose that the 
blue centers formation is caused by collision mechanism of hydroxyl destruction by fast 
neutrons. The same effect is observed with an electron beam irradiation, but it is much less 
pronounced. 

4. Conclusion 

The optimal irradiation conditions for blue topazes production were determined: To 
obtain «London blue» color the fast neutron fluence needs to be about 1018 cm-2

• This fluence 
value is reached at the I-bar end in the channel N23 of the reactor IBR-2 with operation cycle 
of 264 hours. The containers with double sides filled with boron carbide significantly reduce 
the residual activity level. Based on the preliminary results of Raman spectroscopy we can 
suppose that the formation of blue centers is caused by collision mechanism of hydroxyl 
destruction by fast neutrons. 
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Abstract 
The concentration of majority of elements in soils and bottom sediments of chosen 

model recreational zone are corresponded to values reported for non-polluted zones except the 
area, which close to city dump. Cl, Br and I, the atmospheric supply from the marine 
environment is the predominant source for aquatic plants. The root-biomonitor for assessing 
accumulation of the majority of elements in plants from soils and bottom sediments, and in 
contrast the good leaf-biomonitor were found and analyzed. Translocation of elements varies 
depending on the physiological property of elemental uptake and is generally more intense 
through plant tissues than from sediments to plants. Cu, Zn, Sb, As, Ag, Au accumulated in 
phytoplankton due to coastal flows from anthropogenic sources.Obtained results could be 
used in ecological monitoring studies of the coastal zones. 

Introduction 
The coastal ecosystems with sources of natural runoff evolved from the estuarine areas 

towards complex shore with beaches, cliffs, wetlands et al. The vegetation and phytoplankton 
play the key role in elemental flows in these objects. 

The aim of this complex study was to determine the ranges of variability of 
concentrations of different groups of elements in connection with affinity of pollution sources 
and properties of autotrophic biota in a typical recreational coastal zone. 

We were solved several tasks during the study: 
• Selection of model coastal zones 
• Checking of organisms-biomonitors and choosing 
• Determination the elements in different parts of organisms 
• Analysis of elemental groups in substrates (soils and bottom sediments) 
• Estimation of the levels of accumulation of elemental groups in these organisms by 

different zones 
• The comparative analysis of data with reference values 

Material and methods 
First of all we were divided the coastal zones into 3 mab groups: natural reserves, 

recreational zones and industrial regions. 
In the coastal zone of Anapa city aquatic plants such as cane Phragmites australis, sedge 

Carex canescens, macroalgae such as Cladophora sericea were analyzed as a biomonitors. As 
a substrate the bottom sediments and soils from different layers (0, 20, 40 cm) were studied. 

For analysis of elemental concentrations the neutron activation analysis performed at 
the reactor IBR-2 of the Frank Laboratory of Neutron Physics, Joint Institute for Nuclear 
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Research, Dubna in 2014-2016 were used. The main analytical technique was described in 
Frontasyeva (2011) with additions based on latest studies of aquatic biota and phytoplankton 
(Nekhoroshkov et al., 2015, Kravtsova et al., 2014). 

Among the aquatic biomonitors we were chosen macrophytes, aquatic vegetation and 
phytoplankton as different organisms which exist under natural and anthropogenic conditions. 

Macroalgae and aquatic plants were dried and prepared by using standards technique 
which was performed for vegetation. The filters with phytoplankton were divided into two 
equal portions. The concentrations of elements in filter blanks were taken into account. All 
samples were packed in plastic bags (to determine the short-lived isotopes) and into aluminum 
cups (to determine the long-lived isotopes). Quality control was provided by using standard 
reference materials of different origin: 433, 690CC, 1547, 1572, 1632b, 1633b, 2709, 2710. _, 

' ·,·.er~ ·r .. 

Fig. 1. Sampling sites in coastal zone of Anapa city. Samples of aquatic vegetation, 
macrophytes, soils, bottom sediments. 
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, The results and discussion 
The majority of the results and more detailed discussion were presented in our previous 

papers (Nekhoroshkov et al., 2015; Kravtsova et al., 2014; Nekhoroshkov et al., 2017).Several 
references could be find in this sources. 

Such elements as Cr, Zn, As and Ba, which contained in soils and sediments and could 
be translocate and accumulate in aquatic vegetation, had the bigger concentrations than 
maximum permissible levels established for several developed countries. But these values 
corresponded to station which situated close to city dump and connected with anthropogenic 
sources of pollution such as fuel, solid domestic waste combustion and others. 

Our data were also compared to results of Kolesnikov et al. (2012) who determined in 
laboratory conditions the levels of several elements for non-polluted, low polluted and 
moderate polluted soil from the Southern part of Russia using the integral index of biological 
state of soil (Table 1). It helps to realize the level of local differences in elemental content of 
soils from the standard levels for whole region. The maximal concentrations of Cr, Zn, As, Se 
and Sr in soils of Anapa region that were determined at the stations 6 and 7 (the nearest to city 
dump) were similar with the values reported for moderate polluted soils. 

Table 1. Maximal and median elemental concentrations (µgig dry weight) in soils from Anapa 
region ( our data) and values for non-polluted and polluted soils from the Southern part of Russia 

Soils in Anapa region Soils in the Southern part of Russia1 

Elements 
Median Non- Low Moderate Max polluted polluted polluted 

V 150 30 <200 200-300 300-850 
Cr 105 30 <70 70-90 90-170 
Mn 900 370 <1000 1000-1600 1600-1800 
Co 24 4 <18 18-36 36-250 
Ni 80 12 <50 50-100 100-700 
Zn 270 50 <125 125-200 200-850 
As 36.8 7.1 <17 17-30 30-160 
Se 2.31 0.25 <0.7 0.7-1.4 1.4-9 
Sr 840 510 <250 240-450 450-3200 
Mo 15.7 1.1 <8 8-400 >400 
Sb 2.1 0.6 <5 5-12 12-200 
Ba 690 250 <900 900-1500 1500-4000 

1elements insoil according to (Kolesnikov et al., 2012) 
The concentration of elements which relate to moderate polluted range are given in bold 

The obtained results were compared to the available data for Phragmites, Carex, and 
Cladophora, reported by other authors (Table 2) to represent the variability of concentrations 
in different regions. The concentrations of most elements in leaves and roots of Phragmites 
australis sampled in the mountain lake in Italy (Baldantoni et al., 2009) and in the mouth of 
the longest Sicilian river (Bonanno et al., 2010) are higher compared to our results. The 
exceptions are Ti, Mn, As, Sb and Ti, V, As, Se, which values in roots and leaves, 
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respectively, are higher in the present study. The values of Co, Zn, Rb, and Th in Carex 
pendula sampled in Germany in botanical garden (Horovitz et al., 1974) are higher than our 
data; the reverse trend is observed for Sc, Cr, Fe and Cs. The elemental content · of 
Cladophora reported by different authors varies in a wide range depending on the sampling 
region and the species. 

Table 2. Elemental content of different species of Phragmites, Carex and Cladophora (µg•g-1dry 
weight). 

Phragmitesaustralis 
Carex Cladophora 

Cladophoraglomera!a 
endula 

El. 
Whole Whole Whole 

Roots1 Roots2
,3 Leaves2,3 

lant4 Whole plant5 

lant6 lant7 

Na - - - - 17100 - 3000 
Mg 1550 - - - 7800 - 23000 
Al - 3153 389 
K 17000 - - - 24500 - 11000 

Ca - - - - 8500 - 170000 

Sc - - - 0.19 
Ti - <0.05 <0.05 

V 14.5 9.2 <0.05 
Cr 3.06 6.97 0.69 0.12 
Mn 300 475.8 308 - 470 500 18000 
Fe 2990 5561 453 460 2400 10000 2300 
Co - 8.0 0.22 0.03 0.5 

Ni 6.52 9.12 1.69 - 3.1 - 6.3 
Zn 54 104 28.4 595 60 200 

As - <0.05 <0.05 - - - 5 
Se - <0.5 <0.5 

Rb - - - 3.8 

Sr - 48.5 82.3 - 90 

Mo - 16.8 8.5 

Sb - <0.05 <0.05 

Cs - - - 0.01 

Ba - 47.3 20.1 

Th - - - 0.45 
1-Baldantoni et al., 2009; 2-Bonanno et al., 2010; 3-Bonanno, 2011; 4-Horovitz et al., 

1974; 5-Bojanowski, 1973; 6-Ravera, 2001; 7-Maltsev et al., 2014 
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Fig. 2. Concentrations of vanadium (ppm) in phytoplankton samples (>35 µm) in summer 
and winter period of2013-2014 from the coastal zone of Sevastopol. Red strings - sources of the 

coastal runoff and sources of pollution. 

The different composition of Cladophora sericea and Phragmites australis with Carex 
canescens is explainable by different elemental uptake, either mainly by entire surface of 
plant from water (Cladophora) or by roots from sediments (Phragmites australis and Carex 
canescens). 

The results, which were obtained for the largest phytoplanktonic organisms (>35 µm) in 
coastal polluted zones, showed that the elements with anthropogenic origin were accumulated 
in phytoplankton communities high concentrations relate to terrigenous along-coastal flows. 

The accumulation of elements (for example vanadium) that could be anthropogenic 
origin corresponded to sources of terrigenous and anthropogenic flows (Fig. 2, red strings). 

Conclusions 
Neutron Activation Analysis fits well to assessment of elemental accumulation in 

organisms from coastal ecosystems. Coastal water objects could be analyzed by using NAA in 
complex study. 

By using NAA we concluded that such elements as AI, Sc, Ti, Zr, REE, Th can be used 
as markers of terrigenous suspension. The normalizing concentrations in phytoplankton 
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matter reflect the accumulative features of organisms with the higher accuracy excluding the 
effect of adsorbed mineral particles. 

Roots and leaves of Phragmitesaustralis are good accumulators of Na, Ti, and Br and, 
in contrast, contain lower levels of Zn, Rb, and Ba than in RP. In Carexcanescens roots and 
leaves the levels of Na, Ti, As, Th, and U are one order of magnitude higher than in RP. In 
contrast, Mg, K, Mn, Zn, Rb, Cs, and Ba show lower levels in comparison to RP 
concentrations. 

Cladophora sericea accumulated Cl in small relative amounts in comparison to Br and 
I. Phragmites australis in the major cases,selected I and Cl regardless Br. In that sense the 
Carex canescens demonstrated the most flexible ability for accumulation of these halogens. 

The environmental levels of the 19 trace elements in Cystoseiraspp. From relatively 
clean waters from marine protected areas, determined in this study, could be used for the 
further biomonitoring objectives in the Black Sea region. 

The revealed peculiarities of elemental accumulation in different morphostructural parts 
of Cystoseira spp. and the relationship between the concentrations of some trace elements in 
algae with geological composition of the coast (that is, the type of rocks) improved our I 5. 
knowledge regarding the use of Cystoseira spp. as a biomonitor of coastal waters pollution. 

Using such organisms as phytoplankton, macroalgae and aquatic vegetation (as basic 
elements forming primary production) in biomonitoring studies the environmental states of 
coastal zones and special fingerprints in different regions should be analyzed. 
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Introduction 

Prostate cancer (PCa) is the most common non-cutaneous male cancer in most 
populations. Although the etiology of PCa is unknown, several risk factors including age, 
diet, and environment (Cd and some other trace element) have been well determined, It is also 
reported that the risk of having PCa drastically increase with age, being three orders of 
magnitude higher for the age group 40-79 years than for those younger than 39 years. Trace 
elements are involved in regulation of cell membrane and cell function, gene regulation, 
activation or inhibition of enzymatic reactions. Essential or toxic (mutagenic, carcinogenic) 
properties of trace elements depend on tissue-specific need or tolerance, respectively. 
Excessive accumulation or an imbalance of the trace elements may disturb the cell functions 
and may result in cellular degeneration, death or, on the contrary, intensive uncontrolled 
proliferation, and malignancy, 

Some trace elements have been highlighted in the literature in relation to the development 
of PCa. [I-20J However, questions on the role of trace elements in etiology and pathogenesis of 
PCa are far from being answered. First of all, it is necessary to establish the normal level and 
changes of trace element contents in PCa tissue, and relationships of trace elements in norm 
and disease. To that end, we determined the ratio to Cd of 42 trace element (Ag, Al, Au, B, 
Be, Bi, Br, Ce, Co, Cr, Cs, Dy, Er, Fe, Gd, Hg, Ho, La, Li, Mn, Mo, Nb, Nd, Ni, Pb, Pr, Rb, 
Sb, Sc, Se, Sm, Sn, Tb, Th, Ti, Tl, Tm, U, Y, Yb, Zn, and Zr) in normal and cancerous 
prostate gland. 

All studies were approved by the Ethical Committee of the Medical Radiological 
Research Center, Obninsk. 

Experimental 

The 60 patients aged 40-79 years (M±SD 65±10) suffered from PCa (stage Tl-T4) were 
hospitalized in the Urological Department of the Medical Radiological Research Centre 
(Obninsk, Russia). Transrectal puncture biopsy of suspicious indurated regions of the prostate 
was performed for every patient, to permit morphological study of prostatic tissue at these 
sites and to estimate their chemical element contents. In all cases the diagnosis has been 
confirmed by clinical and morphological results obtained during studies of biopsy and 
resected materials. 
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Intact prostates (N) were removed at necropsy from 37 men aged 41-87 who had died 
suddenly. Their mean age was 55±11 (M±SD) years. The majority of deaths were due to 
trauma. Tissue samples were collected from the peripheral zone of dorsal and lateral lobes of 
their prostates, within 2 days of death. A histological examination was used to control the age 
norm conformity, as well as to confirm the absence of microadenomatosis and latent 
cancer.l6·m,2oJ 

All tissue samples were divided into two portions. One was used for morphological study 
while the other was intended for trace element analysis. After the samples intended for trace 
element analysis were weighed, they were freeze-dried and homogenized. The sample 
weighing about 10 mg (for biopsy materials) and 50-100 mg (for resected materials) was used 
for trace element measurement by INAA-LLR. The samples for INAA-LLR were wrapped 
separately in a high-purity aluminum foil washed with double rectified alcohol beforehand 
and placed in a nitric acid-washed quartz ampoule. 

After INAA-LLR investigation, the prostate samples were taken out and used for ICP-MS 
method. The samples were decomposed in autoclaves; 1.5 mL of concentrated HNO3 (nitric 
acid at 65 %, maximum (max) of 0.0000005 % Hg; GR, ISO, Merck) and 0.3 mL of H2O2 
(pure for analysis) were added to prostate tissue samples, placed in one-chamber autoclaves 
(Ancon-AT2, Ltd., Russia) and then heated for 3 h at 160-200 °C. After autoclaving, they 
were cooled to room temperature and solutions from the decomposed samples were diluted 
with deionized water (up to 20 mL) and transferred to the plastic measuring bottles. 
Simultaneously, the same procedure was performed in autoclaves without tissue samples 
(only· HNO3+H2O2+ deionized water), and the resultant solutions were used as control 
samples. 

A vertical channel of a nuclear reactor was applied to determine the trace element mass 
fractions by INAA-LLR. The quartz ampoule with prostate samples and certified reference 
materials was soldered, positioned in a transport aluminum container, and exposed to a 24-
hourneutron irradiation in a vertical channel with a neutron flux of 1.3· 1013 n·cm·2,s·1

• Ten 
days after irradiation samples were reweighed and repacked. The samples were measured for 
period from 10 to 30 days after irradiation. The duration of measurements was from 20 min to 
10 hours subject to pulse counting rate. The gamma spectrometer used for INAA-LLR 
included the 100 cm3 Ge(Li) detector and on-line comguter-based multichannel analyzer. The 
spectrometer provided a resolution of 1.9 keV on the Co 1332 keV line. Other details of the 
INAA-LLR analysis were presented in our previous publication. l7l 

An ICP-MS Thermo-Fisher "X-7" Spectrometer (Thermo Electron, USA) was used to 
determine the content of trace elements by ICP-MS. The element concentrations in aqueous 
solutions were determined by the quantitative method using multi elemental calibration 
solutions ICP-MS-68A and ICP-AM-6-A produced by High-Purity Standards (Charleston, SC 
29423, USA). Indium was used as an internal standard in all measurements. Information 
detailing with the ICP-MS method used was presented in our previous publication. [IOJ 

For quality control, ten subsamples of the certified reference materials (CRM) IAEA H-4 
Animal muscle and IAEA HH-1 Human hair from the International Atomic Energy Agency 
(IAEA), and also five sub-samples INCT-SBF-4 Soya Bean Flour, INCT-TL-1 Tea Leaves 
and INCT-MPH-2Mixed Polish Herbs from the Institute of Nuclear Chemistry and 
Technology (INCT, Warszawa, Poland) were analyzed simultaneously with the investigated 
prostate tissue samples. All samples of CRMs were treated in the same way as the prostate 
samples. Detailed results of this quality assurance program were presented in earlier 
publications.P·101 

243 



A dedicated computer program for INAA mode optimization was used. C211 All prostate 
samples for INAA-LLR were prepared in duplicate and mean values of trace element contents 
were used in final calculation. For elements investigated by both INAA-LLR and ICP-MS 
methods the mean of all results was used. Using the Microsoft Office Excel software Cd/trace 
element contents for each trace element in every sample were calculated. Then arithmetic 
mean± standard error of mean was calculated for trace element mass fraction and for ratios of 
Cd/trace element mass fraction in normal and cancerous prostate. The difference in the results 
between PCa and N was evaluated by parametric Student's t-test and non-parametric 
Wilcoxon-Mann-Whitney U-test. 

Results and discussion 

As was shown by us[6
•
7

•
9

•
101

, the use of CRM IAEA H-4 Animal muscle, IAEA HH-1 
Human hair, INCT-SBF-4 Soya Bean Flour, INCT-TL-1 Tea Leaves, and INCT-MPH-
2Mixed Polish Herbs as certified reference materials for the analysis of samples of prostate 
tissue can be seen as quite acceptable. Good agreement of the trace element contents in these 
CRMs, measured by us using INAA-LLR and ICP-MS methods, with the certified datac6

•
7
•
9
•101 

indicates an acceptable accuracy of the results obtained in the present study. 
Table 1 represents mean values ± standard error of mean (M±SEM) of the Ag, Al, Au, B, 

Be, Bi, Br, Cd, Ce, Co, Cr, Cs, Dy, Er, Fe, Gd, Hg, Ho, La, Li, Mn, Mo, Nb, Nd, Ni, Pb, Pr, 
Rb, Sb, Sc, Se, Sm, Sn, Tb, Th, Ti, Tl, Tm, U, Y, Yb, Zn and Zr mass fraction, as well as the 
ratio to Cd of Ag, Al, Au, B, Be, Bi, Br, Ce, Co, Cr, Cs, Dy, Er, Fe, Gd, Hg, Ho, La, Li, Mn, 
Mo, Nb, Nd, Ni, Pb, Pr, Rb, Sb, Sc, Se, Sm, Sn, Tb, Th, Ti, Tl, Tm, U, Y, Yb, Zn, and Zr 
mass fraction in normal and cancerous prostate. 

The mean values and standard error of mean (±SEM) were calculated for 43 trace element 
contents including Cd, as well as for 42 ratios of Cd/trace element mass fractions (Table I). 
The mass fraction of Cd and other 42 trace elements were measured in all, or a major portion 
of normal prostate samples. The masses of PCa samples varied very strong from a few 
milligrams (sample from needle biopsy material) to 100 mg (sample from resected material). 
Therefore, in PCa prostates mass fraction ratios to Cd of other trace element content were 
determined in 11 samples. 

The ratios of means and the difference between mean values of the Cd/trace element mass 
fraction ratios in normal and cancerous prostate are presented in Table 2.From Table 2, it is 
observed that in cancerous tissue the all Cd/trace element mass fraction ratios investigated in 
the study are significantly lower, than in normal prostate, with the exception of Cd/Nb, Cd/Sc, 
and Cd/Zn ratios. 

Analysis of the mass fraction ratios for trace element in prostate tissue could become a 
powerful diagnostic tooiC22

•
261

• To a large extent, the resumption of the search for new 
methods for early diagnosis of PCa was due to experience gained in a critical assessment of 
the limited capacity of the prostate specific antigen (PSA) serum test. In addition to the PSA 
serum test and morphological study of needle-biopsy cores of the prostate, the development of 
other highly precise testing methods seems to be very useful. Experimental conditions of the 
present study were approximated to the hospital conditions as closely as possible. In PCa 
cases we analyzed a part of the material obtained from a puncture transrectal biopsy of the 
indurated site in the prostate. Therefore, our data allow us to evaluate adequately the 
importance of Cd/trace element mass fraction ratios for the diagnosis of PCa. 
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Tabl.e 1: Mean values (M±SEM) of the trace element mass fraction (mg/kg, dry mass basis) 
and the Cd mass fraction/ trace element mass fraction ratios in normal (N), benign . 

hypertrophic (BPH) and cancerous prostate (PCa) 

Mass fraction Ratio 
Sxmbol N PCa S~mbol N PCa 

Ag 0.038±0.006 0.252±0.030 Cd/Ag 69.5±21.0 1.06±0.22 
Al 34.2±3.5 328±73 Cd/Al 0.0437±0.0076 0.0013±0.0005 
Au 0.0041±0.0008 0.0297±0.0056 Cd/Au 496±120 12.2±2.9 
B 1.04±0.18 12.6±3,7 Cd/B 1.79±0.37 0.0309±0.0051 
Be 0.00094±0.00007 0.0137±0.0022 Cd/Be 1384±188 28.8±5.9 
Bi 0.029±0.01 I 1.75±0.27 Cd/Bi 285±87 0.153±0.030 
Br 27.9±2.9 99.9±8.9 Cd/Br 0.0528±0.0086 0.00388±0.00085 
Cd 1.12±0.13 0.425±0.099 Cd/Cd 1.00 1.00 
Ce 0.0309±0.0050 0.101±0.013 Cd/Ce 65.4±16.9 4.02±1.01 
Co 0.0467±0.0064 0.0336±0.0040 Cd/Co 31.4±4.5 9.83±1.90 
Cr 0.56±0.08 2.34±0.32 Cd/Cr 5.91±2.78 0.138±0.037 
Cs 0.0339±0.0033 0.0389±0.0039 Cd/Cs 43.8±7.2 14.9±5.1 
Dy 0.00293±0.00049 0.00771±0.00110 Cd/Dy 724±162 74.2±24.6 
Er 0.00148±0.00023 0.00297±0.00038 Cd/Er 1219±235 151±45 
Fe 111±9 165±15 Cd/Fe 0.0106±0.0013 0.00344±0.00097 
Gd 0.00290±0.00041 0.00945±0.00173 Cd/Gd 654±151 37.1±8.5 
Hg 0.052±0.008 0.122±0.019 Cd/Hg 34.9±6.2 2.56±1.01 
Ho 0.00057±0.00008 0.00178±0.00022 Cd/Ho 3100±584 196±35 
La 0.080±0.020 0.969±0.537 Cd/La 55.8±11.9 1.30±0.50 
Li 0.0419±0.0055 0.251±0.054 Cd/Li 39.1±7.4 1.62:!;:0.53 
Mn 1.34±0.08 6.99±1.35 Cd/Mn 0.967±0.139 0.108±0.034 
Mo 0.282±0.038 0.298±0.035 Cd/Mo 5.69±1.05 2.10±1.15 
Nb 0.0054±0.0012 0.0052±0.0002 Cd/Nb 475±109 148±92 
Nd 0.0137±0.0021 0.0413±0.0065 Cd/Nd 146±38 10.0±2.4 
Ni 3.10±0.51 6.96±1.04 Cd/Ni 0.810±0.213 0.0555±0.0128 
Pb 2.39±0.56 1.81±0.35 Cd/Pb 1.98±0.68 0.209±0.034 
Pr 0.00353±0.00053 0.00973±0.00174 Cd/Pr 565±134 34.7±7.6 
Rb 13.3±0.9 8.71±0.66 Cd/Rb 0.101±0.014 0.0473±0.0085 
Sb 0.043±0.006 0.490±0.059 Cd/Sb 58.2±12.8 1.62±0.33 
Sc 0.0294±0.0053 0.0116±0.0015 Cd/Sc 62.3±16.9 40.2±17.1 
Se 0.75±0.05 0.56±0.08 Cd/Se 1.63±0.23 0.601±0.112 
Sm 0.0027±0.0004 0.0095±0.0029 Cd/Sm 773±182 95.9±30.1 
Sn 0.32±0.06 1.28±0.24 Cd/Sn 9.45±2.14 0.430±0.155 
Th 0.00039±0.00006 0.00089±0.00012 Cd/Tb 6314±1729 361±84 
Th 0.0033±0.0007 0.0495±0.0123 Cd/Th 727±145 9.41±3.81 
Ti* 2.82±0.64 8.60±2.20 Cd/Ti* 0.848±0.184 0.0938±0.0438 
TI 0.0014±0.0001 0.0219±0.0056 Cd/Tl 1134±195 13.2±2.2 
Tm 0.00024±0.00003 0.00054±0.00011 Cd/Tm 6818±1129 439±80 
u 0.0070±0.0021 0.0068±0.0013 Cd/U 659±150 81.5±20.0 
y 0.0187±0.0043 0.0340±0.0038 Cd/Y 340±204 15.5±4.9 
Yb 0.00141±0.00025 0.00174±0.00039 Cd/Yb 1787±537 314±113 
Zn 1031±129 136±10 Cd/Zn 0.00200±0.00045 0.00295±0.00034 
Zr 0.036±0.006 2.13±0.89 Cd/Zr 55.1±10.7 0.454±0.133 

M- arithmetic mean, SEM - standard error of mean, * Titanium tools were used for sampling 
and sample preparation. 



Table 2:Ratio of means and the difference between mean values of the Cd mass fraction/ 
trace element mass fraction ratios in normal (N) and cancerous prostate (PCa) 

Symbol RatioPCa/N p<, t-test p, U-test 
Cd/Ag 0.Q15 0.0034 S0.01 
Cd/Al 0.029 0.00001 S0.01 
Cd/Au 0.025 0.00069 S0.01 
Cd/B 0.017 0.00009 S0.01 
Cd/Be 0.021 0.00001 S0.01 
Cd/Bi 0.001 0.0032 S0.01 
Cd/Br 0.073 0.00002 S0.01 
Cd/Ce 0.061 0.0014 S0.01 
Cd/Co 0.313 0.00014 S0.01 
Cd/Cr 0.023 0.052 S0.01 
Cd/Cs 0.340 0.0024 S0.01 
Cd/Dy 0.102 0.00059 S0.01 
Cd/Er 0.124 0.00016 S0.01 
Cd/Fe 0.325 0.00011 S0.01 
Cd/Gd 0.057 0.00046 S0.01 
Cd/Hg 0.073 0.00003 S0.01 
Cd/Ho 0.063 0.00005 S0.01 
Cd/La 0.023 0.00011 S0.01 
Cd/Li 0.041 0.00006 S0.01 
Cd/Mn 0.112 0.00001 S0.01 
Cd/Mo 0.369 0.039 >0.05 
Cd/Nb 0.312 0.067 >0.05 
Cd/Nd 0.068 0.0017 S0.01 
Cd/Ni 0.069 0.0020 S0.01 
Cd/Pb 0.106 0.016 S0.01 
Cd/Pr 0.061 0.00065 S0.01 
Cd/Rb 0.468 0.0030 S0.01 
Cd/Sb 0.028 0.00022 S0.01 
Cd/Sc 0.645 0.391 >0.05 
Cd/Se 0.369 0.00044 S0.01 
Cd/Sm 0.124 0.0013 S0.01 
Cd/Sn 0.046 0.00036 S0.01 
Cd/Tb 0.057 0.0023 S0.01 
Cd/Th 0.013 0.00001 S0.01 
Cd/Ti* 0.111 0.00058 S0.01 
Cd/Tl 0.012 0.00001 S0.01 
Cd/Tm 0.064 0.00002 SO.OS 
Cd/U 0.124 0.00089 S0.01 
Cd/Y 0.046 0.126 SO.OS 
Cd/Yb 0.176 0.013 SO.OS 
Cd/Zn 1.48 0.104 >0.05 
Cd/Zr 0.008 0.00004 S0.01 

t-test - Student's t-test, U-_test - Wilcoxon-Mann-Whitney U-test, Bold significant differences 

246 



Conclusions 

The combination of nondestructive INAA-LLR and destructive ICP-MS methods is 
satisfactory analytical tool for the precise determination of 43 trace element mass fractions in 
the tissue samples of normal and carcinomatous prostate glands. The sequential application 
of these methods allowed precise quantitative determinations of mean mass fraction of Ag, 
Al, Au, B, Be, Bi, Br, Cd, Ce, Co, Cr, Cs, Dy, Er, Fe, Gd, Hg, Ho, La, Li, Mn, Mo, Nb, Nd, 
Ni, Pb, Pr, Rb, Sb, Sc, Se, Sm, Sn, Tb, Th, Ti, Tl, Tm, U, Y, Yb, Zn and Z:r. It was observed 
that the ratio to Cd of Ag, Al, Au, B, Be, Bi, Br, Ce, Cr, Cs, Dy, Er, Gd, Ho, La, Li, Mn, Nd, 
Ni, Pb, Pr, Sb, Sm, Sn, Tb, Th, Ti, Tl, U, Y, Yb, and Zr mass fraction were significantly lower 
in cancerous tissues than in normal prostate. Further studies on larger number of samples are 
required .to confirm our findings and to investigate the impact of the trace element 
relationships on prostate cancer etiology. 
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Introduction 

To use chemical element composition as estimation of bone and teeth health in 
stomatological, geographical, environmental and occupational medicine, paleoanthropology, 
and other directions, it is necessary to know normal levels and age- and gender-related 
changes of chemical element contents and their ratiosY-221 

In our previous studies it was shown that samples are contaminated by trace elements 
from stainless steel tools during the sample preparation. 1231 There is evidence that some 
chemical elements are lost if tooth samples are treated with solvents in order to remove the 
organic matrix, and are then ashed and acid digested. 124• 
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This work had three aims. The first was to determine the Ca, Cl, K. Mg, Mn, Na, P, and 
Sr mass fractions in the intact roots of male teeth by instrumental neutron activation analysis 
with high resolution spectrometry of short-lived radionuclides (INAA-SLR) and to calculate 
some statistical parameters of Cl/Ca, K/Ca, Mg/Ca, Mn/Ca, Na/Ca. P/Ca. Sr/Ca, Ca/P, CVP, 
KIP, Mg/P, Mn/P, Na/P, Sr/P, Ca/Mg, Cl/Mg, Mn/Mg, Na/Mg. P/Mg. Sr/Mg. Ca/Cl, K/CI, 
Mg/Cl; Mn/Cl, Na/Cl. P/CI, Sr/Cl, Ca/K, CVK, Mg/K, Mn/K, Na/K. PIK. Sr/K. Ca/Na, Cl/Na, 
K/Na, Mg/Na, Mn/Na. P/Na, and Sr/Na mass fraction ratios. The second aim was to evaluate 
the effect of age on mean values of ratios of chemical element mass fractions.The third 
aimwas to estimatl' the inter correlations between Ca, Cl, K. Mg, Mn, Na, P, and Sr mass 
fractions in the int art roots of male teeth. 

All studies wnt· approved bythe Ethical Committee of the Medical Radiological Research 
Center, Obninsk. 

Experimental 

Tooth root sa111plcs wnt· obtained at postmortems from intact cadavers (46male, 16-58 
years old) within 2·1 h or death. Samples were freeze dried until constant mass was obtained. 
All subjects died mainly due to trauma. A titanium tool was used to cut and to scrub samples 
as well as to cul teeth roots. The samplesweighing about 100 mg for INAA-SLR were sealed 
separately in thin polyethylene film washed beforehand with acetone and rectified alcohol. 
The sealed samples were placed in labeled polyethylene ampoules. 

To determine contents of the clements by comparison with a known standard, biological 
synthetic standards (BSS) prepared from phenol-formaldehyde resins and chemically pure 
compounds were used.1261 Ten certified reference materials (CRM) IAEA H-5 (Animal Bone) 
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and standard reference materials (SRM) NIST 1486 (Bone Meal) sub-samples weighing about 
50-lO0mg were analyzed in the same conditions as teeth samples to estimate the precision 
and accuracy of results. 

The mass fractions of Ca, Cl, K, Mg, Mn, Na, P, and Sr were determined by INM-SLR 
using a horizontal channel equipped with the pneumatic rabbit system of the WWR-c research 
nuclear reactor. The information of used nuclear reactions, radionuclides, gamma-energies, 
neutron flux, spectrometer and other details of the analysis including the quality control of 
results were reported by us before. [6• 261 

A dedicated computer program of NAA mode optimization was used.C271 Using the 
Microsoft Office Excelsoftware, the summary of statistics were calculated for different ratios 
of chemical element mass fractions. The reliability of difference in the results between two 
age groups of females was evaluated by Student's t-test. The Pearson's correlation analysis 
was used to identify relationships between elements. 

Results and discussion 

Table 1 represents certain statistical parameters (arithmetic mean, standard deviation, 
standard error of mean, minimal and maximal values, median, percentiles with 0.025 and 
0.975 levels) of 42 different ratios of Ca, Cl, K, Mg, Mn, Na, P, and Sr mass fractions in the 
intact roots of male teeth. 

The obtained values for Ca/P ratio, as shown in Table 1, agree well with median of means 
cited by other researchers for the teeth enamelP8

• 
291 No published data referring to ratios_ of 

Ca/P or other chemical element mass fractions in the intact roots of male teeth was found. 
To estimate the effect of age on the chemical element ratios in the intact roots of male 

teeth we examined two age groups: one comprised a younger group with ages from 15 _to 35 
years and the other comprised older people with ages ranging from 36 to 55 years (Table 2).ln 
the intact roots of male teeth it was not found thestatistically significant age-related changes 
of the mass fraction ratios of chemical elements investigated in the study. 

No published data referring to age-related differences of ratios of chemical element mass 
fractions in the intact roots of male teethwere found. 

Table 3 depicts the inter-correlation calculations including all chemical elements 
identified by us. For example, the positive inter-correlations of Ca mass fractions with P 
(p<0.001), Cl(p<0.001), and Mn (p<0.01) mass fractions were found in male teeth roots. If 
some correlations between the elements were predictable (e.g., Ca-P), the interpretation of 
other observed relationships requires further study for a more complete understanding. 

Conclusions 

INAA-SLRis a satisfactoryanalytical tool for the non-destructive precise determination of 
mass fraction of 8 chemical elements (Ca, Cl, K, Mg, Mn, Na, P, and Sr) in the root samples 
of permanent teeth. It was not found the statistically significant changes of chemical 
element mass fraction ratios in the intact roots of male teeth with age. All the deceased were 
citizens of Obninsk, a small city of non-industrial region near Moscow. None of those,who 
died a sudden death had suffered from any systematic or chronic disorders before. Thus, our 
data for element mass fraction ratios in the intact roots of male teethmay serve as indicative 
normal values for residents of the Central European region of Russia. 
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Table 1. Some statistical parameters of 42 different ratios of Ca, Cl, K, Mg, Mn, Na, P, and 
Sr mass fractions in the intact roots of male teeth 
Ratio. M SD SEM Min Max Med P0.025 P0.975 
(CVCa)x103 3.83 2.34 0.36 0.880 14.2 3.43 1.27 7.63 
(K/Ca) X 103 3.46 1.13 0.19 0.587 6.69 3.10 1.59 6.11 
(Mg/Ca) x102 2.97 0.83 0.13 0.692 4.55 3.09 1.42 4.29 
(Mn/Ca) x106 5.20 3.25 0.51 1.25 15.8 3.99 1.49 11.3 
(Na/Ca) x102 2.59 1.13 0.18 1.69 7.98 2.28 1.74 5.90 
P/Ca 0.543 0.056 0.009 0.427 0.714 0.541 0.454 0.635 
(Sr/Ca) x103 1.79 1.00 0.15 0.231 5.36 1.61 0.511 3.59 
Ca/P 1.86 0.19 0.03 1.40 2.34 1.85 1.58 2.20 
(CVP) x102 0.713 0.430 0.066 0.164 2.52 0.658 0.233 1.35 
(KIP) x102 0.626 0.202 0.034 0.129 1.24 0.575 0.349 1.05 
(Mg/P) x102 5.54 1.71 0.27 1.22 8.92 5.46 2.62 8.57 
(Mn/P) x106 9.56 6.04 0.96 2.53 29.5 6.90 2.78 21.9 
(Na/P) x102 4.79 1.98 0.31 2.81 13.5 4.30 3.07 10.6 
(Sr/P) x103 3.30 1.81 0.27 0.467 8.97 3.03 0.845 7.26 

. Ca/Mg 38.1 19.9 3.10 22.0 145 32.4 23.3 70.6 
CVMg 0.158 0.180 0.028 0.0254 1.11 0.114 0.0384 0.482 
K/Mg 0.136 0.072 0.012 0.0179 0.419 0.126 0.0455 0.273 
(Mn/Mg) x104 2.04 1.51 0.24 0.320 6.90 1.40 0.428 5.60 
Na/Mg 0.952 0.503 0.079 0.457 3.11 0.789 0.504 2.58 
P/Mg 20.8 11.5 1.8 11.2 82.0 18.3 11.7 38.2 
Sr/Mg 0.0680 0.0487 0.0070 0.0059 0.275 0.0592 0.0152 0.159 
Ca/Cl 355 210 32 70.7 1136 292 131 791 
K/Cl 1.30 0.93 0.16 0.213 4.41 1.03 0.354 3.68 

·Mg/Cl 11.0 7.8 1.2 0.904 39.4 8.75 2.07 26.0 
(Mn/Cl) xl04 19.6 27.9 4.4 2.32 180 13.9 3.75 53.3 
Na/Cl 9.41 7.82 1.21 1.69 47.1 7.07 2.34 24.5 
P/Cl 194 119 18 39.5 610 152 74.2 430 
Sr/Cl 0.645 0.658 0.099 0.0698 3.98 0.447 0.0757 1.65 
Ca/K 344 250 42 149 1704 322 164 737 
CVK 1.20 0.89 0.15 0.227 4.69 0.973 0.274 2.95 
Mg/K 9.94 8.77 1.51 2.39 55.8 7.95 3.82 25.8 
(Mn/K) x104 16.2 11.3 1.9 7.02 49.4 10.9 7.40 42.1 
Na/K 8.69 7.39 1.25 4.24 48.6 6.67 4.83 20.0 
PIK 185 111 19 80.7 774 174 95.4 335 
Sr/K 0.529 0.271 0.042 0.172 1.31 0.468 0.187 1.25 
Ca/Na 42.4 9.8 1.5 12.5 59.1 43.9 17.0 57.6 
CVNa 0.165 0.114 0.018 0.0212 0.593 0.141 0.0409 0.428 
K/Na 0.141 0.043 0.007 0.0206 0.236 0.150 0.0602 0.208 
Mg/Na 1.23 0.42 0.07 0.322 2.19 1.27 0.388 1.98 
(Mn/Na) x104 2.24 1.66 0.26 0.415 7.33 1.68 0.520 6.37 
P/Na 23.0 5.9 0.9 7.38 35.6 23.3 9.42 32.6 
Sr/Na 0.746 0.405 0.061 0.0766 1.67 0.641 0.231 1.61 

M arithmetic mean, SD standard deviation, SEM standard error of mean, Min minimum value, Max 
maximum value, Med median, P0.025 percentile with 0.025 level, P0.975 percentile with 0.975 level 



Table 2. Effect of age on mean values (M±SEM) of ratios of chemical element in the intact 
roots of male teeth (Student's t-test) 
Ratio Ae Ratio 

15-35 ~ear (M1) 36-55 ~ear (M2) l!.~ M2/M1. 
(CI/Ca)x103 3.99±0.41 3.70±0.56 0.67 0.93 
(K/Ca) x103 3.41±0.34 3.50±0.22 0.83 1.03 
(Mg/Ca) x102 2.88±0.19 3.03±0.18 0.55 1.05 
(Mn/Ca) x106 4.74±0.62 5.57±0.79 0.41 1.18 
(Na/Ca) x102 2.79±0.38 2.44±0.12 0.37 0.87 
P/Ca 0.534±0.012 0.550±0.012 0.37 1.03 

'i (Sr/Ca) x103 1.78±0.18 1.80±0.24 0.94 1.01 
'I, Ca/P 1.89±0.05 1.84±0.04 0.41 0.97 

(CI/P) x102 0.745±0.072 0.690±0.104 0.67 0.93 
(KIP) x102 0.625±0.056 0.627±0.043 0.98 1.00 
(Mg/P) x102 5.46±0.39 5.59±0.37 0.81 1.02 
(Mn/P) x106 6.16±1.20 10.2±1.5 0.46 1.66 

', '1 

(Na/P) x102 5.23±0.65 4.46±0.22 0.27 0.85 
(Sr/P) x103 3.30±0.34 3.30±0.43 0.99 1.00 
Ca/Mg 37.5±2.8 38.5±5.0 0.86 1.03 
Cl/Mg 0.157±0.027 0.159±0.045 0.97 1.01 

I !1 K/Mg 0.131±0.015 0.139±0.019 0.75 1.06 '. 
(Mn/Mg) x104 2.00±0.40 2.07±0.31 0.88 1.04 
Na/Mg 1.02±0.14 0.905±0.090 0.50 0.89 
P/Mg 20.1±1.7 21.3±2.9 0.72 1.06 
Sr/Mg 0.065±0.008 0.071±0.012 0.70 1.09 
Ca/Cl 320±44 382±46 0.34 1.19 
K/Cl 1.12±0.23 1.45±0.21 0.30 1.29 
Mg/Cl 9.79±1.66 11.9±1.7 0.38 1.22 
(Mn/Cl) x104 13.4±1.8 24.7±7.8 0.17 1.84 
Na/Cl 9.75±2.5 9.15±1.05 0.83 0.94 
P/Cl 169±22 214±27 0.21 1.27 
Sr/Cl 0.551±0.096 0.731±0.169 0.36 1.33 

Ii Ca/K 394±91 301±14 0.32 0.76 · 
I 
I. CVK 1.34±0.17 1.08±0.24 0.39 0.81 

Mg/K 11.6±3.3 8.67±0.71 0.41 0.75 
(Mn/K) x104 16.2±3.3 16.2±2.2 0.99 1.00 
Na/K 10.5±2.7 7.15±0.35 0.23 0.68 · 
PIK 202±40 170±9 0.44 0.84 
Sr/K 0.541±0.058 0.515±0.064 0.76 0.95 
Ca/Na 41.8±2.9 42.8±1.6 0.75 1.02 

'i Cl/Na 0.173±0.023 0.160±0.026 0.71 0.92 
[! K/Na 0.136±0.014 0.145±0.007 0.56 1.07 

Mg/Na 1.15±0.09 1.29±0.09 0.28 1.12 
(Mn/Na) x104 2.06±0.38 2.38±0.37 0.54 1.16 
P/Na 22.3±1.7 23.5±1.0 0.55 1.05 
Sr/Na 0.736±0.085 0.755±0.089 0.88 1.03 

M arithmetic· mean, SEM standard error of mean, bold statistically significant 
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Table 3. Intercorrelations of the chemical element mass fractions in the intact roots of male 
teeth (r- coefficient of correlation) 
Element Ca Cl K Mg Mn 
Ca 1.00 0.594c 0.126 0.205 0.393 6 

Cl 0.594c 1.00 0.279 0.022 0.260 
K 0.126 0.279 1.00 -0.175 0.240 
Mg 0.205 0.022 -0.175 1.00 0.002 
Mn 0.393b 0.260 0.240 0.002 1.00 
Na -0.049 0.091 -0.088 -0.018 -0.112 
P 0.903c 0.516c 0.205 0.138 0.368" 
Sr 0.137 0.058 0.209 -0.142 0.223 
Statistically significant values: •~0.05, b~0.01, cps;0.001. 
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Introduction 

A large proportion of the world and European populations has some evidence of thyroid 
dysfunction. For example, the prevalence of goiter in areas of severe iodine deficiency can be 
as high as 80%. In Germany, an area of relative iodine deficiency, thyroid nodules or goiter 
were found in 33% of working adults aged 18-65 years. Another problem is thyroid cancer . 

. In the last decades, thyroid cancer incidence has continuously and sharply increased all over 
the world. Moreover, thyroid cancer mortality, in spite of earlier diagnosis and better 
treatment, has not decreased but is rather increasing. The reasons for this increase are not well 
understood, but some environmental carcinogens in the industrialized lifestyle may have 
specifically affected the thyroid. Among potential carcinogens, the increased iodine and some 
other chemical elementintake isone of the most likely risk factors. Excessive accumulation or 
an imbalance of the chemical elements may disturb the cell functions and may result in 
cellular degeneration, death or, on the contrary, intensive uncontrolled proliferation, and 
malignancy. Questions on the role of chemical elements in etiology and pathogenesis of 
th)Toid cancer are far from being answered. First of all, it is necessary to establish the normal 
level and changes of chemical element contents in thyroid tissue, and their relationships in 
intact gland. 

In our previous studies the high mass fraction of I and some other chemical element were 
obs7rved in intact human throid gland when compared with their levels in non-thyroid soft 
tissues of the human body.c ·9l However, some questions about the chemical element mass 
fraction in thyroid of adult and, particularly, elderly females still remain unanswered 

This study aimed to perform a nondestructive method to evaluate the Br, Ca, CI, K, Mg, 
Mn, and Na mass fraction in thyroid parenchyma and present data on relationships of these 
element contents in intact thyroid of females. 

· All studies were approved bythe Ethical Committee of the Medical Radiological Research 
Center, Obninsk. 

Experimental 

Samples of the human thyroid were obtained from randomly selected autopsy specimens 
of 33 females (European-Caucasian) aged 3.5 to 87 years. All the deceased were citizens of 
0bninsk and had undergone routine autopsy at the Forensic Medicine Department of City 
Hospital, Obninsk. Age ranges for subjects were divided into two age groups, with group 1, 
3.5-40 years (30.9±3.1 years, M±SEM, n=ll) and group 2, 41-87 years (66.3±2.7 years, I 
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M±SEM, n=22). These groups were selected to reflect the condition of thyroid tissue in the 
children, teenagers, young adults and first period of adult life (group 1) and in the second 
period of adult life as well as in old age (group 2). The available clinical data were reviewed 
for each subject. None of the subjects had a history of an intersex condition, endocrine 
disorder, or other chronic disease that could affect the normal development of the thyroid. 
None of the subjects were receiving medications or used any supplements known to affect 
thyroid chemical element contents. The typical causes of sudden death of most of these 
subjects included trauma or suicide and also acute illness (cardiac insufficiency, stroke, 
embolism of pulmonary artery, alcohol poisoning). All right lobes of thyroid glands were 
divided into two portions using a titanium scalpel.C101One tissue portion was reviewed by an 
anatomical pathologist while the other was used for the chemical element content 
determination. A histological examination was used to control the age norm conformity as 
well as the unavailability of microadenomatosis and latent cancer. 

After the samples intended for chemical element analysis were weighed, they were 
transferred to -20°C and stored until the day of transportation in the Medical Radiological 
Research Center, Obninsk, where all samples were freeze-dried and homogenizedY 11 The 
pounded sample weighing about 100 mg was used for chemical element measurement by 
INAA-SLR. The samples for INAA-SLR were sealed separately in thin polyethylene films 
washed beforehand with acetone and rectified alcohol. The sealed samples were placed in 
labeled polyethylene ampoules. 

To determine contents of the elements by comparison with a known standard, biolo~ical 
synthetic standards (BSS) prepared from phenol-formaldehyde resins were used.U In 
addition to BSS, aliquots of commercial, chemically pure compounds were also used as 
standards. Ten certified reference material (CRM) IAEA H-4 (animal muscle) sub-samples 
weighing about 100 mg were treated and analyzed in the same conditions that thyroid samples 
to estimate the precision and accuracy of results. 

The content of Br, Ca, Cl, I, K, Mg, Mn, and Na were determined by IN AA-SLR using a 
horizontal channel equipped with the pneumatic rabbit system of the WWR-c research nuclear 
reactor. The neutron flux in the channel was 1.7 x 1013n cm-2 s-1

• Ampoules with thyroid 
tissue samples, SSB, intralaboratory-made standards, and certified reference material were put 
into polyethylene rabbits and then irradiated separately for 180 s. Copper foils were used to 
assess neutron flux. 

The measurement of each sample was made twice, 1 and 120 min after irradiation. The 
duration of the first and second measurements was 10 and 20 min, respectively. A coaxial 98-
cm3 Ge (Li) detector and a spectrometric unit (NUC 8100), including a PC-coupled 
multichannel analto:er, were used for measurements. The spectrometric unit provided 2.9-keV 
resolution at the 0co 1,332-keV line. Details of used nuclear reactions, radionuclides, and 
gamma-energies were presented in our earlier publications concerning the INAA chemical 
element contents in human scalp hairY3

•
141 

A dedicated computer program for INAA mode optimization was used. CI 5J All thyroid 
samples were prepared in duplicate, and mean values of chemical element contents were used 
in final calculation. Using Microsoft Office Excel, a summary of the statistics, including, 
arithmetic mean, standard deviation, standard error of mean, minimum and maximum values, 
median, percentiles with 0.025 and 0.975 levels was calculated for chemical element contents. 
For the estimation of the Pearson correlation coefficient between different chemical elements 
the Microsoft Office Excel programs was also used. 
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Results and discussion 

Good agreement of the Br, Ca, Cl, I, K, Mg, Mn, and Na contents analyzed by INAA
SLR with the certified data of CRM IAEA H-4 (Table 1) indicates an acceptable accuracy of 
the results obtained in the study of chemicalelements of the thyroid presented in Tables 2-4. 

The obtained means for Br, Ca, Cl, I, K, Mg, Mn, and Na mass fraction, as shown in 
Table 3, agree well with the medians of mean values cited by other researches for the human 
th)'Toid, including samples received from persons who died from different non-thyroid 
diseases.U6

•
27J A number of values for chemical element mass fractions were not expressed on 

a dry mass basis by the authors of the cited references. However, we calculated these values 
using published data for water (75%F81 and ash (4.16% on dry mass basisi291 contents in 
th)'Toid of adults. 

Table 1. INAA-SLR data of chemical element contents in the IAEA H-4 (animal muscle) 
reference material compared to certified values (mg/kg, dry mass basis) 

Element. Certified values This work results 

Mean 95% confidence interval Type Mean±SD 
Br 4.1 3.5-4.7 N 5.0±0.9 
Ca 188 163 -213 N 238±59 
Cl 1890 1810-1970 N 1950±230 
l 0.08 N <1.0 
K 15800 15300 - 16400 C 16200±3800 
Mg 1050 990- lllO C 1100±190 
Mn 0.52 0.48-0.55 C 0.55±0.11 
Na 2060 1930-2180 C 2190±140 
Mean: arithmetical mean, SD -standard deviation, C- certified values, N -non-certified 
values. 

Table 2. Some statistical parameters of Br, Ca, Cl, I, K, Mg, Mn, and Na mass fraction 
(mg/kg, dry mass basis) in intact thyroid of female 

Gender Element Mean SD SEM Min Max Median P 0.025 P0.975 
Females Br 22.4 16.1 3.2 5.00 66.9 16.3 5.00 59.2 
n=33 Ca 1663 570 198 461 3640 1170 670 3600 

Cl 3317 1480 290 1200 6000 3375 1388 5906 
I 1956 ll99 219 ll4 5061 1562 309 4662 
K 5395 3245 723 1740 13700 4835 2120 13230 
Mg 212 97 24 66.0 364 215 67.5 356 
Mn 1.50 0.84 0.22 0.550 4.18 1.37 0.603 3.41 
Na 6421 1721 320 3800 10450 6700 4122 9924 

Mean - arithmetic mean, SD - standard deviation, SEM - standard error of mean, Min -
minimum value, Max - maximum value, P 0.025 - percentile with 0.025 level, P 0.975 -
percentile with 0.975 level. 
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Table 3. Median, minimum and maximum value of means Br, Ca, CI, I, K, Mg, Mn, and Na 
contents in normal thyroid according to data from the literature in comparison with our results 
(mg/kg, dry mass basis) 

Element Published data [Reference] This work 
Median Minimum Maximum 

of means of means of means 
{n)* Mor M±SD, (n)** . _Mor M±SD, (n)** M±SD 

Br 18.1 (11) 5.12 (44) [16] 284±44 (14) [17] 22±16 
Ca 1600 (17) 840±240 (10) [18] 3800±320 (29) [18] 1663±570 
Cl 6800 (5) 804±80 (4) [19] 8000 (-) [20] 3317±1480 
I 1888 (95) 159±8 (23) [21] 5772±2708 (50) [22] 1956±1199 
K 4400 (17) 46.4±4.8 (4) [19] 6090 (17) [23] 5395±3245 
Mg 390 (16) 3.5 (-) [24] 840±400 (14) [25] 212±97 
Mn 1.82 (36) 0.44±11 (12) [26] 69.2±7.2 (4) [19] 1.50±0.84 
Na 8000 (9) 438 (-)[27] 10000±5000 (11)[25] 6421±1721 

M -arithmetic mean, SD - standard deviation, (n)* - number of all references, (n)** -
number of samples. 

A significant direct correlation between the Br-K, Br-Mn, CI-Mg, CI-Na, I-Na, K-Mg, 
and Mn-Na mass fractions as well as an inverse correlation between Ca-Cland Na-Mnmass 
fractions was seen in female thyroid. No correlation was demonstrated between any other 
chemical elements (Table 4).If some correlations between the elements were predictable (e.g,, 
Na-Cl), the interpretation of other observed relationships would require further study.No 
published data referring to inter-correlations of Br, Ca, Cl, I, K, Mg, Mn, and Namass 
fractions in thyroid of females was found. 

Table 4. Intercorrelations of the chemical element mass fractions in the intact thyroid of 
female (r - coefficient of correlation) 

Element Br Ca CI I K Mg Mn Na 
Br 1.00 0.246 0.073 -0.053 0.398" -0.179 0.727c 0.179 
Ca 0.246 1.00 -0.658c 0.132 0.125 0.021 0.341 -0.184 
CI 0.073 -0.658c 1.00 0.159 -0.367 0.563b -0.207 0.389' 
I -0.053 0.132 0.159 1.00 -0.319 0.191 -0.090 0.446' 
K 0.398" 0.125 -0.367 -0.319 1.00 0.774c -0.194 -0.152 
Mg -0.179 0.021 0.563b 0.191 0.774c 1.00 -0.266 0.313 
Mn 0.727c 0.341 -0.207 -0.090 -0.194 -0.266 1.00 -0.410' 
Na 0.179 -0.184 0.389" 0.446" -0.152 0.313 0.410" 1.00 
Statistically significant values: "p$;0.05, bp0.01, cp$;0.00I. 

All the deceased were citizens of Obninsk. Obninsk is the small nonindustrial city not far 
from Moscow in unpolluted area. None of those who died a sudden death had suffered from 
any systematic or chronic disorders before. The normal state of thyroid was confirmed by 
morphological study. Thus, our data for Br, Ca, CI, I, K, Mg, Mn, and Na mass fractions in 
intact thyroid may serve as indicative normal values for females of urban population of the 
Russian Central European region. 
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Conclusions 

The instrumentalneutron activation analysis with high resolution spectrometry of short
lived radionuc!ides is a useful analytical tool for the non-destructive determination of 
chemical element content in the thyroid tissue samples. This method allows determine means 
for 8 chemical elements:Br, Ca, Cl, I, K, Mg, Mn, and Na. 

The good agreement with the medians of mean values cited by other researches for Br, Ca, 
Cl, I, K, Mg, Mn, and Na mass fraction in the human thyroid allows accept data obtained in 
the study for these elements as indicative normal values for female thyroid of urban 
population of the Russian Central European region. 
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Abstract 

The cross sections of 67Zn,92
•
96Mo,208Pb(n,p) and 10zn,10°Mo(n,2n) reactions have been evaluated using 

statistical nuclear model codes EMPIRE 3.2.2 and T ALYS 1.8 at the neutron energy range from 
reactions threshold to 20 MeV. The variation in cross section with different optical model potential, 
level density models, and nuclear reaction models have been investigated at neutron energy 14.5 
MeV. In this work, the pre-equilibrium emission contribution in the total cross section has also been 
verified in the neutron energy of 14.5 MeV. The calculated results were also compared with the 
experimental data being taken from EXFOR database. 

Introduction 

The .n~ed of precise and accurate neutron induced cross section data is very important in 
nuclear technologies, such as designing of nuclear reactors, accelerator driven subcritical 
systems (ADS), transmutation of nuclear waste and medical applications (production of 
radioisotopes, radiotherapy) etc. The neutron induced reaction cross section data in the fast 
neutron energy region ~ 14 MeV for the structural material (Zinc and Molybdenum) has 
many applications in fusion and fission reactors. Similarly, neutron induced cross section data 
of Lead is also important for shielding materials. The reactions induced by fast neutrons such 
as, (n, 2n) and (n, p) were used to study the neutron multiplicity and charge particle emission 
in reactor structure wall that causes micro-structural defects. This neutron data can be 
generated experimentally by using the neutron activation technique (NAA) over the neutron 
energy range. For those isotopes where the experimental measurements are not feasible, the 
cross section data can be generated by using standard nuclear models. 

This neutron induced cross section data obtained from theoretical models are important 
for the study of nuclear reaction mechanism and it can be used by evaluators to interpolate or 
extrapolate data for the energy range where the data does not exists. EMPIRE and T ALYS 
are two such computer codes based on the statistical model which are used to estimate the 
cross section data on the basis of three major nuclear reactions mechanism i.e., direct reaction 
(DR), pre-equilibrium emission (PE) and compound nucleus (CN) decay. Thus the 
mech~nism of the nuclear reactions changes with the incident neutron energy. 

In order to study the different reaction mechanisms, the EMPIRE and T ALYS model 
codes were used with different parameters which are defined at particular energy range and 
elements [1-2]. 
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EMPIRE Calculations 

Empire is a modular nuclear reactions code, comprising various nuclear theoretical models in 
order to estimate the probability of the emitted particles such as photons, nucleons, deuterons 
and tritons etc., in the energy range up to several hundred MeY. 

In the EMPIRE code, the direct reaction is calculated with default spherical optical model 
that uses the ECIS06 code and which have been used to calculate the particle transmission 
coefficient. In this calculation, the OM potential parameter has used which is proposed by Al 
Koning and J.P. Delaroche [3].The Statistical Hauser-Feshbach model is used for the 
calculation of the compound nucleus decay. For pre-equilibrium emission, the exciton model 
(PCROSS code) has been used which describes particle and gamma-emission and also 
calculate pre-equilibrium emission with default mean free path multiplier PCROSS 1.5. 
The contribution from all three mechanisms make total cross-section and maximum 
contribution comes from the CN decay with an addition of some pre-equilibrium mechanism 
The effect of pre-equilibrium contribution increases with increase in incident energy. 
Cross section is very sensitive to the level density parameters and EMPIRE incorporated four 
level density models to calculate them which are as follow: 

(i) LEYDEN O is the EMPIRE-specific level densities (EGSM RIPL-3) and it is a default 
model used in EMPIRE, adjusted to RIPL- 3 experimental Dobs and to discrete levels. 
This is Enhanced Generalized Super fluid Model (EGSM). The model uses super fluid 
model below critical excitation energy and the Fermi gas model above. 

(ii) LEYDEN 1 is the Generalized Super fluid Model (GSM, Ignatyuk et al.), adjusted to 
RIPL-2 experimental Dobs and to discrete levels which use constant temperature model 
below critical energy (Ucrt) and Fermi gas model above critical energy (depend on the 
compound nucleus excitation energy). 

(iii) LEYDEN 2 is Gilbert-Cameron level densities (parameterized by Ijinov et al), which 
adjusted' to RIPL-2 experimental Dobs and to discrete levels recommended for CN 
exited up to about 20 Me Y. 

(iv) LEYDEN 3 is the RIPL-3 microscopic HFB level densities (where Dobs is neutron 
resonance spacing). 

The calculations have been done with the all four choices to check how the cross section is 
changing with different level density models at 14.5 MeY. 

Apart from PCROSS model, the cross section has also been calculated for multi-step 
direct and multi-step compound (MSD/MSC) pre-equilibrium model. · 

For emission of charged particle or photons (gamma-ray) the exciton model 
(PCROSS code) is considered while for the neutron emission a combination of MSD/MSC 
model is preferred. The required parameters for the nuclear models to calculate the excitation 
functions have been taken from the RIPL-3 library. The RIPL-3 includes the nuclear masses, 
discrete levels and· decay schemes, neutron resonances, optical model parameters, level 
densities, gamma-ray strength function and fission barriers [4]. 

T ALYS Calculations 

T ALYS is another computer code for the analysis and prediction of nuclear reactions. The 
objective of this code is to reproduce the nuclear reactions that involve neutrons, photons, 
protons, deuterons, tritons, and 3He particles in the energy range of 1 keY - 200 MeY and for 
target nuclides of mass 12 and heavier. To achieve this, T ALYS code implements a suite of 
nuclear reaction models into a single code system This enables us to evaluate nuclear 
reactions from the unresolved resonance range up to intermediate energies. 

_ 264 

I 

1 
f 

--L. 



TALYS generate nuclear data for all open reaction channels, on a user-defined energy and 
angle grid, beyond the resonance region. In the present study, calculations have been done 
with the default set of input parameters, where only we have changed the different level 
density models and pre-equilibrium models. 
In TALYS six level density models are defined for calculating level density parameters, 
which are as follows: 

1. ldmodel 1 Constant temperature and Fermi gas model 
2 .. Idmodel 2 (default) Back-shifted Fermi gas model 
3. ldmodel 3 Generalised super fluid model 
4. ldmodel 4 Microscopic level densities (Skyrme force) from Goriely's tables 
5. ldmodel 5 Microscopic level densities (Skyrme force) from Hilaire's combinatorial 

tables 
6. ldmodel 6 Microscopic level densities (temperature dependent HFB, Gogny force) from 

Hilaire's. 
The calculations have been performed using the optical model potential as proposed by A.J 
Koning [l]. For the contribution of pre-equilibrium emission in total reaction cross section, 
the Exciton (preqmode 2) (default) and MSD/MSC models (preqmode 4) were used. The pre
equilibrium contribution in (n, p) and (n, 2n) reaction cross sections have also been 
performed with and without including the pre-equilibrium channel. 

Results and Discussion 

From the available options of the level densi~ models , OM potential in the EMPIRE 3.2.2 
code, the cross section for the reaction 6 Zn(n,p)67Cu, 92Mo(n,p)92mNb, 96Mo(n,p)96Nb, 
208Pb(n,p)208T1 and 70Zn(n,2n)69mzn, 100Mo(n,2n)99Mo have been evaluated over the energy 
range from threshold to 20MeV. The calculation was done by using exciton model, the 
combination of multi-step direct and multi-step compound model (MSD/MSC) and all four 
level density models which are given in Table 1 and 2. Similarly, evaluation has been done 
with TALYS 1.8 code using ldmodel 1-6 and considering both exciton model and 
MSD/MSC model are shown in Table 3 and 4. 

It can be observed in Tables 1-4, that the cross section is changed for different level 
density models. The contribution of pre-equilibrium emission in (n, p) and (n, 2n) reactions 
have been studied at neutron energy of 14.5 MeV and it is found that the effect of pre
equilibrium emission is larger for (n, p) as compared to (n, 2n) reaction as given in Table 6. 

· From the literature survey, it was found that the contribution from the pre-equilibrium 
emission is dominated when one particle is emitted whereas in the case of two particle 
emission the effect of pre-equilibrium on the second emitted particle is very less that's why in 
our calculations the contribution of pre-equilibrium of (n,2n) reaction is less than (n,p) 
reaction [ 6-7]. 

Calculations have also been done with different choices of OM potential and the 
cross section for different choices of OM potentials are observed to vary within 10% in all 
reactions except for 208Pb (n,p) where the variation is as large as -35% was observed. 

The theoretical model calculations for 67Zn(n,p)67Cu, 92Mo(n,p)92mNb, 96Mo(n,p)96Nb, 
208Pb(n,p)208Tl and 70Zn(n,2n)69mzn, 100Mo(n,2n)99Mo reactions are given in Table 1-5. 
However, Table 5 contains only those data that reproduces the experimental results. 

For 67Zn(n,p)67Cu reaction 

The graph between theoretical and experimental cross section data of 67Zn(n,p)67Cu reaction 
from threshold to 20 Me V has been plotted in Fig. 1. The theoretical cross section data for the 
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above reaction have calculated by using different models of EMPIRE and T ALYS, which are 
following as, for EMPIRE code: (i) Exciton model with HFB level density model and Koning 
OM potentials have been used and for TALYS code: (i) Exciton model with Back-shifted 
Fermi gas level density model and Koning local OM potential have opted. 
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Fig. I. Cross section of 67Zn(n,p)67Cu reaction at different neutron energies estimated in present work 
and experimental data taken from EXFOR database. 

Table 1: Cross section estimated through exciton model by using different level density 
options of EMPIRE 3.2.2 code at neutron energy 14.5 MeV 

Reactions LEVDENO LEVDENl LEVDEN2 LEVDEN3 
(mb) (mb) (mb) (mb) 

"'Zn(n,u)"'Cu 110.97 74.62 25.982 43.13 
"Mo(n,p)"mNb 121.18 79.411 258.36 100.36 
'

0Mo(n,p)'"Nb 28.332 14.374 288.19 19.081 
'""Pb(n,u )'""Tl 0.1943 0.1079 5.3704 0.2148 

'"Zn(n,2n)0'mzn 610.56 737.79 25.846 730.46 
'""Mo(n,2n)"Mo 1641.3 1680 182.54 1670.5 

Table 2: Cross section estimated through MSD/MSC model by using different level density 
options of EMPIRE 3.2.2 code at neutron energy 14.5 MeV 

Reactions LEVDENO LEVDENl LEVDEN2 LEVDEN3 
(mb) (mb) (mb) (mb) 

"'Zn(n,p)67Cu 94.91 59.62 12.53 29.42 
"Mo(n,p y·mNb 104.32 63.13 239.41 84.01 
'

0Mo(n,u }'°Nb 21.39 8.12 268.60 12.58 
'""Pb(n,p )"""Tl 0.1011 0.0171 5.1307 0.1211 

7"Zn(n,2n)0'mzn 583.85 692.17 71.88 687.18 
'""Mo(n,2n)"Mo 1524.9 1559.8 193.9 1551.3 

For 92Mo(n,p)92mNb reaction 

The graph between theoretical and experimental cross section data of 92Mo(n,p)92mNb 
reaction from threshold to 20 MeV has been plotted in Fig. 2. The theoretical cross section 
data for the above reactions have calculated by using different models of EMPIRE and 

266 



TALYS. For EMPIRE code (i) MSD/MSD model with Generalized Super fluid level density 
Model and Koning OM potentials have been used and for TALYS (i) exciton model with 
back-shifted Fermi gas level density model and Koning local OM potential have opted. 

Table 3: Cross section estimated through exciton model by using different level density 
. f d 45 V opl!ons o TAL YS 1.8 co eat neutron enemy 1 . Me 
Reactions ldmodel 1 ldmodel2 ldmodel3 ldmodel 4 ldmodel5 ldmodel 6 

(mb) (mb) (mb) (mb) (mb) (mb) 
"Zn(n,p)"'Cu 33.36 41.83 22.14 72.11 51.44 65.73 

"Mo(n,p)"mNb 84.84 62.20 36.07 65.66 87.49 166.85 
"Mo(n,p)'0Nb 30.66 21.14 22.38 30.41 33.84 35.02 
'"'Pb(n,o)""0TI 0.7687 0.5836 159.30 0.8936 1.068 0.9120 
"Zn(n 2n)••mzn 686.53 667.44 512.49 512.49 667.44 686.53 
'"Mo(n,2n)"Mo 1536.3 1524.6 1323.04 1518.8 1537.2 1309.1 

Table 4: Cross section estimated through MSD/MSC model by using different level density 
. fTALYS d 14 5 M V options o co e at neutron energy e 
Reactions ldmodel 1 ldmodel2 ldmodel 3 ldmodel4 ldmodel5 ldmodel 6 

(mb) (mb) (mb) (mb) (mb) (mb) 

"Zn(n,o)0 'Cu 63.38 68.76 61.82 102.34 81.53 96.25 
"l\fo(n,p)"mNb 85.29 65.56 38.55 64.61 89.78 180.09 
"Mo(n,p)'°Nb 46.51 39.10 36.80 45.86 50.26 51.62 
""Pb(n,p)'""TI 9.77 9.86 201.7 9.86 10.47 10.52 

"Zn(n,2n)°'mzn 700.70 687.36 561.85 681.62 747.35 593.62 
""Mo(n,2n)"Mo 1588.2 1582.0 1486.2 1568.5 1587.3 1332.2 

For 96Mo(n,p)96Nb reaction 

,The graph between theoretical and experimental cross section data of 96Mo(n,p)96Nb reaction 
from threshold to 20 MeV have been plotted and shown in Fig. 3. The theoretical cross 
section data for th.e above reactions have calculated by using different models of EMPIRE 
and TALYS. For EMPIRE code (i) MSD/MSD model with EGSM level density Model and 
Koning OM potential have been used and for TALYS (i) exciton model with back-shifted 
Fermi gas level density model and Koning local OM potential have opted. 

For 208Pb(n,p)208TI reaction 

The graph of theoretical and experimental cross section data of 208Pb(n,p)208Tl from the 
reaction threshold to 20 MeV has been plotted and shown in Fig. 4.The theoretical cross 
section data for the above reactions have calculated by using different models of T ALYS. For 
EMPIRE code (i) exciton model with microscopic level densities (temperature dependent 
HFB, Gogny force) from Hilaire's and Koning local OM potential. 

During calculations with EMPIRE, it was found that for 208Pb(n,p) case the EMPIRE 
3.2.2 was not suitable to calculate fission cross section due to the absence of fission barrier 
riarameters in EMPIRE data library for reaction product 209Pb and since EMPIRE considers 
09Pb to be fissile and due to missing of parameters, it shows error in the output file without 

calculating any cross section. So, to calculate the 208Pb(n,p) cross section we edit the input 
file with optional input keyword FIS SHI 2.0 which is used to ignore the fission channel. 
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Fig. 2. Cross section of 92Mo(n,p)92mNb reaction at different neutron energies estimated in present 
work and experimental data taken from EXFOR database. 

For 70Zn(n,2n)69mzn reaction 

Fig. 5 shows the graph of theoretical and experimental cross section data of 70Zn(n,2n)69oZn 
reaction from threshold to 20 MeV. The theoretical cross section data for the above reaction 
has been calculated by using different models of EMPIRE and T ALYS. For EMPIRE code (i) 
MSD/MSD model with EGSM level density Model and Koning OM potentials and. for 
TALYS (i) exciton model with Generalised super fluid level density model and Koning local 
OM potential. 

? 
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Fig. 3. Cross section of 96Mo(n,p)96Nb reaction at different neutron energies estimated in present work 
and experimental data taken from EXFOR database. 
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Table 5 : Comparison of all reactions cross section data at neutron ener_gy 14.5 MeV 
Reactions 

67Zn(n,o)01Cu 
"Mo(n,p)'"mNb 
'

0Mo(n,p)'"Nb 
""°Pb(n,p)""0Tl 

70Zn(n,2n)0'mzn 
.. "Mo(n,2n)"Mo 

100 

? 
_a 10 

.! 
C 
.2 
ti 
ill 
i 1 
u 

12 

Experimental EMPIRE 3.2.2 
data (mb) (mb) 
44.9±2.1 43.13 
56.3±8 63.13 
20±2.7 21.39 

0.94±0.18 0.2148 
547±22 583.85 
1377±86 1524.9 

208Pb(n,p)208TI 

I • EXFOR 
- Talys 

14 16 18 
Neutron energy (MeV) 

TALYS 1.8 
(mb) 
41.83 
62.20 
21.14 

0.9120 
512.49 
1323.04 

20 

Fig. 4. Cross section of 208Pb(n,p)208TJ reaction at different neutron energies estimated in present work 
and experimental data taken from EXFOR database. 

70Zn(n,2n)69mZn 
1.000 
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8 10 12 14 16 18 20 
Neutron energy (MeV) 

Fig. 5. Cross section of 70Zn(n,2n)69mZn reaction at different neutron energies estimated in present 
work and experimental data taken from EXFOR database. 
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For 10°Mo (n, 2n) 99Mo reaction 

The graph of theoretical and experimental cross section data of 100Mo(n,2n)99Mo reaction 
from threshold to 20 MeV has been shown in Fig. 6. The theoretical cross section data for the 
above reactions have calculated by using different models of EMPIRE and T ALYS. For 
EMPIRE code (i) MSD/MSD model with EGSM level density Model and Koning OM 
potentials and for T ALYS ( i) exciton model with Generalised super fluid level density model 
and Koning local OM potential. 

Table 6: Contribution of pre-equilibrium in (n, p) and (n, 2n) reactions which is calculated 
through TALYS code at neutron ener 14.5 MeV 

10,000 

'2' 
j 1,000 

s 
C 
.l! 
ti 
II .. 
2 100 
u 

10 

Reactions T ALYS 1.8 TALYS 1.8 
(without PE) 

(mb) 
(with PE) 

(mb) 
u 41.83 13.58 

Nb 62.20 49.63 
b 21.14 4.55 

TI 0.9120 0.2125 
Zn 512.49 641.834 
Mo 1323.04 1652.5 

100Mo(n,2n)99Mo 

~ r I • EXFOR 
-- Talys 
-- Empire 

8 10 12 14 16 18 
Neutron energy (MeV) 

20 

Fig. 6. Cross section of 1~o(n,2n)~o reaction at different neutron energies estimated in present 
work and experimental data taken from EXFOR database. 

Summary and Conclusions 

1. We have calculated the neutron induced reaction cross section for the reactions 
67Zn(n,p)67Cu, 92Mo(n,p)92mNb, 96Mo(n,p)96Nb, 208Pb(n,p)208Tl and 70Zn(n,2n)69"Zn, 
100Mo(n,2n)99Mo over the neutron energy range from threshold to 20 MeV. 
2. In this model calculation, it was observed that the cross section is very sensitive to the 
optical model potential, level density model, and nuclear reaction models. 
3. The result of calculations byTALYS 1.8 and EMPIRE 3.2.2 codes with allowance forpre
equilibrium processes are in best agreement with experimental data. 
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4. · This comparison of theoretical data and experimental data is important in fusion/fission 
reactors and medical application technologies. 
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NEUTRON DIFFRACTOMETRY CHANNEL OPTIMIZATION TO OBTAIN THE 
HIGHEST NEUTRON FLUX AND THE LEAST FAST NEUTRON NOISE 

Gh_plamzadehl Z. *, Bavrngin E., Lamei Rashti M., Mirvakili S.M., Joze-Vaziri A. 

Reactor Research School, Nuclear Science and Technology Research Institute, Tehran, Iran 

Abstract 
Neutron powder diffraction (NPD) is complementary to many other materials 
characterization techniques. Some material analyses are not possible using the other 
procedures such as investigation of magnetic properties of materials or distinguishing 
between the adjacent elements in the periodic table. In overall, neutron diffraction could 
involve many unique advantages: the neutron scattering strength is not dependent on the 
atomic number. In the present work, NPD system of 5 MW Tehran Research Reactor 
was modeled using MCNPX2.6.0 and Vitess 3.3a codes in details. The system uses a 
PG reflector to reflect 0.02-0.33 eV neutrons through the second collimator. The 
neutron spectra achieved by Vitess 3.3a code at sample position was compared with the 
available experimental data. Impact of A]zO3 filter on fast neutron noise at the sample 
position was investigated. The obtained data from the simulations showed good 
conformity with the experimental measurements. Our simulations showed registration 
of an adequate thickness of A]zO3 inside the NPD facility could decrease the fast 
neutron noise drastically. 

Keywords: Tehran research reactor, neutron powder diffraction, MCNPX2.6.0, Vitess 3.3a 

Introduction 

Whereas the large capital costs associated with intense neutron sources, neutron diffraction is 
rarely the first technique used to study a particular material or a highly specialized way to 
provide critical information or facilitate a critical in situ experiment. It is possible to observe 
the effect of light elements in the presence in heavy ones in neutron diffraction patterns. 
Neutrons are deeply penetrating so they can diffract off specimens contained in cryo
refrigerators or furnaces, making it easy to examine materials under special conditions and in 
special environments. Unlike the case for X-Rays, the scattering of neutrons from materials 
can be accurately calculated making comparison to theoretical [1]. Today neutron diffraction 
plays a vital role in vast domains of science and technology while it makes ability of 
observation and analysis of many materials which was not possible by XRD or other 
diffraction techniques. 

Mazzochi et al. reported a powder diffractometer has been recently installed on the 
IEA-Rl reactor at IPEN-CNEN/SP. IEA-Rl is a light-water open-pool research reactor. At 
present it operates at 4.5 MW thermal with the possible maximum power of 5 MW. At 4.5 
MW the in-core flux is ca. 7x1013 cm·2s·1

• In spite of this low flux, installation of both a 
position-sensitive detector (PSD) and a double-bent silicon monochromator has turned 
possible to design the new instrument as a high-resolution powder diffractometer [2]. 
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Material and methods 

TRR is a .5 MW pool-type light water research reactor. Its fuel assemblies contain low 
enriched uranium fuel plates in the form ofU3O8Al alloy. The users apply two sections of the 
reactor pool. One of the sections contains experimental facilities like beam tubes, rabbit 
system, and thermal column. The other section is an open area for bulk irradiation studies. 
Fig. I shows the schematic view of TRR pools and irradiation facilities. TRR was simulated 
in details using MCNNPX 2.6.0[3] code as shown in ·~ 

Fig. 1. Position of different beam lines ofTRR modeled by MCNPX 2.6.0 

rh this facility D channel was allocated to NPD system. The equipped D channel was modeled 
rising the Monte Carlo-based computation code (Fig.2). 

Fig. 2. D channel arrangement ofNPD facility ofTRR 
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Neutron and photon flux distributions were calculated along the NPD channel using the 
computational code. In addition, neutron spectra at the beginning of the NPD channel 
obtained from the MCNPX2.6.0 code was introduced as an input source for the Vitess 3.li 
code [ 4] to investigate the reflected neutron spectra from the NPD system monochromator. 

The PG monochromator is used in the current NPD facility of TRR was introduced in 
the Vitess 3.3a code according to Table 1. 

Table 1- PG monochromator characteristics 
d-spread PG(002): 0.2 - 2' 10"' 
d-spacing PG(002): 3.332 A 
Thickness, with, height 0.2, 7.5, 5 
Mosaic factor 2 
d range factor 3 

In pyrolytic graphite the crystallites are aligned to a high degree with their hexagonal c-axei 
parallel, whereas the a-axes are oriented at random. Therefore, the reflected neutrons are from 
the (001) planes satisfying the Bragg equation: 

nil = 2dhktSin0001 (1) 

Where, n is the order of reflection, 0001is the glancing angle to the (00/) plane [5]. 
Neutron flux on wavelength was calculated after the PG monochromator and at the 

sample position, which is located 100 cm far from the second collimator exit. 
The code uses F4 tally card to calculate neutron flux via the following equation [6]: 

F4 = ¾ L dV L dE L, dillf>(r, E,il) ( ;,2 ) 

source particle 

(2) 

Neutron noise was determined in the pathway of the neutrons flying directly from the 
second collimator to the sample position. The calculated neutron flux at the sample position 
was compared with the experimental data. 

A!i03 filter application inside the NPD facility was investigated to decrease the fast 
neutron noise at the sample position. 

Result and discussion 

D channel of the 5 MW reactor has a 305 cm length, at the final section of the channel a 
collimator was placed. The first collimator is a rectangular Soller-type collimator made of 
steel with the dimension of 6xllx120 cm. Neutron spectra was calculated using 
MCNPX2.6.0 at the beginning of the D channel (Fig.3). 
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Fig. 3. Neutron spectra on wavelength at the beginning ofNPD D channel facility ofTRR 

As the figure shows, there is a thermal neutron flux in order of 10 11 n/s·cm2 at the beginning 
ofD channel. The obtained spectra from the MCNPX2.6.0 code exported to Vitess 3.3a code 
and the departing neutrons from the first collimator were investigated. According to Fig.4, the 
thermal neutron intensity drops 103 orders during its flight along the 3-meter D channel and 
its equipped collimator. 
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Fig. 4. Neutron spectra on wavelength at the exit of first collimator 

Also fast neutrons with an intensity in order of 106 n/s·cm2 are exiting from the first 
collimator toward the PG monocromator of the NPD system (Fig.5). ,

11 
:. 
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Fig. 5. Neutron spectra on energy at the exit of first collimator 

The collimated neutrons collide on the PG monochromator positioned 15 cm far from the first 
collimator exit. The channel arrangement simulation by Vittes3.3a code showed the reflected 
neutrons from the monochromator would have a peak intensity of 1 x 106 n/s·cm2

• The 
monochromatic neutrons have 1-1.5 A wavelength (Fig.6). 
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Fig. 6. Neutron flux intensity on wavelength after monochromator reflection 

After reflection oflow-energy neutrons (1-1.5 A), the other neutrons available in the incident 
neutron spectra pass through the monochromator and follow their track approximately 
directly. Hence, as the Vitess code calculations show there is not fast neutron noise in the 
second collimator track. As illustrated before, a 60 cm long soller-type collimator was placed 
in the pathway of neutrons. The sample Table was placed at 122 cm interval than the second 
collimator exit. Vitess 3.3a code calculations showed the thermal neutron flux intensity at the 
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sample position is 0.5 x 103 n/s·cm2 which has 40.5% relative discrepancy than the measured 
value; 0.84x 103 (Fig.7). 
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Fig. 7. Neutron flux intensity on wavelength at the sample position (122 cm from the second 
collimator) 

Paraffin was filled around the monochromator room and an iron box with l0xl0x 10 cm3 (Fig. 
8) was placed in the fast neutron pathway, the results showed higher thickness causes the fast 
neutron enhancement (Fig.9,10). The optimized dimension decreases the fast neutron flux up 
36%. AhO3 was investigated also but the obtained results showed the material positioning at 
this place is not effective than the iron box. Application of AhO3 at the beginning of the 
channel resulted in 55% reduction of fast neutrons. Another iron box application after the 
shielding of monochromator room resulted in 66% reduction of the leaked fast neutrons. 
Application of AhO3 after the monochromator room was not as efficient as iron box because 
it causes only 17% reduction of the fast neutrons. 

Fig. 8. Iron box view after monochromator room 
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Fig. 10. Fast neutron flux variation on filter thickness 

Conclusion 

25 

25 

Vitess code application could desirably estimate the different structures of the system. This 
study showed A!iO3 and Fe application in different parts of the system can decrease the fast 
neutron flux considerably. 
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POTENTIAL INVESTIGATION OF 99Mo PRODUCTION VIA UO2SO4 LIQUID 
TARGETS CONTAINING NATU IN A 5 MW RESEARCH REACTOR 

Gholamzadeh Z., Davari A., Joze-Vaziri A., Mirvakili S.M. 

Reactor Research School, Nuclear Science and Technology Research Institute, Tehran, Iran 

Abstract 

The most routine methods of 99Mo production are either by 98Mo(n,y)99Mo reaction or by 
235U(n,f)99Mo fission process; the highest specific activity of 99Mo among all production 
methods is achieved by the second process. However, recently some research centers have 
directed their attention toward liquid target application instead of the previously mentioned 
solid ones. Therefore, this work investigates the production potential of 99Mo using uranyl 
sulphate liquid target irradiation in a 5 MW nuclear research reactor. Irradiation of four liquid 
targets involving natural uranium was theoretically investigated in the TRR irradiation boxes. 
The most optimize uranyl sulfate concentration was determined to fulfill convection condition 
of the TRR irradiation box cooling. The bum up calculations using the MCNPX 2.7.0 code 
showed about 5 Ci of 99Mo is produced after 7-days irradiation at 4 MW power. Application 
of an enforced cooling inside the irradiation boxes could easily increase the radioisotope 
production rate to > 100 Ci. Low cost of such liquid targets, extraction of gaseous_ fission 
products, short-time chemically separation of the proposed products and reusability of the 
irradiated liquid target are the main attractions of such method for 99Mo production. 

Keywords: 99Mo production, naturanyl sulfate, MCNPX, Reactor irradiation 

Introduction 

The medical community has been weighed down by 99Mo shortages due to aging of reactors 
such as the NRU (National Research Universal) reactor in Canada. There are currently no US 
~reducers of 99Mo, and NRU is scheduled for shutdown in 2016, which means that another 
9Mo shortage is needed unless a potential domestic 99Mo producer fills the void [1-2]. 

Currently solid target plates are used for the production of 99Mo. The targets are generally 
either miniature Al-clad fuel plates or pins containing U-Al alloy or a thin film of UO2 coated 
on the inside of a stainless steel tube [3]. In these targets, separation of 99Mo from the other 
fission products produced inside the target after irradiation is started by the target dissolution 
either with alkali or acid material. However, aqueous homogenous reactors inspirit such 
imitation by modeling a liquid target instead of the pervious mentioned solid ones. 

Hence, feasibility and economically study of such liquid target irradiation in research 
reactor in order to 99Mo and possibly other radioisotopes production was proposed in this 
work. 

Material and methods 

In this work, MCNPX 2.6.0 has been used as a powerful particle transport code with the 
ability to calculate steady-state reaction rates, normalization parameters, neutronic 
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parameters, as well as fuel burn up using CINDER90 to calculate the time-dependenl 
parameters [4-5]. 

A cylindrical aluminum container involved uranyl sulfate solution was modeled using 
the MCNPX 2.6.0 code. A 3D neutronic model was set up using the MCNPX 2.6.0 code in 
cold zero power situations by means of ENDF/B-VI continuous-energy cross section. The 
cross sections of S(a,13) was used for the fuel solution and light water. KCODE card oflhe 
computational code was used for neutronic parameter calculations. 1500000 particle historiei 
were transported to decrease the calculation errors to less than 2%. The modeled liquid large! 
specifications are presented in Table 1. 

Table 1 Liquid target material and dimensions modeled using MCNPX 2.6.0 

sample specifications value unit 

Fuel solution t•1UO2SO4): 235U, 238U, 0, H, S 1.2-1.3 g/cm3 

Aluminum container: Al, Fe, Cu, Mn, Si 2.70 g/cm3 

Target dimension 0.55x8 cm 

Al clad thickness 0.2 cm 

Four modeled targets containing about 7.5 cm3 of the liquid solution were positioned at the 
irradiation boxes of the 5 MW Tehran Research Reactor (Fig. I). 

-; I 1<'111id S3t11J1l1-<, 111 ,1d,· 111,• ir r .11l1:1ti1rn l,,,\l ~ 

FP: Fuel Plate ID: Irradiation Box 
GB: Graphite Box BR: Beryllim Reflector 

Fig. 1. Cross sectional view ofTRR containing the liquid targets a) radial b) axial 
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Three types of sulfate solutions containing different concentrations of dissolved uranium were 
considered to be used as liquid solution to produce 99Mo and other possible radioisotopes. 
Deposited power inside the modeled solution targets was calculated separately. Different 
concentrations of fissionable component of the liquid sample were investigated and an 
optimum concentration was suggested. Radial and axial deposited power was determined 
inside an optimum selected liquid sample using mesh tally card of the used code. 99Mo, 131 I 
and 133Xe production yield after 7-days irradiation of the different liquid samples comprised 
the optimum concentration of the fissionable isotopes were investigated. BURN card of the 
computational code was used to calculate fission process inside the irradiated samples. The 
calculations were repeated for a shell-type cylindrical geometry involves 227 cm3ofthe liquid 
sample. 

Results and discussion 

Considering natural convection of the irradiation boxes, maximum bearable heat should be 
kept less than 50 W to avoid boiling of the liquid target during the 7-days irradiation. 
According to Table 2, a concentration of 180 g/lit will result in maximum deposited power 
<40W.'1 

Table 2 Deposited heat inside the liquid targets, the calculation errors <2% 

Uraniumconcentration: 
Channel No 30 g/1 

1 8.87 
2 6.25 
3 10.31 
4 9.89 

Uraniumconcentration: 
90 g/r 

Depositedpower (W) 
17.18 
12.28 
19.77 
19.27 

Uraniumconcentration: 
180 g/1 

32.99 
24.11 
38.34 
35.41 

Axial calculated deposited heat inside the cylindrical target with 7.5 cm3 uranyl sulfate 
showed maximum value is <1 W/cm3 (Fif'2a), while radial sectioning of the sample with 
heightof8 cm shows the value is <3 W/cm (Fig.2b). 

1\les._ ■umber Mesh number 

Fig. 2. Deposited heat inside the liquid target a)axial b )radial 
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Burn-up calculations showed about 1 Ci of 99Mo is produced inside the 7.5 cm3 liquid 
samples involved natural uranium (Table 3). 

Table 3 Activity of different produced radioisotopes in 7.5 cm3 targets after 7-days 
irradiation, Uranium concentration: 180 g/1 

Channel No 99Mo {CQ 1311 {Ci} 133Xe{CQ 
1 1.306 0.328 0.897 
2 0.873 0.218 0.600 
3 1.418 0.357 0.976 
4 1.337 0.336 0.920 

Total produced 99Mo at the EOC is 4.93 Ci. About 1 Ci of 131 I and 3 Ci of 133Xe is produced at 
the EOC. 

By geometry optimization and an enforced cooling with 0.5 mis flow in the irradiation boxes, 
1000 W deposited power is easily removed during the sample irradiation. The calculations 
showed about 90 Ci of 99Mo is produced inside the liquid irradiated sample at EOC.About 62 
Ci of 1311 and 22 Ci of 133Xe is produced too (Table 4). 

Table 4 Activity of different produced radioisotopes in 227 cm3 targets after 7-days 

irradiation, Uranium concentration: 180 g/1 

Channel No 
1 
2 
3 
4 

ggMo@ 
23.93 
17.48 
26.56 
24.57 

ml@ 
6.02 
4.39 

6.7 
6.19 

mxe@ 
16.45 
12.00 
18.27 
16.89 

Axial calculated deposited heat inside the cylindrical target with 227 cm3volume showed 
maximum value is <2 W/cm3 (Fig.2a), while radial sectioning of the sample with height of 14 
cm shows the value is <3 W/cm3 (Fig.2b). · 
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Fig. 3. Deposited heat inside the sell-type liquid target a) radial b) axial 
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Thermal-hydraulic calculations showed the investigated target maximum temperature is less 
than 70 'C by application of 0.13 mis flow rate. 
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Fig. 4. Temperature profile along the liquid target length 

The manuscript findings show that application of the liquid target with an optimized geometry 
opens an attractive method for simultaneously production of 99Mo because of potentially 
production of several radioisotopes along with, minimization of radio-biologically hazardous 
nuclear effluent, reusable potential of the liquid target and its low cost. 
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Abstract 

99Mo radioisotope is widely demanded by world community for both therapy and imaging 
purposes. Accelerator and reactor-based routine procedures are applied to produce this 
radioisotope. Newly proton-fission production method has been taken in attention by some 
research centers. In the present work, computationally investigation of the 99Mo production 
yield in uranyl nitrate liquid targets irradiated by 30 MeV proton particles was aimed. In the 
present work, height and radius of the chamber of the liquid target are optimized considering 
minimum required solution for production of an adequate amount of 99Mo. The obtained 
results showed uranyl nitrate liquid targets could be efficiently used to produce 18.83 Ci yield 
of 99Mo using 30 MeV proton irradiation of the optimized-dimension target after 150 µA 
current application for 24 hours irradiation. Also this accelerator-based procedure using 
proton-fission induction in the natural uranium dissolved in nitrate solution presents a 
potentially competitive alternative in comparison with the reactor-based or other accelerator
based methods to produce 99Mo and some other fission products simultaneously. 

Keywords: 99Mo production, naturanyl nitrate, MCNPX, Accelerator irradiation 

Introduction 

Technetium-99m is a principal radioisotope used for medical diagnostic imaging and accounts 
for approximately 80% of all nuclear medicine procedures. 99ni-rc is the daughter product of 
99Mo, and it is usually supplied in the form of a 99MoJ99m.rc generator to make diagnostic 
radiopharmaceuticals [I]. The global supply chain of 99Mo used for generator production has 
several complex difficulties, which makes the system fragile and umeliable. Aging reactors, 
limited suppliers and transportation obstacles are all challenges faced with the supply 
chain. 99Mo has been exclusively produced in 7 nuclear reactors, with an average age of these 
reactors being more than 40 years old. These 7 nuclear reactors are the Belgian Reactor 2 
(BR-2) in Belgium, High Flux Reactor in The Netherlands, LVR-15 REZ Reactor in the 
Czech Republic, Maria Research Reactor in Poland, National Research Universal (NRU) in 
Canada, Open Pool Australian Light water reactor in Australia, and South African 
Fundamental Atomic Research Installation in South Africa [2]. 

After being produced in nuclear reactors, is 99Mo transported to a processing facility to 
be chemically separated and purified. There are currently only 5 99Mo -processing facilities in 
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Australia, the Institute for Radio Elements (IRE) in Belgium, MaJJinckrodt in the Netherlands, 
Nordion in· Canada, and Nuclear Technology Products (NTP) Radioisotopes SOC Ltd. in 
South Africa. The finished 99Mo product material is then isolated and shipped to 1 of 8 
generator-manufacturing facilities that supply 99Mo in the form of a 99Mo/99mTc generator to 
send users, such as nuclear pharmacies and hospitals [2]. 

Currently other new methods for production of this important radioisotope are studied 
by approach of eliminating HEU targets and supplement in small scales for region and central 
use. In this way solid target plates are used for the production of 99Mo. The targets are 
generally either miniature Al-clad fuel plates or pins containing U-Al alloy or a thin film of 
U02 coated on the inside of a stainless steel tube [3]. Hence, feasibilitef. and economically 
study of such liquid target irradiation by proton accelerators in order to 9 Mo production was 
proposed in this work. 

Material and methods 

In this study, MCNPX 2.6.0 was used for investigation of feasibility of productionusing 
proton-fission induction and optimization of geometrical condition of utilized uranyl nitrate 
liquid target. MCNPX™ is a general purpose Monte Carlo radiation transport code designed 
to track many particle types over broad ranges of energies. MCNPX 2.6.0 is the latest 
Radiation Safety Information Computational Center (RSICC) release of the code that includes 
many new capabilities, particularly in the areas of transmutation, bumup and delayed particle 
production [4]. 99Mo production yield was determined according to the MCNPX results 
obtained by HISTP card of the input file. HISTP solves Batman decay chain equations using 
CINDER90 package involved in the MCNPX code. 

'··-
Fig.I. Liquid target layout simulated by MCNP. 
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In this study, the liquid target system.is simulated according to the targetry used at both Duke 
University ,Medical Cyclotron and. Wisconsin Medical Cyclotron for F-18 production (see 
Fig.I) [5]. General scheme of the simulated target is shown in Fig. 2: This target system 
includes the main body which made. of Zn Cu {target holder), cooling channels, qeam line and 

Fig.2. 3D view ofliquid target without container (Target holder). 

target container (Target chamber). Beam window of the target system is a 500-micron 
aluminum layer and helium cooling layer with a thickness of 1 mm was considered to cool the 
lateral surfaces of the container. Next, the 99Mo production has been investigated in various 
radiuses of cylindrical liquid target, and height changes and an optimized dimension was 
suggested. 

Results and discussion 
Our liquid target solution contains 20 grams per liter concentration of natural uranium. It is 
assumed that this target is irradiated by a)0,MeV proton beam energy with 150 A current 
that produced by a cyclotron accelerator. The target radius changed as 2 mm, 4 mm, 6 mm 
and 8 mm and deposited heat power and molybdenum production yields were investigated in 
any different situations. Accordfog to Fig. 3 it can be seen that 99Mo yield has max value of 
193.4898 Mbq/µAh using 2 mm radius. Other results.such as deposited heat power and proton 
flux that obtained by calculations were given inTablel. 

,.if 250 -i' 200 

f, 150 

i 100 

~' 50 

0 

193.4898 
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Fig.3. 99Mo prnduction dependence on thera<l-ius of target of uranyl nitrate solution. 
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Table I. Some of important information in liquid target, the calculation errors <I%. 

Radius 
(mm) 

2 
4 
6 
8 

Neutron Flux 
(n/cm2·s) 

l.6!E+ 12 
l.24E+l2 
9.60E+ll 
7.56E+ll 

Proton Flux 
(p/cm2·s) 

4.18E+14 
2.99E+14 
l.91E+14 
l.17E+14 

Total Deposited Neutron fission 
Heat Power (W) heat power (W) 

6.52E+0l l.62E-04 
9.37E+02 5.52E-04 
3.71E+03 1.0SE-03 
8.62E+03 l .58E-03 

Target Volume 
(cm3

) 

l.42E-01 
6.37E-01 
1.58E+00 
3.08E+00 

First, we discuss about the total deposited heat power in liquid target. We know that by 
increasing the radius of the target, the solution proton-exposure is increased. By volume 
increasing more fission could occur in the solution and obviously more total and also neutron
fission deposited heat power in solution is experienced so that from 65.2 W in a radius of 2 
mm reaches to the extra-large value of 8.62 kW in radius of 8 mm. However, in this case (kW 
heat power) the jet cooling is applicable, but taken attention to working with radioactive 
materials we are interested to minimize other problems such as difficulties related to the heat 
transfer. So by regarding both terms of production yield and heat transfer, the radius of 2 mm 
is really more desirable than others. 
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Fig. 4. Proton flux distribution inside the targets with different radii. 
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It was expected that by the radius increasing, the production yield increases because a 
Gaussian distribution with a FWHM (Full Width Half Maximum) of 0.8 was used to irradiate 
the cylindrical liquid target. However it should be illustrated the chain reactions involving 
absorption, decay and production determine the final ,reld of the product. Enhancement of 
neutron flux could decrease 99Mo yield because of n+9 Mo reaction rate. According to Fig. I 
clearly higher radius experience higher proton flux availability and thereby higher deposited 
heat. The carried out calculations showed 2 mm radius is desirable to produce the highest 
99Mo yield and the least deposited power. 
In the next step different height of the target was investigated. According to our calculation 
results, height variation does not cause a significant change in the production of 99Mo (Table 
2). 

Table 2. Some of important information in liquid target, the calculation errors <I%. 

Height Neutron Flux Proton Flux Total Deposited Neutron Target Volume 
(mm) (n/cm2·s) (p/cm2·s) Heat Power (W) fission heat (cm3

) 

2ower {W 
8 l.84E+l2 5.08E+l4 5.37E+0l l.53E-04 l.17E-0l 
12 l.43E+l2 3.56E+l4 7.68E+0l l.69E-04 l.68E-01 
16 l.17E+l2 2.73E+l4 9.98E+0l l.80E-04 2.18E-01 
20 9.89E+l 1 2.22E+14 l.23E+02 l.86E-04 2.68E-01 

Height of 8mm, 12 mm, 16 mm and 20 mm have been checked and according to Table 2 by 
increasing the volume and mass of the irradiated solution, total and neutron-fission deposited 
heat power enhances. But the protons and neutrons flux is reduced as a result of absorption 
process. Axial distribution of neutron and proton flux is shown in Fig.5. According to the 
figure there is an intense distribution at the beginning of the target. 

xJ0 12 
><10M 

a 
)<1012 

,oo 
,oo 

~100 -100 Mesh Number 
,,oo 

Mesh Number 

Fig.5. Distribution of a) neutron flux and b) proton flux in liquid target. 

According to the results, as well as the fact that none of the investigated heights have no 
preference in terms of the production yield. The height can be selected arbitrary. Because 
better heat transfer occurs in bigger target area so we choose a height of20 mm. For 24 hours 
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irradiation the 99Mo yield is about 18.83 Ci. Therefore, we would account the number of 
required uranium atoms by A=t..N equation. So, the necessary number of atoms is equal to 
4E+15 while the available atoms inside the solution are 7.43E+l8 for2.68E-l cm3 target 
volume (according to a radius of 20 mm). So this tiny target could be used to produce 
desirable amount of 99Mo in low-cost condition with minimum nuclear waste and 
independency to rector-based procedures. 

Conclusion 

The liquid target containing natural uranium can customize and develop our prospects for the 
peaceful use of the nuclear industry and also be regarded as excellent replacement of HEU 
solid target. In the same time this procedure reduces our dependency to high-cost operation 
nuclear reactors. Our funding showed about 18.83 Ci/week of 99Mo is producible by means of 
the optimized target. 
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"NRC «Kurchatov Institute», Russia 
~echnical University of Munich, Munich, Germany 

Annotation 

The aim of the new experiment on radiative neutron decay is the measurement of its main 
characteristic, the branching ratio - BR. The methodology is focused on measuring the spectra of triple 
coincidences of radiative gamma-quantum, beta electron, and recoil proton and double coincidences of 
beta electron and recoil proton. The peak on the spectrum of triple coincidences shows the number of 
radiative neutron decays, while the peak on the spectrum of double coincidences shows the number of 
regular neutron beta-decays. This methodology enabled us to become the first team to measure the 
branching ratio of radiative neutron decay B.R. = (3.2 ± 1.6)· I0-3 (where C.L. = 99.7% and gamma 
quanta energy exceeds 35 keV) in 2005 on our old experimental equipment. 

The precision of branching ratio measurement is determined using the value of the ion and 
gamma backgrounds. The spectrum of double coincidences obtained in our experiment shows a fairly 
significant ion background, the fluctuations of which indicate the precision of measurement for the 
number of recoil protons. The spectrum of triple coincidences shows a significant gamma background, 
the fluctuations of which determine the precision of measurement for the number of triple 
coincidences. Because the ion background specifically is quite significant, it appears even under super 
deep vacuum as beta electrons ionize the highly rarified air inside the chamber. Besides, we 
discovered an additional wide peak on the spectrum of triple coincidences. This peak consists of 
delayed gamma quanta created during the ionization of rare gas by beta-electrons. 

Thus, this experiment allows us to study another important phenomenon, the ionization of 
rarified gas by beta electrons with emission of gamma quanta. Our last experiment showed that these 
two phenomena, radiative neutron decay and ionization with gamma quanta emission, are 
distinguishable in the case of high time resolution and can be studied separately. This is another 
important result of our last experiment and in this report we mention that the authors of articles 
registered namely the ionization with gamma radiation events. 

From this it follows that the research of the ion and gamma backgrounds is a critically 
important task for this experiment. This report is dedicated to a discussion of the computer experiment 
we conducted using the well-known GEANT4 software package. One of the main goals of these 
Monte-Carlo calculations is to obtain the ion and gamma background conditions for conducting the 
experiment. The report presents the results of these calculations along with a comparison of our 
measurements of double coincidence and triple coincidences, with two other experimental groups. One 
of the main results of our computer experiment is the evaluation of background conditions, which 
shows that the geometry and materials we selected allow us to measure the branching ratio with 
precision of several percentage points. 

Introduction 

Presently, the characteristics of the ordinary decay mode are measured with precision 
of tenths of a percentage point. Under these circumstances, the experimental data obtained by 
different groups of experimentalists can be reconciled only by taking into account the 
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corrections calculated within the framework of the standard theory of electroweak 
interactions. This means that the experimental research of the ordinary mode of neutron decay 
have exhausted their usefulness for testing the standard model. To test the theory of 
electroweak interaction independently, it is necessary to move from the research of the 
ordinary branch of decay to the next step, namely, to the experimental research of the 
radiative decay branch. 

The radiative decay branch of elementary particles, where an additional particle, a 
radiative gamma quantum is formed along with the regular decay products, has been 
discovered for practically all elementary particles. This has been facilitated by the fact that 
among the rare decay branches the radiative branch is the most intensive, as its value is 
proportional to the fine structure constant a and is only several percent of the intensity of the 
regular decay mode (in other words, the relative intensity B.R. of the radiative decay branch 
has the value of several hundredths of a unit.) 

However, for the neutron this decay branch had not been discovered until recently and 
considered theoretically only [1-4). Our first attempt to register the radiative neutron decay 
events was made on intensive cold neutron beam at ILL [5]. But our experiment conducted in 
2005 at the FRMII reactor of Munich Technical University became the first experiment to 
observe this elementary process [6]. We initially identified the events of radiative neutron 
decay by the triple coincidence, when along with the two regular particles, beta electron and 
recoil proton, we registered an additional particle, the radiative gamma quantum 

and so could measure the relative intensity of the radiative branch of neutron decay B.R.= 
(3.2 ± 1.6)·10·3 (with C.L.= 99.7% and gamma quanta energy over 35 keV; before this 
experiment we had measured only the upper limit on B.R. at ILL [5] ). 

The main characteristic of any rare mode of elementary particle decay is its relative 
intensity, branching ratio (BR). By definition, BR is equal to the ratio between the intensity of 
the rare decay mode and the intensity of the ordinary mode. In the case of neutron, this 
intensity ratio can be reduced to the ratio between the number of triple coincidences between 
the registration of beta-electrons, radiative gamma-quantum and the delayed proton NT to the 
number of double coincidences between the registration of the ordinary decay products, beta 
electron and recoil proton No: 

BR= I(radiative decay)/ I(ordinary decay)= N(e,p,y) / N(e,p) =NT/ No 

These two values can be determined only from the analysis of double and triple coincidences • • 
1 

, 

spectra, which form corresponding peaks. Identifying these peaks and distinguishing them j 

from the significant background is the central problem in the methodology of BR 
measurements for neutron radiative decay. 

Further, this experimental BR value needs to be compared with the theoretical value, 
estimated within the framework of the electroweak model. Any difference between these two 
values would mean that we are observing a deviation from the electroweak interaction theory. 

Our group calculated the neutron radiative spectrum in the framework of standard 
electroweak theory in the following papers [1-4). The calculated branching ratio for this 
decay mode as a function of the gamma energy threshold was published in these papers. BR 
value for the energy region over 35 ke V was calculated to be about 2.1 · 10·3. 
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It follows that to measure the main characteristic of radiative neutron decay it is 
necessary to obtain and analyze the spectra of double and triple coincidences. So, it is 
necessary to consider the main particularity of these spectra - the ion and gamma 
backgrounds. 

Let us consider in detail the question around the value of ion background in the 
experiment on radiative neutron decay, namely, its value in the spectrum of double 
coincidences of electron and proton. Theory makes it clear that the number of ions created by 
an electron that spreads in the media of its path with length of L is equal to Nian= UA.. Here A 
is the length of the electron's free path in media with molecular density n. If ionization cross 
section of media is cri, then the length of the free path is inversely proportional to the product 
of media density to the cross section A. = (ncr;r1. On the other hand, if the probability of the 
one media atom ionization is P(n), then the number of ions Nian created when the electron 
cross the media equals the product of this probability to the total number N of atoms on the 
electron trajectory length L. This number is equal to the ratio of the trajectory length L to the 
average distance between nearest atoms of media f = n·"3 with density n: N = Uf. Thus, we 
arrive at the following chain of equations: 

N· = !:. = Lnu. = P(n)N = P(n)~ = P(n)Ln113 
ton A · 1 z 

Thus, the classic probability of ion creation per one media atom with density n is equal to the 
ratio between the two areas - that of ionization cross section cri to area S = n·213. the area per 
one media atom: P(n) = cr/S = crin213

• 

This formula occurs in the simplest model of a "perfectly black sphere". Introducing a 
random value, aim distance p, leads to the probability of ionization dependent on that aim 
distance of P(p) = 1 for all aim distances shorter than the atom radius a = ( cr/nt2 while for 
greater aim distances probability of ionization is O (see Fig. 1). 

P(pJ 

:I. 1--------

a/p --------.:_ ________________ --, 

a E P 
Fig. 1. The dependence of the ionization probability on p. For the usual model: P(p)=l for p<a 
and P(p)= O for a< p < f; for Coulomb interaction model P(p) = 1 and P(p) = alp for a< p < f. 

However, in the case of ionization process in highly rarefied media this simple model 
becomes inaccurate as it does not take into account Coulomb interaction, which may have a 
fairlylong "Coulomb tail" inversely proportional to the aim distance. In this case, one must 
consider a more realistic model where probability P(p) is not zero, when the electron flies by 
the atom without touching it, i.e. at aim distances p greater than a. So, it is necessary to 
consider the long "tail" of P(p) distribution, which falls inversely proportionally to the aim 
distance (see Fig. I). Thus, the total ionization cross section will depend on density and haye 
an additional term, inversely proportional to the cubic root of media density n: 
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~iar= r•I dq, fu.pdp + r.zr drp r'~pdp = rra2 + 2rra0-a) = -rra2 + 2rral = -C1i + 2(irui)1'2,1-1ta: 
Jo Jo Jo la P 

The probability of ionization per one atom will be: P(n) = cr101n213 = -crin213 + 2(ncri)112n"3. It is 
evident. that in extremely rarified media where crin213 is significantly below 1, the second 
member of this formula leads and significantly exceeds the first. Thus, probability of 
ionization of one atom becomes inversely proportional to the cubic root of density, i.e. 
depends on density in a very smooth way. This, in turn, leads to a gradual reducing of the ion 
background dependency on density and this background cannot be ignored even in highly 
rarified media. For example, a fall in pressure within the experimental setup of two orders of 
magnitude leads to a fall in the ionic background equal to the cubic root of pressure, i.e. 4-5 
times. Our experiment observed exactly this behavior of ionic background and, as we'll show 
later in this report, such smooth dependency on density is experimentally demonstrated when 
measuring spectra of double coincidences obtained by our and emiT groups. 

Analysis and comparison of double coincidences spectra 

Here let's pause to analyze the spectra of double coincidences between beta-electron 
and recoil proton, and compare our spectrum with the results obtained by other authors. We 
have published the diagram of our experimental equipment in the past [5, 6, 8]. Here we will 
simply note that in its sizes our equipment is comparable to the equipment used by the two 
other groups and the distance between the observed decay zone and the proton detector in our 
equipment is about 0.5 m. The accelerating potential of the electric field is also approximately 
the same in all three equipment sets, so all three experiments should lead to similarly forms of 
double and triple coincidences spectra. 

Fig. 2 demonstrates the summary statistics on double e-p coincidences (coincidences 
of electron with delayed proton). Fig. 2 clearly shows two major peaks: one peak with a 
maximum in channels 99-100,. which is the peak of zero or prompt coincidences [6, 8]. The 
position of this peak marks the zero time count, namely the time when the electron detector 
registered the electron. This peak is not physics-related in its nature. Instead, it is a reaction of 
the detectors and the electronic system to the registration of the beta electron. It is namely the 
pulse from the electron channel that opens the time windows on spectra Fig. 2 for 2.5 µs 
forward and backwards. The next peak visible on Fig. 2 has a maximum in channel 120 and is 
the peak of e-p coincidences of beta-electron with delayed proton. 

An analogous situation was observed in experiments on the measurement of the 
correlation coefficients by two independent groups at ILL [10] and emiT group at NIST [11], 
and it was also mentioned at [12]. We would especially like to emphasize the correspondence 
of our spectrum of double coincidences with an analogous spectrum from the result obtained 
by the emiT group from NIST [ 11]. On Fig. 3 we present their spectrum and diagram for the 
registration of the beta electron and the recoil proton. A comparison of our results with the 
results of the emiT group shows their unquestionable similarity. Moreover, the position of the 
second proton peak in Fig. 3 (emiT group), like in Fig. 2 (our result), corresponds well to the 
simple estimate obtained by dividing the length of a proton trajectory by its average speed. 

Here we will also note the presence of a significant homogenous ionic background in 
Fig. 2 and Fig. 3. However, in both cases this background allows to easily distinguish the 
neutron decay peak. As we will shortly demonstrate, this ionic background will play a 
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dominant role in the presence of a strong magnetic field and it will become impossible to 
distinguish events of ordinary neutron decay against it. 

Number of events 
25 Spectrum of double coincidences e•p 

xl04 

20 

15 

, ______-; These two main peaks of double 
Responce to the peak -7coincidences for ordinary beta decay 
of electrons. This peak were observed multiple times by our 
corresponds to the "-___ and emiT group [ I I] at NIST 
promt or zero ~ 
coincidences R ·1 • ---- ec~n proton or peak of beta 

..------ decay events 

IO 
I .... " ............. ~ 

/ l 5 Minor noise peaks that ,vere removed 
by the triple coincidences The ion background 

j 
01 26 51 76 101 126 151 176 201 226 251 

Fig. 2. Timing spectrum for e-p coincidences. Each channel corresponds to 25 ns. The peak at 
channel 99-100 corresponds to the prompt (or zero) coincidences. The coincidences between 
the decay electrons and delayed recoil protons (e-p coincidences) are contained in the large peak 
centered at channel I 20. 

Following Avogadro's law, even in the case of a very deep vacuum under pressure of 
10·6 

- 10·8 mbar air molecule concentration remains very high. In fact, it is sufficient for beta
electrons produced in neutron decay to create a significantly high ionic background. Here one 
must note that the probability of ion creation along the trajectory of beta-electron in inverse 
proportion to the average distance between neighboring ions, i.e. proportional not to the 
molecule concentration but to the cubic root of this value. From this observation it follows 
that the value of the ionic background does not significantly depend on the vacuum conditions 
inside the experimental chamber. In our case, pressure was two orders of magnitude greater 
than the pressure in the emiT experiment. However, we observed an ionic background ofonly 
4-5 times their background. This estimate is confirmed when one compares the spectra on 
Fig. 2 and Fig. 3. Our spectrum, presented on Fig. 2, has a 1:1 ratio of the value of e-p 
coincidences peak and the value of the background. The emiT group (Fig. 3) spectrum has a 
ratio of 4:1 - 5:1, i.e. only 4-5 times our number, that is equal to the cubic root of pressure 
ratio in both teams' work (see Introduction). 

Fig. 2 shows that the total number of events in e-p coincidences peak in our 
experiment equals No= 3.75-105

• This value exceeds the value we obtained in our previous 
experiment conducted on beam PFl at ILL by two orders of magnitude. It was precisely 
because of the low statistics volume that we could not identify the events of radiative neutron 
decay in that experiment and instead defined only the upper B.R. limit [5]. It is very important 
to note that the peak of double coincidences between electron and the delayed proton is 
observed against a non-homogenous background (see Fig. 2 and Fig. 3): besides the 
homogenous ionic background, which has a value comparable to the value of the e-p 
coincidences peak, there is an obvious peak in channels 99-100. In essence, this peak is a 
response peak to the time spectrum of electron registration, which contains just one peak in 
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channels 99-100, signifying the time when the electron detector registered the electron. We 
will shortly see that the radiative peak of triple coincidences appears against a non
homogenous background with not one, but two response peaks. 

500-,----------r----------, 
prompt background 

400 

a 300 

o ~~d 
~ 200-11+----+1 

100 

·2 0 2 

background 
wlndow2 

4 
beta-proton relative Ume (µs) 
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Fig. 3. Spectrum of double electron-proton coincidences obtained by emiT Group [ 1 I] with two 
peaks and ion background value comparable to the neutron decay peak; emiT group scheme for 
registering beta electron and recoil proton. 

The remaining peaks on Fig. 2 are small, with just seven peaks distinct from the 
statistical fluctuations. These occurred because of the noise in the electric circuits of the 
FRMII neutron guide hall. There are no other physics-related reasons for their occurrence. 
These peaks appeared and disappeared depending on the time of day, reaching their maxima 
during the work day and disappearing over the weekends. Such behavior was observed 
throughout the experiment as we collected statistics. Since the nature of these seven small 
peaks is in no way related to radiative and ordinary decay, we did not emphasize them in our 
article. 

The comparison conducted demonstrates that the spectra of double coincidences 
obtained in our experiment completely correspond with the results obtained by the emiT 
group. Now we will compare these two spectra with the spectrum of double coincidences 
obtained by the third group. Unfortunately, the authors did not publish the spectrum of double 
coincidences in their original article [7] instead it was only published this year in paper [13]. 
Fig. 4 displays the spectrum of double coincidences and the diagram of their experimental 
equipment. 

The significant deviation obtained is explained by the fact that the peak in the NIST 
experiment consists not of beta-decay protons, but rather of ions. The density of gas 
molecules inside the equipment is proportional to pressure and according to the Avogadro's 
Law is at the order of 107 mol/cm3 even at the pressure of 10·8-10·9 mbar. This is a very 
significant number, which quite enough for creation the large ionic background in the 
presence of ionizing radiation. The energy of beta-electrons significantly exceeds the energy 
of ionization. Besides, the probability of ion creation by electrons is inverse proportional not 
to volume taken up by one molecule but to the average distance between molecules. It is 
precisely due to this reason that the ionic background falls proportionally to the cubic root of 
the pressure and not proportionally to pressure. In the emiT group experiment the pressure 
was the same as in the NIST experiment, so the ionic background should be the same too. The 
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light ions, together with the beta protons, should have a delay time comparable to l µs. The 
pulses from these particles are simply not visible in the spectrum due to the NIST group's use 
of combined electron-proton detector (see Fig. 5 with the shape of electron and ion pulses). 
The maximum of the "proton" peak in the NIST experiment, according to the delay times 
estimations (delay time is proportional to square root of ion mass), falls exactly to the air ions 
4-6 µs. 

4Q_.L.--'--'-.L......I-L-'--'---'--.L......I-L-'--'--'-.L......I'--'-

30 

~ 
§ 20 
0 
t.) 

ml!C( 

10 
It 
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0 

0 5 10 15 
Ell!ctron-Proton Time Difference (fts] 

Fig. 4. Equipment diagram and the single peak of "electron-proton" coincidences, published in 
[13]. The lower curve corresponds to 0 volts, the middle curve corresponds to 300 volts and the 
highest curve corresponds to 500 volts in an electrostatic mirror. The location of the peak's 
maximum and its significant width differ from our and the emiT results subsequently by one 
and two orders of magnitude. The location and the width of the peak also deviate by.one and 
two orders of magnitude from the elementary estimates of delay times (see below). 

Signal (arbitray units) 
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Fig. 5. The signal from the decay proton has to be delayed by less than one microsecond, which 
is why it is located at the base of the electron pulse (see line number 2) and so cannot be 
registered by the combined electron-proton detector. The pulses that are delayed by longer than 
I microsecond are pulses not from decay protons, as· it was indicated in ref. [7], but rather from 
ions, formed in the decay zone. The line number 1 shows the shape of pulses from the gamma 
detector. 
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Fig. 5 presents the pulse forms on the electron-proton detector. As was pointed out 
above, the significantly delayed pulses of low amplitude correspond to ion pulses, and the 
pu~es from protons are simply invisible due to a presence of a wide electron pulse of high 
amplitude. Namely this fact explains the dead zone around zero on the spectrum of electron
ion coincidences on Fig. 4. 

Analysis and comparison of triple coincidences spectra 

In paper [11] the emiT group researched only the ordinary decay mode, thus this 
comparison is limited to our spectrum of triple coincidences, presented in Fig.5, and the only 
peak published by the NIST authors in Nature [7], presented on Fig.7. Analysing the double 
coincidences spectra obtained by our and the emiT groups (both of which present two main 
peaks) shows that in the spectrum of triple coincidences we should observe not two but three 
peaks. Namely, along with the sought after radiative peak, the triple e-p-gamma coincidences 
spectrum should show two (not one!) response peaks to the registration of beta-electrons and 
the registration of protons. Fig.5 of triple coincidences clearly shows three peaks, and the 
leftmost peak with the maximum in channel 103 is connected to the peak of the radiative 
gamma-quanta in question, as this gamma-quantum is registered by the gamma detectors in 
our equipment before the electron. 

Number of events 
40 

xtD2 
35 

30 

25 

20 

Spectrum of triple coincidence, e-p-gamma 

Radiative peak 
or peak of the 

radiative beta 
decay events 

~ These two peaks are response to the two main 
/peaks of the .double coincidences spectrum 

Only this wide peak of delayed secondary 
gamma quanta can be compared with 
single peak observed in NIST (7) 

,/ 

Statistics fluctuation of the gamma background with sigrna=60 events 
o ...... ~~~~~~~~ ...... ~~~~~~~~~~~~~~~~ 

I 26 51 76 101 126 151 176 201 226 251 

Fig. 6, Timing spectrum for triple.e-p-g coincidences. Each channel corresponds to. 25 ns. In 
this spectrum, three main peaks in channels 103, 106 and 120 can be distinguished: The left 
most peak in 103 channel among these three main peaks is connected with the peak of radiative 
decay events. 

_It is also important to note that while both teams' double coincidences spectra show 
the peaks at a distance from each other and easily distinguishable, in the spectrum of the triple 
coincidences the radiative peak is on the left slope of the · response peak· to electron 
registration. This means that we observe the peak of radioactive neutron decay events against 
a heterogeneous background. At the same time, both response peaks on the spectrum of triple 
coincidences are significantly wider and located closer to each other than in the original 
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spectrum of double coincidences. As we demonstrate below, one must take into account such 
spectrum behavior (related to the presence of a response in the electron detector system of 
data collection) by introducing the non-local response function. Using this well known 
method it is possible to distinguish NT the number of triple coincidences from the 
heterogeneous background, arriving at the experimental BR value. 

Comparing Figs. 2 and 6, it becomes clear that if we ignore the first leftmost peak with 
the maximum in channel 103 in Fig. 6, the spectrum of double e-p coincidences will resemble 
the spectrum of triple e-p-y coincidences on Fig. 2. The peak with the maximum in channel 
106 on Fig. 6 is connected to the left peak of false coincidences on Fig. 2, and the peak with 
the maximum in channel 120 on Fig. 6 is connected to the right peak of e-p coincidences on 
Fig. 2. The emerging picture becomes obvious when one uses a standard procedure, 
introducing a response function for gamma channel R/t,t') [6], which is also necessary for 
calculating the number of triple radiative coincidences NT in radiative peak: 

Sout(t)=fSin(t')R!t,t')dt' 

Using the method of response function, one can confidently define our double-humped 
background: the narrow peak with the maximum in channel 106 on Fig. 6 is the response to 
the narrow peak of zero coincidences (by other words this peak is response to beta-electron 
registration) in channels 99-100 on Fig. 2, and the second peak in this double-humped 
background on Fig. 5 is the response to the peak in channels 117-127 on Fig. 2 (or this peak 
is response to proton registration). 

It must be noted that in our case we have to use the non-local response function, as the 
peaks on the original spectrum Sin(t) of double coincidences are significantly narrower than 
those in the spectrum Soult) of triple coincidences and also are shifted in their relative 
positions. In this case we use "functional" multiplication, however if we use the local 
response function, the triple coincidences spectrum is arrived at by simple multiplying the 
double coincidences spectrum by a number, in which case neither the width of the peaks nor 
their position change. It is also evident that the local response function approach leads to an 
erroneous number of triple coincidences NT and, therefore, the wrong BR value. 

When discussing the similarities between the spectra on Fig. 2 and Fig. 6, it is 
important to note that the response peak on Fig. 6 with a maximum in channel 106 is shifted 
to the right or delayed in comparison to the peak responding to electron registration in channel 
100 on Fig. 1. This is due to the fact that in our electron diagram we used a constant fraction 
discriminator (CFD). CFD has its own delay line and the location of the time-pickoff signal it 
generates is determined by the method of comparing the fraction of the original signal to the 
delayed (CFD method [14]). Thus, there is a shift in the first response peak with a maximum 
in channel 106 on Fig. 6 versus the first peak on Fig. 2 with the maximum in channel 100. 
The value of this delay is equal to the front duration of the gamma quantum signal and is on 
average 150 ns. The CFD method obviously also shifts the radiative peak, but it should be 
located to the left of the response peak, as is observed on Fig. 6. 

As for the wide, almost indistinguishable peak in channel 165 on Fig. 6, its influence 
on the radiative peak in channel 103 is negligible. Its nature is in no way related· to the 
researched phenomenon, so we do not discuss it in our article. This peak is created by the 
radioactive gamma quanta delayed on average by 1.25 µs and emitted by the radi.oactive 
medium within our experimental equipment. The medium. is activated by registered beta
electrons. This event of artificial, induced radioactivity has been known for over 100 ·years 
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a.id does not.have anything in common with the new event of radiative neutron decay which 
is the subject of current research . .As we will demonstrate below, only this 1 microsecond 
peak and delayed from the registration time by about the same time can be compared to the 
peak observed by the authors of paper [7] at NIST (see Fig. 7). Thus, the authors of this 
experiment observed not the events of radiative decay but rather the event of. artificial 
radioactivity, already well known in the time of Joliot-Curie. 

350 
Counts 

.. 300 

• Data 
250 -- Gaussian fit 

.. 200 

150 

-10 -5 0 5 10 
Electron-photon time delay (µs) 

·Fig; 7. Only peak of "electron-photon" coincidences, shifted to·the left of O - the time of beta
ekctrnn registration"- by 1.25 microseconds, published in [7, 11]. 

After analyzing the spectra with the help of the non-local response function R-i(t,t') we 
fmalize · the average value for the number of radiative neutron decays NT = 360 · with · a 
statistics fluctuation of 60 events. B.R. · can be expressed as a ratio of NT to No as BR = 
k(N;/No), where coefficient k = 3.3 is the geometrical factor that we can calculate by using 
anisotropic emission of radiative gamma-quanta [4]. With the number of observed double e-p 
coincidences No= 3.75-105 and triple e-p-y coincidences NT= 360, one can deduce the value 
for radiative decay branching ratio of (3.2 ± l.6)· 10-3 (99.7 % C.L.) with the threshold gamma 
energy oo = 35 ke V. The average B .R. value we obtained deviates from the standard model, 
but because of the presence of a significant error {50%) we cannot make any definite 
conclusions. The measurements must be made with greater precision. According to our 
estimates, in the future experiment we will be· able to make more definite conclusions about 
deviation from the standard electroweak theory with experimental error less than 10%. 

The difference between the NIST experiment and our experiment becomes 
immediately apparent. First and foremost, it is the time scale: in our spectra, the scale' is 
measured in.nanoseconds, while in the other exper.iment the scale is in microseconds. Besides, 
we used three types of detectors, each of which registered its own particle: one detector for 
the electrons, one for the protons, and six identical detectors for the radiative gamma-quanta 
(see [6]). The duration of the front pulse from the electron and proton detectors is 10 
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nanoseconds in our experiment and 100 times greater than that in the NIST experiment, in the 
order of 1 µs. The rise time of gamma signal from our gamma-detectors is on average 150 ns, 
and from avalanche diode on the NIST equipment greater than 10 µs, besides that the diode 
pulse arrives with significant noise, which makes the thickness of the front pulse line equal to 
more than 0.5 µs (see the photon line on Fig. 7 from [7]). All of this leads to our factual time 
resolution being two orders of magnitude better than the resolution achieved in the NIST 
experiment. However, as the two experiments used equipment which was practically the 
same in size and smaller than 1 meter, the choice of the time scale is a matter of principle. 
Given this geometry, it is impossible to get microsecond signal delays from all of the 
registered charged particles, i.e. electrons and protons. In this light, it is surprising that the 
peak identified by the authors of the NIST report [7] as the peak of radiative gamma-quanta, 
is shifted by 1.25 microseconds to the left. The expectation that magnetic fields of several 
tesla in magnitude delay all electrons and protons, are absolutely ungrounded. 

Indeed, the magnetic field cannot change the speed of charged particles. It can only 
twist a line trajectory into a spiral. The length 1 of this spiral depends on angle 0 between 
particle velocity and magnetic field direction. In beta decay, electrons can fly out under any 
angle 0, therefore the magnetic field can increase the time of delay by several orders of 
magnitude only for a negligible portion of the charged particles. Even this negligible number 
of particles that flew out at an almost 90 degree angle to the direction of the magnetic field 
that coincides with the direction of the narrow neutron guide (see Fig. 4) will most likely end 
up on the walls of the neutron guide rather than reach and hit the detector due to the presence 
of the strong electrostatic field.Because the distance between the point of decay and the 
detector is about 0.5 meter and electron velocity is comparable with speed of light, the 
electron time of delay should be less than a microsecond by two orders of magnitude. 

Thus, both the 1 microsecond shift and the width of the only peak on Fig. 7 in the 
experiment conducted at NIST, is in sharp contradiction to elementary estimates. We, on the 
other hand, did not observe any wide peaks before electron registration and our gamma 
background is very even in this part of the spectrum (see Fig. 6). However, when we assume 
that the NIST experiment authors observed the wide peak, shifted by 1 microsecond,. not 
before, but after the registration of beta-electrons. In that case, the wide peak on our spectrum 
in Fig. 6 completely corresponds to the wide peak on Fig.7. However, as noted above, density 
of gas molecules remains high even with the pressure of 10·8 

- 10·9 mbar and this residual 
gasis activated by beta-electrons. The wide peak in our spectrum is formed by the delayed 
gamma quanta from this induced artificial radioactivity. 

Conclusions 

The main result of our experiment is the discovery of the radiative peak namely in the 
location and of the width that we expected. The location and the width of the radiative peak 
correspond to both estimates and the detailed Monte Carlo simulation of the experiment. 
Thus, we can identify the events of radiative neutron decay and measure its relative intensity, 
which was found to be equal B.R. = (3.2 ± 1.6)·10·3 (with C.L.= 99.7% and gamma quanta 
energy over 35 keV ). 

At the same time, the average experimental B.R. value exceeds the theoretical value 
by 1.5 times. However, due to a significant error we cannot use this result to assert that we 
observe a deviation from the standard model. Therefore, our most immediate goal is to 
increase experiment precision, which we can improve by several percents according to 
estimates. 
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For last two years we were preparing this new experiment and conducted number of 
tests for our new electronics. We constructed multi channel generator what can generate the 
pulses with the same forms as our electron, proton and gamma detectors. During these tests 
we got the same responses as during our last experiment on real neutron beams at FRMII. It 
means that all additional peaks on our spectra have no any physics reasons and It proves once 
more that we were absolute correct when applied the response function method for explaining 
iliese peaks as response ones and for developing our experimental spectra. 

We created and tested our new electronic system for obtaining experimental spectra. 
By using this new programmable electronics we can significantly reduce the influence of 
response peaks on peak with radiative decay events. Now we can get this peak almost isolated 
from responses. On our estimations all these allow us to reach accuracy for our new 
experiment about 1 %. So, on the base of our new electronics we can confirm or refuse the 
deviation of our average experimental value of BR from the standard model one. 

As concerning the comparison of our experimental results with others we can make 
ilie followipg two main conclusions. The main parameters of our spectrum of double electron
proton coincidences identifying the events of ordinary neutron decay fully coincide with an 
analogous spectrum published by emiT group in [11]. 

Unfortunately we cannot say same for another experiment measuring the radiative 
neutron decay published in [7]. Particularly vexing is the authors' unsubstantiated assertion 
iliat they observe their only wide peak of gamma quanta before the registration of beta
electrons. Both the position and the width of this peak are located in sharp contradiction to 
ooth the elementary estimates, and the results of our experiment. In the course of our entire 
experiment we did not observe such a wide peak in the triple coincidences spectrum, located 
!Jefore the arrival of electrons at a huge distance of 1.25 µs. However, it is possible to 
reconcile our spectra of triple coincidences with the one isolated peak observed at NIST if we 
assume that at NIST, the gamma-quanta were registered after the beta electrons. Only in this 
case does the NIST peak almost completely coincide with the peak we observed in the spectra 
of triple coincidences with the maximum in channel 165, both in terms of the huge delay of 
1.25 µs and in terms of its huge width. This peak is created by the delayed secondary 
radioactive gamma-quanta, arising from the activation by beta electrons of the media inside 
experimental chamber, which was the real object of the NIST experimentalists' observation. 

Despite the recent disagreements [15], which we consider to be subjective in nature 
[16], we acknowledge the contribution of our Western colleagues Profs. N. Severijns, 0. 
Zimmer and Drs. H.-F. Wirth, D. Rich to our experiment conducted in 2005. Here it is 
important to note that the authors of the article published in Nature [7] consciously misled 
frst our Western colleagues and then the physics community at large by insisting that their 
only wide peak is removed by 1.25 microseconds to the left from the time of electron 
registration, when in reality this peak was formed by delayed gamma-quanta, emitted by the 
activated medium inside the experimental equipment, and corresponds to our wide peak with 
iliemaximum in channel 165 (refer to Fig. 6) [15, 16]. The authors would like to thank Profs. 
D. Dubbers and Drs. T. Soldner, G. Petzoldt and S. Mironov for valuable remarks and 
discussions. We are also grateful to the administration of the FRMII. especially Profs. K. 
!chreckenbach and W. Petry for organizing our work. We would especially like to thank 
RRC President Academician E.P. Velikhov and Prof. V.P. Martem'yanov for their support, 
without which we would not have been able to conduct this experiment.Financial support for 
iliis work was obtained from RFBR (Project N 014-02-00174). 
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Isomers Production of Sn Nucleus in Nuclear Reactions Induced by Photons 
and Fast Protons 

C. Oprea, A.I. Oprea 

Frank Laboratory of Neutron Physics (FLNP), Joint Institute for Nuclear Researches (JINR), 
141980 Dubna, Moscow Region, Russian Federation 

Abstract. The isotopes of Sn can be obtained in the nuclear reactions of type (p,n) on Indium 
nucleus and in photoneutron processes on Sn nucleus. The cross sections of (p,n) and (y, xn) 
processes were evaluated and compared with experimental data. For each reaction was 
evaluated the contribution of compound, direct and pre - equilibrium processes. Further, the 
parameters of nuclear potentials and other data were extracted. It was obtained a quite good 
agreement between existing experimental data and present evaluations and therefore we have 
calculated the isomer ratios using different models of incident gamma and protons sources. It 
is a new proposal for corresponding experiments at FLNP JINR Dubna basic facilities. 

INTRODUCTION 

. Nuclear reactions, induced by fast protons and gamma particles with neutrons 
emission, are of interest for fundamental and applied researches. These reactions provide for 
fundamental studies, data in the investigation of reactions mechanism and nuclear structure 
and represent a source of new isotopes for applications in medicine, electronics and other 
industry domains and human activities. 

Indium is a chemical element with order number Z.= 49.(protons number) which has 
two natural isotopes, 113In, 115In with abundances 4.29% and 95.71 %, respectively. Stannum 
is a nucleus with magical number of protons (Z = 50) and therefore it has many natural 
isotopes which are the followings (atomic mass A- abundance % ): 112- 0.96% 114- 0.66%, 
115- 0.35%, 116- 14.30%, 117- 7.61%, 118- 24.03%, 119- 8.58%, 120- 32.85%, 122-
4.72%, 124- 5.94%). The Sn isotopes can be obtained in the (p,n) reactions with fast protons 
on In or in photons induced reactions (y,xn) (x= 1,2, ... ) with energy higher than neutrons 
threshold on Sn isotopes[l,2]. 

The 113In(p,n) 113m.gsn (Q= -1.82 MeV) and 114Sn(y,n) 113m.gsn (Q= -10.302 MeV) 
reactions are analyzed. In these nuclear reactions it is obtained the same Sn isotope in the 
ground (g) and isomer (metastable, m) states. The spin, parity and time of life of the isomer 
state 113msn are Jn = (7/2/ and 't = 21.4 m. For the ground state of 113gSn these values are: 
iTT = (112/ and 't = 115.09 d [3]. For both reactions the production cross sections of I IJm,gsn 
isotopes starting from neutron threshold and up to 25-35 MeV were evaluated, Theoretical 
evaluations were compared with experimental values from literature. Further the isomer ratios 
using different model of incident particle sources and nuclear data were extracted. 

THEORETICAL BACKGROUND 

Cross sections for 113Jn(p,n)113m,gsn and 114Sn(y,n)113m.gsn reactions were evaluated 
with Talys computer code, a free software, working under Linux, dedicated to nuclear 
reactions and atomic nuclei structure calculations [4]. 

With the help ofTalys it is possible to calculate inclusive and exclusive cross sections. 
In the case of a binary reaction of type A(a,b)B, inclusive processes are defined those 
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reactions in which in the final stage are considered emergent b particles coming from other 
open channels with participation of particle b. If the final stage is well defined and the 
emergent particle bis considered only from the channel b+B then the cross section in this case 
is defined as exclusive. These notions, inclusive and exclusive cross sections are very useful 
in the processing of experimental data [4]. 

In the cross sections evaluations, the compound, direct and pre-equilibrium nuclear 
reaction mechanisms were considered for incident energies starting from the neutron 
threshold up to 25-35 MeV. Compound processes, including the multiple emission, are 
described by Hauser-Feshbach formalism [5], direct processes by Distorted Wave Born 
Approximation (DWBA) [6] and pre-equilibrium by two-component exciton model [7]. In the 
evaluations, discrete and continuum states of the residual nuclei were considered using 
corresponding nuclear states density based on Fermi gas model [8]. 

Isomer ratios measured in the experiment give us new data on cross section, nuclear 
structure like, states density, nuclear density parameters, deformations and other. Using the 
cross section obtained with Talys, the isomer ratios can be calculated according with the 
expression [9]: 

Y. 1:r;;_= No~,, .. (Binc)am(B,nc)dE;nc R = ....m. = --,;i:::m.:..r.,... __________ _ 

Yg ]5th,- No4>im (Einc)"gCEtn")<fEtn~ 
(I) 

Here Y m,g is yields of isomer and ground state; E,hr is neutron threshold energy; Emax is 
maximal energy of incident particles given by the source; E;nc is energy of incident particles; 
No is number of particles in the target; cI>;nc is flux of incident particles; crm,g is production cross 
section of isomer and ground states, respectively. 

Relations (1) will be used in the both (p,n) and (y,n) reaction considering different type 
of source of incident particles. In the case of photoneutron reaction a flux of incident photons 
close to real case, has a form according to Kramer expression [10,11): 

q,,(Ey )"'tr= i1,Z(E0 - Ey)E;1 (2) 

Here /1 is intensity of gamma quanta; Z is a charge of stopping element; ibis electron beam 
current; Eo is energy of accelerated electrons; Ey is energy of gamma quanta. 

For cross sections evaluations the nuclear potentials, in the incident and emergent 
channels are necessary. Potentials are of Woods-Saxon type, including volume, surface, spin 
- orbit and other contributions. A large data base, of local optical potentials, extracted mainly 
from experimental data for many nuclei in di_fferent channels, are implemented in Talys. 
There is also a possibility to introduce the optical parameters considered by user. For those 
nuclei for which the potentials are not defined it is possible to enable the, so-called, global 
optical parameters defined by Konig and Delaroche [4,12). 

RESULTS AND DISCUSSION 

In the Figure 1 the inclusive cross sections (CS) for 113In(p,n) reaction with the 
contribution of different nuclear reaction mechanisms and type of residual nucleus states are 
shown. 
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Figure 1. Inclusive CS in 113In(p,n) process. 

From Figure 1 results that the compound processes on continuum states of residual 
nucleus are dominant followed by direct processes. Compound and direct processes on 
discrete states can be neglected and for 113In(p,n) reaction can be explained by the presence of 
Coulomb barrier. With the increasing of the protons energy, the origin of compound and 
direct processes are due to pre-equilibrium ones. 
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Figure 2. Exclusive CS in 113In(p,n)113m.gsn. 1. - ground; 2 - isomer ; 3 - total (m+g); 4 -
experimental data. 
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In the Figure 2 the exclusive cross sections in the 113In(p,n) 113m,gsn reaction are 
represented, Because for exclusive processes the final states are well defined, the production 
of 113Sn isotope in the ground (Fig. 2 curve 1) and isomer states (Fig, 2 curve 2) respectively 
can be evaluated. The curve 3 from Fig. 2 is the total production of 113S n isotope which is 
compared after with experimental data (Fig. 2 curve 4), The contribution of other levels of 
113Sn can be neglected, In the low energy part the experimental data are very well described. 
After the maximum, the shape of the dependences is maintained but some differences appear. 
The differences can be explained by the fact that after 10 MeV are opened other channels 
including neutrons which could not be separated from those neutrons coming from "n+113Sn" 
channel of interest, Experimental data are taken from [13]. 

The results are obtained with standard Talys input parameters and therefore the 
agreement between theory and experiment can be considered as good. Further, using relations 
(1) with different model of protons flux, the isomer ratios can be evaluated. In the more 
simple case, for proton flux equal with unity (<l>;nc= 1), starting from the neutron thresholdEp= 
1.83 MeV, up to Emax= 25 MeV, the isomer ratio R is: 

R = 1.82 ± 0.26 (3) 

The absolute error in the result from relation (3) comes from the transformation of 
integrals from relations (1) in sums due to numerical calculations. The proton energy step in 
relation (3) was equal to 0.1 MeV. 

The isotope 113Sn can be obtained in 114Sn(y,n) photoneutron reaction also. The main 
cross sections results are shown in Figure 3. 
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Figure 3.CS of 114Sn(y,n)113m,gsn reaction. 
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In the Figure 3.a are represented the exclusive (y,xn) (x,1,2,3, ... ) reactions. The 
inclusive (y,n) reaction, as is possible to observe, is a superposition of the other exclusive 
processes. Experimental data from literature [13] are very well described by the (y,ln) 
process. In the Figure 3.b, the contribution of compound and direct processes, to the cross 
sections were obtained. By far, compound processes are dominant. Further, in Figure 3.c, the 
(y,ln) reaction is separated in continuum and discrete processes. In Figure 3.d, the production 
cross section of 113Sn isotope in isomer and ground states are represented. These results are 
necessary for the isomer ratio calculations. It is easy to observe that the sum of the isomer and 
ground states contribution, coincides practically with the (y,ln) cross section. The 
contributions of other levels and channels including neutrons are small in comparison with 
(y,ln) cross section and therefore were neglected. 

The isomer ratios (IR) were evaluated, considering relation (1), energy of incident 
photons from neutron threshold up to 25-35 MeV (Emax) with flux (<l>inc) equal with unity in 
one case, and in according with Kramers law from relation (2) in the other case. In the Table 1 
are given the results for 114Sn(y,n)113m.gsn reaction (with bold), including also other 
photoneutron reactions on Sn isotopes analyzed by the authors. i 

Reaction (Case 1) R1 (Case 2) R2 (Case 3) R3 
1 114Sn(y,n)113m,gsn 1.142±0.203 1.121±0.173 0.995±0.159 
2 l 18Sn('Y,n)' 17m.gsn 0.081±0.015 0.077±0.012 0.062±0.010 
3 120Sn(-y,n) 119m,gsn 0.131±0.025 0.126±0.022 0.104±0.018 
4 122Sn(-y,n)'2lm,gsn 0.258±0.052 0.243±0.045 0.170±0.030 
5 124Sn(-y,n)'23m.gsn 4.075±0.532 4.187±0.785 5.078±0.954 

Table 1. IR. I) <l>;.,=1; Emax=35 MeV; 2) <l>;nc=l; Emax=25 MeV; <l>;.,=from (l); Emax=35 MeV; 
Eo=30 MeV. 

In reactions 2,3,4,5 from Tabel 1, isomer ratios in photoneutrons reactions are also 
obtained. For all five reactions Talys evaluations show that compound processes are 
dominant, in comparison with others nuclear reactions mechanisms. The isomer ratios 
become constants with the increasing of maximal energy (Emax), but are more sensitive to the 
energetic dependence of incident flux (<I>,nc), 

CONCLUSIONS 

The protons and gamma induced reactions with neutrons em1ss10n for obtaining 
isotopes and isomer of Sn were analyzed. For both type of reactions, (p,n) and (y,n), the 
inclusive and exclusive cross sections were evaluated. The dominant nuclear reaction 
mechanisms was determined with a separation between the contributions of discrete and 
continuum states. Obtained cross section results are compared with existing experimental data 
and in both cases the agreement between theory and experiment can be considered as good. 
Further the isomer ratios, in a few cases were calculated, using different maximal energy and 
different model of incident particle fluxes. 

Cross sections evaluations were done with Talys computer code. It was demonstrated 
that Talys software represents and efficient tool for experimental data analysis. 

As it is possible to observe, experimental data on cross sections exist for some energy 
regions, but for isomer ratios we have not found yet. In conclusions, for both processes would 
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be of interest, cross sections and isomer rations experimental measurements which in 
principle are possible to run at the LNF JINR Dubna basic facilities. 
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THE DETAILED RESPONSE FUNCTION INVESTIGATION OF THE FAST 
NEUTRONS SPECTROMETER BASED ON THE STILBENE CRYSTAL 

P.S. Prusachenko, V.A. Khryachkov, V.V. Ketlerov 

Institute for Physics and Power Engineering (IPPE), Obninsk, Russia 

1. Introduction 

Organic scintillators are widely used for fast neutron detection [1-3]. However, there are a 
few problems which give some limitations to used its. One of them relates to low energy 
region, it is a problem in n/y separation for low energies. There is a problem for high energy 
neutrons, it comes from poorly known role. of (n,a) reaction on carbon nuclei, the inelastic 
scattering 'on the structural materials of the detector and the influence PMT on response for 
fast neutrons. All this processes can influence on detector efficiency, and, as a result, on 
accuracy of neutron spectra measurement. The purpose of our work was to study the influence 
of the above-mentioned processes on the response of the detector with the stilbene crystal. 

2. Experimental setup 

The measurements were carried out using the time-of-flight method at the Tandetron 
accelerator in IPPE. The accelerator operated in a pulsed mode. The average pulse width was 
1.4 ns. We used 7Li(d,n)8Be reaction as a fast neutron source. The result of interaction 
deuteron with infinity thick target was continuous neutron spectrum with a maximum energy 
upto 22 MeV. 

The length of flight path in the experiment was 3 m. The detector was stilbene crystal with 
size of 40x40 mm. Both signals, and the signal from the detector, and the signal from the 
accelerator interrupt system were digitized. The waveform digitizer has the sampling rate of 
500 MS/s and ADC resolution of 14 bits. 

Also, the detector was placed in a specialized neutron shielding. It consists from lead layer 
with thickness of 10 cm and mixture of paraffin and lithium carbonate with a thickness of 50 
cm. The scheme of experimental setup is shown in fig. 1. 

Accelerator target 

3m 

Start~gnal Waveform 
dizitizer 

Neulron shielding 

Stop signal 

Fig. 1. The scheme of experimental setup. 
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, 3. Signal processing. ,;.ii: 

The correlati~n' analysiswas used for digltal signal: processing. The correlatidd ~nalysis 
allows simply and very accurate determine the start time of the signals, to obtain the signal 
area and to estimate their shape. The maximum of correlatiori function is the evaluation of 
particle type, and its position - the start time of the signal. The methods of signal analysis was 
described in detail in [1,4]. One of the method's advantages is an opportunity to analyze the 
signals separated by a small time gap (fig. 2). 
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Fig. 2. The pile-up signal and correlation function for them. 

As the first results of the work, it is possible to demonstrate time-of-flight spectra (fig. 3). 
In this figure, red points - the array of all signals, blue points - the ToF spectrum after n/y 
suppression. 
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Fig. 3. The time-of-flight spectra. Solid line - integral ToF spectrum, points - neutron ToF spectrum 
after gamma-background suppression. 
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4. Results and discussion 

4.1. The detector response for the different particle types 

The some results of signal processing are shown in fig. 4, a. It is the two-dimensional 
spectrum, signal's area vs. separation parameter Robtained from correlation analysis 
(parameter R). We can see threeclear separated event's groups and one additional group. We 
selected the signals fromthese groups and built the average signal for each of them. This 
averaged signals are shown in fig. 4, b. We interpreted these groups. Here, there are signals, 
due to the interaction of gamma rays with the detector material (points in fig. 4, b) and recoil 
protons (solid line in fig. 4, b). It is also possible to observe a poorly separated from the 
proton events group of particles, corresponding to alpha-particle from (n,a) reaction on carbon 
nuclei (dashed line in fig. 4, b). 
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Fig. 4. a-signal's area vs. separation parameter; b-response signal for different particle type. 
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Fig. 5.Time-of-flight vs. separation parameter R. a - experiment with stilbene, b- experiment without 
stilbene. 

· The some special case is the group of events that is located above the electrons in fig. 4, a. 
This events corresponds very short averaged signal without tail (grey line in fig. 4, b). To 
understand the nature of these signals, the special experiment was done. · 

In this experiment, we irradiated the detector twice. First time - it was the detector with the 
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stilbene crystal. Second time - we removed the stilbene crystal from the detector. All other 
conditions were identical to the first irradiation. The results are shown in fig. 5. In fig. 5 (b), 
which corresponds with the experiment without stilbene, the events from electron and proton 
disappeared. But, the group of short events remained on place. We interpreted these events as 
intrinsic luminescence of quartz input window of PMT. As can be seen from the fig. 4, such 
events are in the low-energy region. Therefore, for measurements with a low detection 
threshold, it is important to have a good separation in order to confidently cut offsuch 
background events. 

4.2. Gamma quanta timing distribution 

On the next step of our investigation we tried to understand the shape of gamma-quanta 
time distribution (fig. 6). In the beginning of the distribution narrow peak corresponding the 
prompt gamma-ray emission is located. On right side of this peak the many events which 
appears after the neutron pulse is observed. These events have a clear timing structure. Their 
timing distribution has a maximum corresponding to small time-of-flight region (the neutrons 
with high energy). With increasing time-of-flight (and, correspondingly, neutron energy), the 
number of such gamma quanta decreases. We believe that this gamma-quanta are resulted the 
inelastic scattering of fast neutron on detector materials. The main element on which the 
inelastic scattering occurs in the detector is carbon. The inelastic scattering cross-section for 
carbon contained in stilbene begins to increase sharply after the neutron energy 4.5 MeV. 
Also in structural materials of the detector is a large number of AI. Inelastic scattering by 
these two elements will basically determine the time-correlated gamma background for the 
fast neutron region. 
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Fig. 6. Time-of-flight spectrum for gamma-quanta. 

4.3. Light output for alpha-particles and protons 

It's well known, that light output in organic scintillators are depended on the ionizing 
capacity of the particles [5]. The biggest light output corresponds electrons. For protons it is 
much less. The light output of alpha-particles is poorly studied. 

Ionizing capacity for heavy charged particles will be different depending on their energy 
[3-6]. Therefore, for thelll, the nonlineardependence of light output on energy will be 
observed. For electrons, the ionizing capacity is independent of energy. Therefore, the light 
output for them will depend linearly on the energy of the particles. · 

Our setup allows to make a direct measurem~nts of light output energy dependence .. The 
two-dimensional spectrulll, time-of-flight vs. light output in Me Vee, is shown in fig. 7, a. We 
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selected narrow ranges of time-of-flight separating the neutrons with certain energy. Next, the 
amplitude distribution for them was built (fig. 7, b). The most right edge of the distribution 
corresponds the protons obtaining the all energy of incident neutron. Knowing the energy of 
the incident neutron, we know the energy of the recoil proton and can compare it with the 
light output of electrons. 

The situation for alpha particles is similar to the situation for recoil protons. At the 
preliminary stage, it is necessary to select events, which according to the separation parameter 
correspond to alpha particles. The residual nucleus makes practically no contribution to the 
light output. Therefore, the distribution of amplitudes for reaction products will be due only to 
alpha particles and will depend on their angular distribution. The right edge of this 
distribution will correspond to the alpha particles emitted at an angle of O degrees. It will have 
maximum energy. Knowing the neutron energy can easily calculate the energy of the alpha 
particle emitted at O degrees. 
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Fig. 7. a - time-of-flight vs. light output in Me Vee; b - Amplitude distribution of signal for different 
neutron energy (9 and 18 MeV). 

The results are shown in fig. 8. Round points corresponds to recoil protons, square points 
corresponds to alpha particles. A solid line is the light output for electrons. 
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Fig. 8. The energy dependence of light output for different particle types. Solid line - electrons, round 
points - recoil protons, square points - alpha particles. 
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5. Conclusion 

. · Digital spectrometer for"fast neutron detection was developed. The response of the 
spectrometer to the excitation by different particle types ·was'investigated.Influence'of quartz 
window of PMT was studied. It was shown that for low energy region "it can·be significant 
Resp'onse 'signal for this effect' was obtained. The ·role of inelastic scattering of fast< neutrons 
on the carbon. nuclei is: noted: This leads to· a · significant increase in the gamma background. 
The energy dependence ·of the· light output· for alpha· particles and protons in a wlde energy 
range is obtained. Obtained· results· allow to· better understandingpr6cess,. which· take place 
during registration process. . . . . . 
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Abstract 
· We have measured the flux of fast neutrons at 4.6 MeV. The twin gridded ionization 

chamber and two 238U samples in back-to-back geometry have been employed. Experiments 
were performed at the Van de Graaff accelerator of the Frank Laboratory of Neutron Physics, 
Joint Institute for Nuclear Research, Dubna, Russia. Fast neutrons were produced through the 
D(d,n)3He reaction by using a deuterium gas. Cross section at E0= 4.6 MeV of the 238U(n,f) 
reaction was used as the standard for the absolute neutron flux determination. The abundance 
of the 238U isotope in the sample is 99.999%. The working gas of the ionization chamber was 
Ar+3%C02. 

1. Introduction 

Monoenergetic neutron beams of known flux are needed in studies of nuclear structure 
and reaction mechanisms. In addition, this kind of neutron beam is in continuous demand for 
development of the technology of fission and fusion reactors, health physics and nuclear 
astrophysics. The D(d, n>3He reaction is extensively used as a neutron source. We are using 
the standard cross section method for the determination of the absolute neutron flux. 

2. Details of measurements 

Experiments were performed at the Van de Graaff accelerator of FLNP, JINR. The 
experimental setup consists of three main parts: a double-section gridded ionization chamber 
(GIC) with a common cathode, neutron source, and neutron flux detectors. A deuterium gas 
target was used to produce the monoenergetic neutron through the 2H(d,n)3He reaction. 

The diameter and the length of the cylindrical gas cell were 9 and 20 mm, respectively. 
The deuterium gas cell was separated from the beam-line vacuum tube by a molybdenum foil 
6.0 µm in thickness. The deuterium ~as pressure was 2 atm during the experiment. 

In the present work, emiched 38U foil samples were prepared. Data of the samples are 
listed in Table 1. 

Ti bl 1 D if h (a F, d l bB k d l ) a e escnptwn o t e samp, es. orwar samp e, ac war samp e 

Samples Material 
Isotopic Thickness Diameter 

abundance (mg/cm2
) (mm) 

(%) 

238ua 238
U30s 99.999 0.57 44.0 

238Ub z3sU30s 99.999 0.54 44.0 
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The working gas of the ionization chamber. was Ar + 3% CO2 flowed through the 
volume. at· the pressure 1.0 atm. A sample changer was set in the common cathode of the 
ionization chamber with five sample positions and two back-to-back samples can be placed a! 
each of them. A 238U sample was placed in the GIC at the forward direction on the differen! 
positions of the sample changer to determine the absolute neutron flux by measuring the 
fission fragments. 

The neutron flux monitor is a 3He counter. The axis of the 3He counter and the normal 
line of the electrodes of the ionization chamber were at 0° to the neutron beam line. Two
dimensional spectra of the cathode-anode coincidence signals for forward and backward 
directions were recorded separately, from which the number of fission-events from the 
measured (n,t) reactions can be obtained. The data-acquisition system (DAqS) can be found in 
Ref [1]. 

The experimental process in tum is as follows: 1) a source measurement for energy 
calibration of the DAqS, 2) foreground measurement for fission events, 3) background 
measurement with tantalum sheets. . , , 

We have measured neutron flux at En= 4.6 MeV, the 238U(n,t) reaction were used as the 
standard to perform the measurement, the neutron. flux can be calculated by the following 
equation: · , 

Nf 
cf>n = -N p•t•<T sam 

(!) 

The ais the standard 238U(n,t) cross sections taken from ENDF/B-VIII library [2]. TheN1is 
the detected counts above the energy threshold from the 238U(n,t) reaction (after background 
subtraction). The t is the time of our experiment. The Nsamp is the numbers of 238U nuclei in 
the samples. · , 

3. Data processing, results 
The number of nuclei in the sample determined by the alpha decay of 238U. 

24000 

~ 
= c;;l 12000 

ol .~. ,\.., 
0 20 40 60 80 100 

Channel number 

Fig. 1. Anode spectrum of the alpha decay of238 U. 

Fig .. 1 shows the anode spectrum of a-events. The a counts above the threshold can be 
obtained from the anode spectrum. As it is shown in Fig. 1, the a counts above threshold, 
there are also a events below the threshold which cannot be detected. Therefore, threshold and 
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self-absorption corrections are needed. The determination of the detection efficiency of u
particle, the anode spectra were simulated as shown in Figs. 2 and 4 with the red curves. First 
ofall, we determined the detection efficiency of a-particle used the equation [3]: 

1 T 
e =-[1-----] 

2 2(Rmax-Rthreshold) 
(2) 

The SRIM code [4] was used to get the stopping power of a-particles in the samples. The Rmax 

is the maximum range at 4.6 MeV energy. The Rthreshold is the initial range at 1 MeV (we get 
the alpha spectra). 

The detection efficiency for alpha-particle is about 97% for our twin grid ionization 
chamber. We also have done fitting calculations on the front part of the alpha and fission 
fragment spectrum using the program OriginPro8. It helps to calculate the number of alpha 
decay cut by the threshold and the number of fission events. 

24000 

20 

-Experimental data 
.. Fitting 

40 60 
Channel number 

80 

Fig. 2. Anode spectrum of the alpha decay of 238U (fitted by Origin Pro8). 

The events of fission fragments can be obtained from the anode spectrum of the fission 
fragments from the 238U(n, t) reaction. The anode spectrum at En= 4.6 MeV is shown in Fig. 
3. The correction of fission fragments' counts were made by Origin Pro8. Two-dimensional 
spectrum of the 238U fission fragments is given in Fig.4. 

40 238u(n,f) 

30 a 

~ 20 = 0 u 

10 

0 
0 50 150 200 250 

Channel number 
Fig. 3. Anode spectrum of238U fission fragments at En= 4.6 MeV. 
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Fig. 4. Two-dimensional spectrum of the 238 U fission fragments. 
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Fig. 5. Simulated anode spectrum of the 238Ufissionfragments at En= 4.6MeV. 

The dotted curve in Fig. 5 shows the simulated result for the fission fragments with low 
energy. 

Table 2. Thicknesses and neutron flux of the samples 

Neutron flux(105 n/cm2*sec) 

Sample Thickness(mg/cm.2) 
Formula (1) OriginPro Energy Set Pro 

2Jsu• 0.57 1.13±0.05 l.1~±0.06 1.72±0.23 
L.>8Uo 0.54 1.1±0.04 1.13±0.05 1.72±0.23 
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4. Conclusion 
In the present work, the ionization chamber with five pairs of exchangeable samples 

was used as a detector. The neutron flux measured for neutron energy En = 4.6 MeV. Our 
results are 1,enerally in agreement with simulation data. The neutron flux determined by the 
standard 23 U(n,f) cross sections and the Energy Set ver 3.1 [5]. 
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ABSTRACT 
To measure the intensity distribution of the n/g radiation emitted from the target of the Intense 
Resonance Neutron Source (IREN), a new n/g imaging system is proposed. The spatial 
resolution of an imaging system is usually limited by that of the position n/g-sensitive 
detector. In this work, we present a new imaging method, which takes advantages of a 
sequence of coded apertures. With this method, the number of pixels in the position-sensitive 
detector we needed can be significantly reduced. The simulations for thermal neutrons show 
that, when the number of detecting pixels is limited, these sequential coded apertures lead to a 

higher signal-to-noise ratio (SNR), than the widely used modified uniformly redundant arrai 
(MURA). 

l. INTRODUCTION 
At the moment the !REN facility is in stage of testing and modification. The current 

intensity of the neutron radiation from the neutron producing target (NPT) is ~ 1011 n/s. To 
control the n/g- production process, we are going to visualize the NPT using n/g imaging 
system. Because the neutron yield is not very high, the coded aperture imaging technique may 
be suitable for this task. 

The coded aperture imaging [l] consists of two steps: encoding process and image 
reconstruction. In the first step, a coded aperture is placed between the neutron source and a 
position-sensitive detector. The coded aperture could be a pinhole array, penumbral aperture, 
ring aperture, and so forth. In the second step, the source's n/g-radiation distribution is 
reconstructed from the coded image with the knowledge of the aperture used. If a suitable 
aperture and reconstruction method arc employed, it is possible to recover the source's nlg• 
radiation distribution with a high resolution and an improved statistical quality. 

Coded Image ' V I Aperture: M _ 

./f -f ~■=- I- -, 
Rttoub>;o•r;t 

.iource Image: f Coded Image: g Recovered Source 
g=M*f+noise 

Fig. 1. Two steps of the coded aperture imaging. 
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2. THE IMAGING SYSTEM 
We are going to use an 8x8 Si-stripe pad as a position-sensitive thermal neutron (n1h) 

detector. The number of the "effective pixels" of this detector is 64, and each pixel's size is 
15 x 1.5 cm. To detect the thermal neutrons, a n1h•converter is needed. Two materials are 
considered: 6LiF and B4C. The Boron consists of 80% 10B and 20% uB. Monte Carlo 
simulations (Geant4) shows that the detection efficiency of 6LiF (optimal thickness= 25 mm) 
is much larger than that of B4C (optimal thickness = 1 mm). Thus, a 6LiF converter is adopted 
in the following analysis. 

::: -r ~r- ------· t 
j 1400 \ ----- -t----- · ,,J,,JV,/O/l"wJ·····--_i-·-

! 1200 ,-----r- ----~i-· 
~ 1000 ---1---------

~ 800 ---r---------·-.. 1 --··--·-·"'""" 
ii • ' i 
~ 600 ------- \-~; -- -- -- --t· r 

400>-----_,, ---·-"t --·-···--·--•«---·- , •. 
\ i 

200-----+-\ r-------·-
' \ ....... --

00 0.5 1.5 2.5 
Energy Deposition/MeV 

Fig. 2. Energy depositions in silicon. 

Because the number of Si-pixels is rather small, two schemes are designed to overcome this 
problem. In scheme I (Fig. 3), the Si-detector is removable. After a measurement is finished, 
the detector is moved to another. position for the next measurement. In this way, we can record 
64x64 pixel coded images. 

/ 

if/ 

- - <ii~ 
Coded Ap, ... N 4 ,.:: ... ro, Source 

Fig. 3. Scheme I: moving the detector. 

In scheme II (Fig. 4 ), the detector is fixed, but the pattern of the coded aperture is different 
in each measurement. The coded aperture consists of two groups of orthogonal strips, similar 
to the Pseudo-Noise Product (PNP) coded aperture array [2], except that the pattern is not 
invariable during imaging. Before each measurement, the strips are randomly rearranged -
insert or pull out some strips. This idea comes from the single pixel camera [3] in compressed 
sensing. In this way, the source image is sampled in a compressed form, thus the number of 
detecting pixels required can be significantly reduced. 
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0 
1 

Source Coded Aperture Fixed Si-detector 

Fig. 4. Scheme II: changing the aperture's pattern. 

3. SIMULATION RESULTS AND DISCUSSION 
To compare these two schemes, we have carried out some simulation calculations for 

thermal neutrons. The coded aperture used in scheme I is a 61 x 61 MURA coded pinhole 
array [4] (basic patterns: 31 x 31), the size of each element is 7.5 x 7.5 mm. In scheme II 
there are 24 strips in horizontal and 24 in vertical positions. The material of aperture ~ 
cadmium (Cd) with a thickness of 0.5 mm. The other parameters are: total thermal neutron 
yield (in 4n) = 1012

, field-of-view in the ·source's plane POV = 20 x 20 cm2
; source-to

aperture distance = 1.5 m; source-to-detector distance = 6.0 m. The image recover method 
used in this work is a LI-minimization algorithm [5]. · 

- - - - • ■ - • --- - - -■ ■ II ■ -II • • - ■- --■- - ■ ■- ■ 

■ ■ 11 ■ -11 I I ■ II II 
I ■ ■ I ■ ■ • ■ - ■- --- - ■ - -- - - - -- - - -- - ■ -

■ ■ II ■ -II I I - I ■ •• 1• ■ I •• ■ ■ ■ - ■- --■ -■ ■ ■ -11 
I ■ ■ I ■ I • ■ - ■- --- - - - -- - - - - ■ ■ - ■- --Fig. 5. Coded apertures used in this work. 

Left: the MURA. Right: one of the sequential coded apertures. 

Note that in scheme I we should take 64 measurements to record the whole coded 
image. Thus, in scheme II we also take 64 measurements to make a fair comparison. The 
neutron yield in each measurement is 1012/64. With the same neutron yield and number of 
measurements, the scheme II could lead to a higher SNR (with source image as the reference) 
and sharper edges, as shown below in Fig. 6. 

To study the relationship between the SNR of the recovered source and the number of 
measurements, we adjusted the latter in scheme II. The neutron yield is each measurement is 
1012/64. The results are shown in Fig. 7. At first, the SNR of the recovered image increases 
fast with increasing the number of measurements. With more than 20 measurements the SNR 
of this scheme will exceed that of scheme I with 64 measurements. 
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Fig. 6. Simulated reconstruction images. Left: the source image. Middle: by Scheme I, 
SNR=ll.9 dB. Right: by Scheme II, SNR=15.ldB. 

• Numerical experiment /'' 

1::-~ ~ ..• 
8. -··■ 
6 -----

4 '----L---__,JL....-_ __,J __ ___,1 __ ---1 __ ---1 __ __,J 

0 10 20 30 40 50 60 70 
Number of Measurements 

Fig. 7. The SNR of recovered source vs. number of the measurements. 

4. CONCLUSIONS 
In this work we present a sequential coded apertures imaging system for a radiation source 

that can be measured repeatedly. The simulated thermal neutron image reconstruction shows 
that, with a limited number of detecting elements (sensor pixels), this method could also lead 
to high fidelity source distribution within dozens of measurements. This method can also be 
used in gamma imaging. In that case, the position resolution and energy resolution can be 
achieved simultaneously. 
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Abstract. In this work we report the recent achievements in design of twin back-to-back 
ionization chamber (TIC) for fission fragment (FF) mass, kinetic energy and FF orientatio~ 
Correlated FF kinetic energies, their masses and the angle of the fission axes in 3D Cartesian 
coordinates can be determined from analysis of the heights and shapes of the pulses induced by 
the fission fragments on the anodes of TIC. Anodes of TIC were designed as consisting of 
isolated ~-shaped strips connected to nodes of the chain filter, made of serially connected two
port networks. Double charge division method was implemented by digitizing four waveforms at 
the endpoints of the chain filters. It was shown how the fission fragments emission point on the 
target plane may be determined using the measured data. Position sensitive neutron induced 
fission detector for neutron imaging applications with both thermal and low energy neutrons was 
found as another possible implementation of the designed TIC. Preliminary measurements with 
the thermal neutron induced fission were done with RC chain filters and the results were 
demonstrated. 

Keywords: ionization chambers, fission; thermal neutrons. 

1. Introduction 
Nuclear fission model and prompt fission neutron emission (PFN) was first developed by N. 
Bohr and J. Wheeler, where nuclei considered as a drop of charged liquid, which surface 
constantly distorted in competition between attractive nuclear and repulsive Coulomb forces. 
Rarely large distortion brought the nuclear into the configuration, where repulsion could not 
be compensated by nuclear force and the system split, sometimes after neutron emission. In 
this case the neutrons, called scission neutrons in order to distinguish them from the PFN, 
which are emitted from the fully accelerated fission fragments. The configuration of nuclear 
shape just before split can be monitored experimentally by measurement of fission fragment 
(FF) kinetic energy release along with PFN velocity and the angle between fission axis and 
PFN measured in single fission event. In new experimental apf;roach developed in ref. [l] 
authors investigated PFN emission in spontaneous fission of 52Cf using twin Frisch-grid 
ionization chamber (TIC) for FF kinetic energies and PFN emission angle along with PFN 
velocity measurement with help of liquid scintillator (NE213 or equivalent liquid) based 
neutron detector (ND). The authors demonstrated a power and high capacity of the new 
approach, which was further elaborated by replacing the traditional analog electronics by 
modern digital pulse processing (DPP) described in ref. [2]. The PFN detection efficiency of 
the method was limited by use only two fast neutron detectors, allocated along the TIC axis, 
because of the FF angle in TIC could be measured in respect to the certain axis. If the PFN 
detector allocated along this axis, then the measured angle was the same as between FF and 
PFN emission. Therefore the next modification of the method was intended to measure 
correlated FFs angles in respect to three axes of 3D Cartesian coordinate frame in the event by 
event basis. If the PFN detectors allocation in the same Cartesian frame was fixed and well 
known, then the angle between FF and PFN emission could be evaluated for each fission 
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event. It should be noticed that two correlated FF was emitted along the straight line called 
fission axis for the considered fission event. That means that for each fission event the 
coordinates of two points on the fission axis could be measured refs [2, 3]. This gives the 
possibility to evaluate the 2D coordinates of the crossing point of the fission target plane with 
fission axis - neutron capture location. The modification was expected to improve the quality 
of experiments with targets like 239Pu, 235U, 237Np in resonance neutron induced fission. In 
addition the slight modification of the developed 2D coordinate readout principle expected 
became very competitive solution for the neutron imaging, tomography and similar 
applications. 

2. Ramo-Shokley Theorem and Charge Division 
Using the Ramo-Shokley theorem (see ref. [4]) calculation of so called weighting potential in 
JD Cartesian coordinate system was done. According to the theorem condition the weighting 
potential in the TIC volume was calculated for one L'i-electrode potential raised to I, leaving 
other electrodes grounded. If the strips operated at positive potential relative to the cathode 
surface, then ionization electrons would be attracted along the real field lines 
(calculated for homogeneous electric field between anode-cathode). From the calculated 
weighting potential F(x, y, z) the slices F(x, y=const, z) were derived and plotted in Fig. 2 to 
demonstrate the charge division along the Y-coordinate of the anode plain. 

Fig. I. The allocation of the electrodes for one of the TIC. 

Full scale of X, Y, Z - coordinates was 400, 300, 300 units respectively. It should be noticed 
that weighting potential almost has zero values everywhere except the close vicinity of the 
anode plane. If the cathode-anode distance was chosen large to keep the FFs stopping far 
enough from the anode plane, then there was no need in Frisch-grid as screening electrode. 
From the Y-dependence of weighting potentials the linear behaviour of the charge division 
oetween complementary L'i-electrodes was concluded. This fact was utilized to evaluate the 
¥-coordinate value from the induced signals on the anode. The charge induced on the L'i
electrode was calculated according to Ramo-Shockley theorem as: 

Q=q·M, (I) 
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Fig. 2. Weighting potential F(x, y=const, z) shown for Y= 5 and Y=l 1 along with Y=295 and 
Y=289 for complementary t,.-electrodes. 

where t,.F is the difference of weighting potentials between the point of charged particle q 
origin and the point where the charged particle was collected at the anode surface and Q is the 
induced charge. The FFs create ionisation electrons along their deceler~ion path in the TIC 
working gas. In description of pulse formation in TIC the charge "centre of gravity" 
considered as a good measure of FF coordinate. Therefore in this paper all calculation of FF 
coordinates referred to that value, calculated according to the formula: 

- I -
X = -f p(x) •x ·dx, 

QI o 
Q1 = f p(x)dx, (2) 

0 

where integration was done along the FF deceleration path, p( x) is the density distribution of 
ionization electrons along the FF deceleration path and Qi is the full charge of ionization 
electrons. 

3. Charge Division on the Chain Filter 
The position information along the X-coordinate was obtained by two methods: the charge 
attenuation and the pulse delay. Both methods based on the charge split at the node of chain 
filter. Chain filter was created by serially connected two-port networks created by resistor R, 
inductance L and capacitance C of t,.-electrode as shown in Fig. 3. Induced charge splits into 
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the respective inputs of pair of symmetric two-port networks. If the chain filter ends loaded 
with wave impedance, then the charge splits into two. equal portions between two ends of 
chain filter. The operational calculus is conventional method to study of signal propagation 
along the serially connected two port networks (chain filter). Circuit diagram of the chain 
filter made of passive electrical components depicted in Fig. 3, 

rrr :rJ Czw 
GND 

Fig. 3. Circuit diagram of the chain filter. 

Chain filters terminated with the wave impedance Zw at the end. If the resistance could be 
neglected, then Eq. 3 represents the Laplace transform of the unit step signal after passing the 
m two-port networks. The inverse 

Laplace transform could be found using transform tables [5]: 
~ 

b=-l-
2../Lf· 

;ind (t) = f la(2../bti)lzm (r)dr 
'" 0 

(3) 

(4) 

Eq. 4 describes propagation of the unit step signal over chain filter made of inductance and 
capacitance (resistance is very small). In case when the resistance could not be neglected, then 
the result is as follows: 

.,,.,() /C's ( R )J ( 2·t )d( 2-t) (5) 
l M t = ·rz /xp -L · t 2m .[LC .[LC · 

Eq. 5 describes propagation of the unit step signal over chain filter made of resistance and 
capacitance (inductance very small). The wave impedance and the speed of signal propagation 
given by the following formulas for both cases, considered above: 

(R+ p/)2 R+ pL z = ---+---, 
w 4 pC (6) 

It should be noticed that in case of resistive chain filter the pulse height of the unit step 
attenuated exponentially, passing the chain filter. 
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4. Numerical Simulations 
The dependence of output pulse height on the sequential numbers of two- port networks, 
composing the chain filter, consisting of 16 two-port networks plotted in Fig. 4. The 
calculation was done using digital RC-filter representing two-port network. The attenuation of 
the unit step signal height by factor exp(-m/f) on passing sequentially the m two-port 
networks was calculated and plotted on the left of Fig. 5 and T value was found by fitting. 
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Fig. 4. Unit step signal attenuation after passing m times the two-port networks (on the left) 
and the pulses obtained after differentiating the unit step signals (on the right). 
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Fig. 5. Attenuation of unity sep signal height after passing number m of two-port networks 
(on the left) and position evaluated from simulated data (on the right). 

The T parameter could be used to correct the attenuation of total charge induced on the strips. 
The coordinate m of the charge "centre of gravity" were evaluated from the simulated pulses 
using the following formula: 
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where A and B were the pulse heights calculated for two-port network with sequential number 
m and 16-m respectively. Result demonstrated almost perfect linear dependence on the 
network number (left graph on Fig. 5). Another way to determine the coordinate m was 
connected to measurement of delay between unit step signal and its response at the ends of 
two port networks as demonstrated in the right plot of Fig. 4. 

5. Experimental Measurements 
Experiments were performed with ionization chamber with anode of rectangular shape made 
of 16 strips each consisted of 2 l1-electrodes as shown in Fig. 6. 

A 

Fig. 6. Sketch of data readout system used in the experiment. 

Each !1-electrode connected to the nodes of the sequentially connected resistors. These 
resistors connected with l1-electrode capacitance created two-port network. The ending 
resistors were connected to the input of charge-sensitive preamplifier. Output signals of 
preamplifiers were digitized by for synchronous waveform digitizers (WFD) with sampling 
frequency of 250 MHz and pulse height resolution of 8 bits. Target made of 235UF6 deposited 
on the surface of thick Al foil. The target thickness was -500 µG/cm2

, and it was mounted on 
the centre of circular cathode with diameter 180 mm. Distance between the cathode and the 
anode was -45 mm. The working gas of ionization chamber was standard PIO mixture 
(90%Ar+10%CH.i). Chamber was operated at constant gas flow -35 ml/min with pressure 
1.07 bars. FFs were Eroduced by thermal neutron flux - 104 neutrons/sec. The capture of 
thermal neutron by 2 5U nuclei cause the fission, producing two FFs, one of which was 
decelerated in the working gas of ionization chamber. Ionization electrons created by FF 
drifted along the electric field Jines toward the anode, inducing the signals on l1-electrodes. 
After amplification the signals were recorded by four WFD and collected on PC memory for 
further off-line data analysis. There were four waveforms recorded for each fission event, 
which were used for FF charge "centre of gravity" evaluation. The organization of the 
measurement apparatus provided the possibility to made measurement of each coordinates in 
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two different independent ways. This was used to evaluate the precision of the coordinate 
measurement as demonstrated in the Fig. 7. For example coordinate X was measured as: 

A-D B-C 
X 1 =-- and X 2 =--, (8) 

A+D B+C 

where A, B, C, D were the pulse heights, obtained from the correlated waveforms, and 
recorded for the same fission event. These measured coordinates were used to made 2D plot 
P(x, y) in coordinates x, y calculated for each fission event using formulas: 

x = (X1 + X2)/2, Y = (X1 - X2)/2. (9) 

The function P(x, y) was plotted on the left of Fig. 7 and demonstrates scattering of the points 
due to random errors. The function G(x, y) was constructed in the way similar to P(x, y) using 
the following formulas: 

A-B 
Y.=--

1 A+B 
and 

D-C 
Y2 = D+C (10) 

From the values of Y1, Y2 coordin1tes of 2D function G(x, y) were constructed using the 
following formulas: 

X = (Y1 + Y2)/2, 
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Fig. 7. Two dimensional plots demonstrating the scattering of measured data in respect to 
average values for X and Y coordinates in the anode plain. 

Plot of G(x, y) was presented on the right of Fig. 7. The measured functions P(x, y) and 
G(x, y) were used for precision evaluation of x, y-coordinate measurements. It was done 
integrating functions P(x, y) and G(x, y) over variable x. Results were presented in Fig .. 8 on 
the left. 
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Fig. 8. One dimensional plot, demonstrating precision of position of charge "centre of 
gravity" measurement (on the left) and the image of the 235U target. 

On the right of Fig. 8 the image of the 235U target measured in this experiment was presented. 
It should be noticed that measurements was done with one of the TIC chambers due to target 
backing was tick enough to absorb the complementary FF. That is why in -performed 
experiment fissile nucleus position could not be measured directly. The kinetic energy release 
of FF was analyzed using all four waveforms, recorded in event by event basis. These 
waveforms first were corrected for attenuation in the chain filter as was described above. The 
corrected waveforms were unfolded to single one taking into account that sampling of the 
four signals actually was made sequentially with 1 GHz frequency. That means that first 
signal sampled at first rising edge of 1 GHz oscillator, second signal at the next edge and so 
on. The unfolded signal was used for evaluation of the Z-coordinate of FF charge "centre of 
gravity" and the angles between FF and Cartesian frame axes as it was described in refs. 
[2,3,7]. Using coordinates, kinetic energy, and the angle measured for one of the FF the 
coordinates, the similar parameters for correlated FFs were evaluated neglecting the target 
thickness. Correlated FF kinetic energy was calculated using total kinetic energy value for 
2llU(nt11,f) reaction known from the literature [ 6]. The location of the point on the target plane 
ihen·was evaluated as the crossing point of straight line drawn between two "center of 
gravity" points of two correlated FF. The evaluated accuracy of the coordinates was found to 
be better than O .2 mm. 

6. Conclusions 
Theoretical and experimental investigation of signal propagation trough the chain filter made 
of serially connected two-port networks was performed with objective of position sensitive 
ionization chamber design for PFN emission investigation with arbitrary allocated fast ND. 
Relations between 2D Cartesian coordinate (X,Y) information and response of chain filter 
was found and investigated by digital simulation. It was shown that coordinate information 
can be obtained by both the double charge division and time delay method. Implementing 
both methods provided better accuracy in coordinate measurement. Dependence of pulse 
height data on coordinate was investigated for resistive chain filter. The procedure of pulse 
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height data correction was developed. Measurement of neutron imaging with U-235 target 
was done to demonstrate the quality of the double charge division method for position 
sensitive ionization chamber. Good position resolution was demonstrated: 0.7 mm for X and 
0.5 mm for Y coordinates. New design for He-3 imaging proportional chamber with double 
charge division method could utilize the double charge division method to improve the 
coordinate resolution in comparison with double delay line readout system. Digitization 
electronics was implemented for data acquisition system, and the data analysis software was 
developed and tested in experiments. The data analysis was done using DPP algorithms 
developed by authors in previous publications in Ref. [7] as the recursive procedures. 
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ABSTRACT 
Magnetic proton recoil (MPR) neutron spectrometer is considered as a high-performance 

instrument to measure deuterium-tritium (DT) neutron energy spectrum in magnetic 
confinement fusion, inertial confinement fusion experiments and other fusion devices. A 
compact proton imaging system (PIS) has been developed for MPR neutron spectrometer. The 
PIS was used as focal plane detector (FPD) to detect and image the fluence distribution of 
recoil protons. The PIS consists of a thin plastic scintillator, fiber optic taper and image guide, 
electron-multiplying charge-coupled device (EMCCD) and data acquisition system. The key 
imaging properties, including resolution, response to proton and capability as a FPD for the 
MPR neutron spectrometer, were evaluated using proton beams at accelerators. The PIS with 
Gd202S:Tb scintillator screen has higher performance in resolution and light yield than that 
with 2 mm plastic scintillator. The Gd20 2S:Tb scintillator screen can be used as an ideal 
candidate for proton imaging. The imaging properties of the PIS shown in this paper have 
demonstrated that the PIS is suitable for the MPR spectrometer in DT neutron measurement. 

Keywords: MPR neutron spectrometer, proton imaging system, Gd202S:Tb scintillator screen, 
thin plastic scintillator, light yield, spatial resolution 

I. Introduction 

Magnetic proton recoil (MPR) neutron spectrometer is considered as a high-performance 
instrument to measure deuterium-tritium (DT) neutron energy spectrum in magnetic 
confinement fusion (MCF), inertial confinement fusion (ICF) experiments and other fusion 
devices [ 1-5]. The method of MPR is based on n-p elastic scattering and magnetic dispersion. 
Neutrons are converted to protons through n-p elastic scattering in the polyethylene (CH2) foil. 
In the magnetic field of the MPR neutron spectrometer, the recoil protons are spatially 
separated according to their momentum and then focused on the focal plane detector (FPD) 
which records the spatial position of each recoil proton. Thus, the recoil proton energies 
distribution can be converted into a position distribution. The FPD for the MPR neutron 
spectrometer has to meet the requirement of a good position resolution, proton response and 
signal to background. Currently, measurements of recoil proton distribution for the MPR 
neutron spectrometer are performed using CR-39 track detectors or scintillation detector array. 
CR-39 is a plastic which is sensitive to appropriate energy charge particle as a track detector. 
It has 100% detection efficiency for protons less than 8 MeV. This kind of detector has been 
widely used as FPD in many ICF experiments [4,6,7]. However, CR-39 detector is quite time 

333 



consuming and difficult to implement since it needs to be etched, photomicrographed and 
digitized. The scintillation detector array called hodoscope has been applied as FPD in many 
MCF experiments [8-10]. The hodoscope based on the phoswich technique is less sensitive to 
background by working in counting mode of high frequency. The hodoscope is composed of : 
an array of 32 plastic scintillators each connected to one photomultiplier tube. It has been · 
upgraded to get better signal to background by each plastic scintillator connected to two 
photomultiplier tubes. 

In this work, a proton imaging system (PIS) was developed as FPD for the MPR neutron 
spectrometer. The PIS can be considered as a position sensitive proton detector based on 
proton imaging method. The PIS will work with light integrating mode in real time. This 
paper describes the PIS configuration and presents some imaging properties measured using 
proton beams. The Gadolinium Sulphate Oxide doped with Terbium (Gd202S:Tb) scintillator 
screen (typically used in X-ray image converters) for proton imaging application is discussed 
by comparing its performance to thin plastic scintillator in terms of spatial resolution and light 
yield. 

2. PIS design 

The main objective is to design PIS that can record the proton distribution by achieving 
two-dimensional proton imaging under the condition of the MPR neutron spectrometer. 
Figure 1 is a schematic of the PIS for the MPR neutron spectrometer. The PIS consists of a 
thin plastic scintillator, fiber optic taper and image guide, electron-multiplying 
charge-coupled device (EMCCD) camera and data acquisition system. The EMCCD is based 
on standard CCD with the addition of a gain register, which allows the signal electrons to be 
multiplied with lower noise. The EMCCD camera used in this design is based on a 
back-illuminated CCD201 from E2V technologies. In the PIS, the thin plastic scintillator is 
used to efficiently convert the protons to visible light. The light escapes from the surface of 
scintillator can be conveyed through the relay optical system to the EMCCD camera of high 
spatial resolution (lOOOxlOOO, 13µm square pixel) and further processed by image data 
acquisition system to form a digital image. The digital image can be used to determine the 
distribution of protons. 

a=Thin scintillator 
b=Fiber optic taper 
c=Fiber image guide 
d=EMCCD camera 
e=Video signal processing unit 
f.=Encode for fiber data transmit 
g=Fiber cable 
h=Data receive and decode 
i=Computer 

Data acquisition system 

! ~ 
18=[;]-L.t 

Fig.' L Sketch of the PIS to be used for FPD on the MPR neutron spectrometer. 

334 



md 
my 
: to 
l of 
een 
:wo 

ron 
on 

'his 
ing 
ttor 
sed 
ght 

ing 
ter. 
,fa 

ing 
sed 
be 

1 a 
r is 
: of 

igh 
lata 
the 

I 
l Plastic scintillators have been widely used for charged particle detection because of their 
j fast time response, high light yield and favorable mechanical properties. It is easy to fabricate 
j in large area and any shape. In the scintillator plate, the scintillation light is emitted in aU 

dkections. The light photon will be reflected back if its angle of incidence is larger than 
critical angle. The light spreading dimension depends on the reflection angle and the thickness 
of scintillator. The use of array of scintillating fibers can prevent resolution loss due to light 
spreading. In principle, the spatial resolution obtained with thin plastic scintillator is degraded 
because. of the increased light spread distribution compared to array of scintillating fibers. 
Since 14 MeV protons will be completely stopped within plastic scintillator about 2 mm 
thickness, a simple thin plastic scintillator is reasonable for proton imaging instead of array of 
scintillating fibers for PIS. 

In the PIS, the fiber optical system is composed of a fiber optic taper (tapering ratio3.3:1) 
and a fiber image guide ( diameter of 1 cm) replacing a mirror and a lens. Fiber optical system 

I coupling is usually more efficient than a lens. For this application, the EMCCD is equipped 
1 with a fiber optic window, which is used to directly couple to fiber image guide. The fiber 

optic taper is used to increase the effective detection area of the PIS. To avoid radiation 
damage to the EMCCD sensor, the EMCCD camera will be located far from the irradiation by 
using a long fiber image guide. Because of the distance and shielding, the EMCCD camera is 
able to obtain images with little background from irradiation. 

An image data acquisition system (DAC) _for protons imaging was developed [11]. In 
present work, the DAC based on fiber communication and the standard USB transfer is 
employed. EMCCD ~ideo signals are digitized and transmitted to long-distance acquisition 
hardware through fiber cables, and the raw digital images are stored on the memory installed 
in the computer. The terminal of DAC can be placed in the measurement room to control the 
EMCCD camera by fiber cables of several tens meters. 

3. Experiment and results 

3.1. Resolution measurement 
The resolution measurement was performed with proton beams from the 2x6 MV tandem 
accelerator at Peking University. In the experiment, the proton beam was defocused at the end 
of the beam line with the beam intensity of several tens pA. During the measurement, the 
accelerator was operated in a continuous mode and the proton beam was delivered through a 

Ti film window of <!>10 mm diameter and 5 µm thickness with a frequency of 50 Hz. The 
proton beam at the energy 10 MeV was selected. The line spread function (LSF) provides a 
detailed description of the spatial resolution. The tungsten (W) edge image is usually used to 
measure the LSF of imaging system. In the measurement, the W edge was placed between the 

Ti window and the scintillator with the edge aligned along the proton beam line. The digital 
\V edge image was derived as the following. First, each image was smoothed with a 2-D 
median filtering to suppress little high frequency noise. The filtered image was then corrected 
oy subtracting the average background of readout noise. The background image was measured 
without any protons (dark current image). Line profile perpendicular to the Wedge image was 
averaged to get the edge spread function (ESF). The LSF was then obtained by differentiating 

theESF. 
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Gd2O2S:Tb scintillator screens are typically used in X-ray image converters. It has 
excellent scintillation properties such as high light yield and good resolution. Gd2O2S:Tb 
scintillator screen used for the PIS consists of a reflecting layer and a phosphor layer of 0.2 
mm thickness. To test its applicability for proton imaging, the spatial resolution of Gd2O2S:Tb 
scintillator screen (FWHM of LSF) was first evaluated by comparing to thin plastic 
scintillator. Figure 2 (a) and (b) show the background-subtracted Wedge image recorded with 
the PIS, using the 2 mm plastic scintillator and Gd2O2S:Tb scintillator screen, respectively. 
Fig. 2(c) shows the comparison of the LSFs of the PIS. The two FWHMs calculated from the 
LSFs were estimated to be 0.95 mm and 0.72 mm, respectively for 2 mm plastic scintillator 
and Gd2O2S:Tb scintillator screen. The result presented here shows an improvement in spatial 
resolution with Gd2O2S:Tb scintillator screen. 

1,0 

• ::;=~;.;:;;::} \ (e) 

. ::~ j \ 
- -- I . \:·-----

0,0 
-2 -1 0 

:clmm 

Fig. 2. The background-subtracted Wedge image recorded with the PIS, (a) 2 mm plastic 
scintillator, (b) Gd2O2S:Tb scintillator screen; (c) Comparison of the LSFs of the PIS with 
2 mm plastic scintillator Gd2O2S:Tb scintillator screen using the proton beam at 10 MeV. 

3.2 Response to protons 

Light yield of the scintillator detected by the PIS should be linear to proton intensity so 
that the proton fluence distributions can be measured. Response to protons of the PIS allows 
us to evaluate its applicability for determining the proton fluence. The response to protons 
was also performed with proton beams of 10 MeV at the 2x6 MV tandem accelerator. 
Response to protons of the PIS working in light integrating mode is defined by the average 
gray values (AGV) on each pixel per unit proton fluence. Response to protons was obtained 
by measuring the gray values of the image varying with the proton fluence. The AGV of 
image represents light yield of the scintillator detected by the PIS over the EMCCD 
integration time. The beam intensity was monitored by a Faraday cup detector of 3 cm2 and 
the proton fluence was normalized by the integration time of the PIS. The typical integration 
time of the EMCCD in the measurement was 150 ms. The internal gain of the EMCCD 
camera was set to get the desired image according to the beam intensity. 

Response to protons of the PIS with Gd2O2S:Tb scintillator screen and 2 mm plastic 
scintillator was measured at 10 MeV proton. The internal gain of the EMCCD with the 
Gd2O2S:Tb scintillator screen and 2 mm plastic scintillator was set to EM=l and EM=80, 
respectively. This reduction of internal gain is due to the high light yield of the Gd2O2S:Tb 
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scintillator screen. The internal gain ratio of 69 (EM=80/EM=l) was measured to correct the 

gray values. Figure 3 presents AGV of the image (EM=l) as a function of proton fluence. 
Linear best fit the measured data, meaning that the outputs of AGV are proportional to the 

proton fluence. The response to protons of the PIS with the Gd2O2S:Tb scintillator screen and 2 
mm plastic scintillator are 300 and 13 AGV/proton (EM=l), respectively. It can be adjusted by 

setting the EMCCD camera with different internal gain. Response to protons of the PIS with 

Gd202S:Tb scintillator screen is about 23 times higher than that with 2 mm plastic scintillator 

at 10 Me V protons. 

10'..-----.----.---..,...., 
• 2 mm plastic scintillator 
• Gd,O2S:Tb scintillator screen 

~ -Linear fit 
c. - Linear fit 
21_ 10' 

~ ----- -· 
g! 

i 10' ., 

I --------, ~ -1----.------.------.-' 
5.0x10' 1.0x1 o' 1.5x1 o' 2.0x107 

Fluence (proton/cm
2

) 

Fig. 3. Average gray value of the images (EM=l) as a function of proton fluence at 10 MeV. 

3.3 Testing on MPR neutron spectrometer 

In order to evaluate the performance of the PIS using for the MPR neutron spectrometer, 

a test using proton beam was carried out at the HI-13 tendon accelerator at China Institute of 

Atomic Energy (CIAE). In the test, the PIS acted as the FPD of the MPR neutron 

spectrometer. The protons was closely Gaussian in shape and had a FWHM of 90 keV energy 

spread at the energy of 14.3 MeV before entering into the proton collimator with width of 2 
mm. Then the protons were allowed to enter into the magnetic part of the MPR spectrometer. 

The protons in the magnetic field were momentum analyzed and focused on the focal plane. 
The proton distribution was finally recorded by the PIS with 2 mm plastic scintillator and 

Gd20 2S:Tb scintillator screen, respectively. The effective detection area of the PIS was 

increased to cover a lager proton energy range by using a fiber optic taper of 7:1.1 cm. The 

protons exit of vacuum chamber was made of a thin Ti window of l00µm thickness and 80 
mm in diameter, which allows the PIS to obtain precise position determination of the protons 

outside the vacuum chamber. 
Figure 4 (a) and (b) show the raw digital images of the proton distribution detected by 

the PIS, from which the FWHMs can be obtained. Figure 4(c) compares the profiles of the 

image (a) and (b), normalized to peak height. The FWHMs of the position resolution are 
estimated to be 4.4 mm and 4.3 mm respectively for plastic scintillator and Gd2O2S:Tb 

scintillator screen. The dispersion on the focal plane of the MPR neutron spectrometer is -40 

keV/ mm. The energy resolutions, including the proton energy spread and magnetic field 
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spread, result in the FWHMs of 176 keV and 172 keV, respectively. Moreover, the MPR 
neutron spectrometer typically works with energy resolution larger than 2% ( ~280 keV 
FWHM) for measuring DT neutrons. Thus, the resolution of the PIS has little effect on the 
resolution of the MPR neutron spectrometer. The PIS with Gd202S:Tb scintillator screen 
allows better quality of proton imaging to be achieved. 

1 
·
2 J= 2 inm plastic scint,ilator 

-·· · ·-·Gd2O2S:Tb scintillator screen 
- 1.0 

(c) 
.., 
-~ 

1 0.8 

0 

S 0.6 

~ 
~ 0.4 

~ 
" 0.2 

0.0 
25 30 35 40 45 50 55 

Position/mm 

Fig. 4. The raw digital images of the proton distribution detected by the PIS, (a) Gd20 2S:Tb 
scintillator screen, (b) 2 mm plastic scintillator; ( c) comparison of the horizontal line 

profiles of the images with 2 mm plastic scintillator and Gd20 2S :Tb scintillator screen. 

4. Discussions 

We have preliminarily tested some performances of the PIS with 2 mm plastic scintillator 
and Gd202S:Tb scintillator screen. Since it is used to detect the proton distribution under the 
condition of the MPR neutron spectrometer, the PIS will suffer irradiation from the 
background (e.g. scattering neutrons and gamma rays) and generate background image. Thin 
plastic scintillator has low sensitivity to background because of the low detection efficiency. 
If the range of particles produced by background is larger than the thickness of scintillator, the 
energy deposited in the thin scintillator will be less than the full energy of neutrons. In 
addition, the resolution of the PIS becomes degraded due to the spread of the light generated in 
the thicker scintillator. To obtain better resolution and suppress more background, the 
thickness of scintillator should be as thin as possible. However, for 14 MeV recoil protons, if 
the scintillator thickness is less than 2 mm, they will also not deposit their entire energy to 
achieve the best signals. So there exists an optimum thickness of the thin plastic scintillator 
according to practical application. 

The Gd202S:Tb scintillator screen has the capability to convert the protons to visible 
light with maximum quantum efficiency around 545 nm, matching the peak in the quantum 
efficiency of the EMCCD. Thus, the use of Gd202S:Tb scintillator screen can improve 
quantum efficiency. Due to its effective thickness of 0.2 mm, the Gd20 2S:Tb scintillator 
screen can also provide higher resolution for proton imaging applications. Obviously, The 
Gd20 2S:Tb scintillator screen is more suitable for the PIS in spatial resolution and lightyield 
comparing to 2 mm plastic scintillator. The PIS used in this paper can meet the requirement of 

the MPR neutron spectrometer in resolution and proton response. For higher resolution 
applications, array of scintillating fibers might be better choice. However, the economic and 
technical factors of large area structured crystals should be concerned. 
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5. Conclusion 

In this paper, a PIS has been developed to detect recoil proton distribution for the MPR 
neutron spectrometer. Thin plastic scintillator and Gd2O2S:Tb scintillator screen were used 

for proton imaging instead of array of scintillating fibers. The use of thin scintillator and fiber 
optical coupling system makes the PIS a compact, simple in structure and more efficient FPD. 
The main imaging properties of the PIS were evaluated using proton beam and the PIS used as 

a FPD for the MPR neutron spectrometer was tested. Due to its high performances in spatial 

resolution and light yield, Gd2O2S:Tb scintillator screen can be used as an ideal candidate for 

proton imaging. The imaging properties of the PIS shown in this paper have demonstrated that 
the PIS is suitable for the MPR spectrometer in DT neutron measurement. Further 

improvements will be focused at allowing the PIS to work in photon-counting mode. 
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Abstract 

New results of the neutron-induced fission experiments carried out at the neutron time-of
flight spectrometer GNEIS of the PNPI are given. Angular distributions of fission fragments 
from the neutron-induced fission of 239Pu and na

1Pb nuclei have been measured in the energy 
range 1-200 MeV using position sensitive multiwire proportional counters as fission fragment 
detector. The preliminary data on anisotropy of fission fragments deduced from the measured 
angular distributions are presented in comparison with the experimental data of other authors. 

1. Introduction 

Angular distributions of fission fragments arise due to two factors. First, an ensemble of 
spins of fissioning nuclei is to be aligned and, second, distribution of transitional states over 
the projection K of nuclear spin on the fission axis should be nonuniform. The first factor is 
determined by the processes which precede to fission, while the latter one is given by the 
mechanism of fission. At the energies much exceeding the fission barrier, the fission is 
preceded by the multi-step particle emission. A relative contribution of equilibrium and 
nonequilibrium processes into the dynamics of highly excited nuclei is not clear up to now. 
The angular distribution of fragments from neutron:induced · fission at the energies up to 200 
MeV may shed some light on these questions. Besides, the data on nuclear fission in this 
intermediate energy range are of prime importance for the advanced nuclear technologies 
such as Accelerator-Driven Systems (for nuclear power generation and nuclear 
transmutation). 

We present here the results of recent measurements which continue the neutron-induced 
fission experiments at the neutron time-of-flight (TOF) spectrometer GNEIS [1] of the PNPI. 
In the previous papers [2-4] we have reported the data on angular anisotropy of fragments 
from neutron-induced fission of the target nuclei 233U, 235U, 238U, 232Th and 209Bi in the 
intermediate ener&l ran§e 1-200 MeV. The similar measurements recently were made at the 
n_TOF [5-7] for 2 U, 23 U and 232Th nuclei, and at the LANSCE [8, 9] for 235U nucleus. 

The data for 239Pu are of special interest due to its significance as fuel element. Up to now 
there were no experimental data for 239Pu on the fragment's angular anisotropy for incident 
neutrons above 16 MeV (this is the upper limit of the rather old measurements [10-16]). In 
this paper the results of our study of the angular distribution of fragments from fission of 
239Pu nuclei by neutrons with the energies 1-200 MeV are presented. 

Lead and 209Bi are of interest due to their role in current and future nuclear power 
technologies. Lead-bismuth eutectic (alloy) is one of the primary coolant candidates for 
advanced nuclear reactors and Accelerator-Driven System. In addition to, this alloy is 
proposed as a target material for high power spallation neutron sources of new generation. 
Bismuth is also considered as a possible candidate to be used as a secondary standard for the 
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.cross. section. of ;neutroncin~uced fi.ssion becal\.s~ it: is a, monocisqtope with a high fission 
threshold about 40MeV. Up to now, onlypne measurement,of fragment angular anisotropy 
for 209Bi lias b~en performed with the use of quasi~monoenergetic neutrons of 75 MeV at The 
Svedberg Laboratory (TSL, Uppsala, Sweden) by Eismont et al. [17]. Our recent 
measurement. was the first successful attempt .t.o study the. energy dependence of the 
fragment's angular anisotropy for w1Bi in the neutron energy range from threshold up to 200 
MeV [3,4). , . . . . . 

In a case of neutron-induced fission of lead there are no experimental data on fission 
fragment angular distributions. and anisotropy at all. That is why the results of our 
measurements carried out for na1Pb in the neutron energy range up to 200 Me V are the data 
obtained for the first time. 

2. General description of the experimental set-up 

The measurements were carried out at the 36 m flight path of the neutron TOP
spectrometer GNEIS. A schematic view of the experimental set-up is shown in Figs. 1, 2. 
Detailed description of the set-up and delay line readout system created on the basis of 
waveform digitizers can be found in our previous publications [2, 3). 

180° 
"1" Cl.::> "2" 

Target D2 
FF Ff 

neutrons :.~ 

Fig. 1. Schematic view of the experimental set-up at Fig. 2. Construction of the MWPC and 
two orientation relative to the neutron beam principle of the coordinate determination. 
direction (downstream and upstream). 

l I 
The 239Pu (99.76 % enrichment) target 80 mm of diameter was made by conventional 

painting technique with a Pu02 deposit on a 100 µm thick 0100 mm Al-metal foil. The target 
thickness was 325µg/cm2. The metal natpb target 120xl20 mm2 of size and 150 µg/cm2 was., 
made by vacuum deposition of high purity na

1Pb on a 2 µm thick Mylar foil. 
The fission fragment registration was performed by two coordinates sensitive multiwire 

proportional counters D1 and D2 (MWPC) 140xl40 mm2 of size [18]. The fragment counters 
D1 and D2 were placed close to the target in the beam one after the other. The neutron beam 
axis came through the geometrical centers of the target and the MWPC's electrodes being 
perpendicular to them In order to have a possibility to take into account for the linear 
momentum contribution into the measured angular distribution, the measurements with two 
set-up orientations relative to the beam direction (downstream and upstream) were performed. 
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A value of cos(0), where 0 is an angle between neutron beam axis and fission fragment 
momentum, can be derived easily from the coordinates of the fission fragment measured by 
two counters. Time and pulse-height analysis of the signal waveforms allowed to derive the 
neutron energy and the fission fragment coordinates on the MWPCs, and, hence, the angle 
information. 

3. Data processing 

The measured angular distributions for selected fission fragment events were corrected 
for the efficiency of fission fragment registration. This efficiency was calculated by means of 
the Monte-Carlo method taking into account following parameters: the electrode wire 
structure, distances between MWPCs and target, sizes of electrodes and distances between 
them, sizes of the target and neutron beam, the position (angular) resolution (-2 mm). Also, 
the additional corrections due to the differential nonlinearity of the delay line chips and the 

. mutual influence (signal crosstalk) of the anodes of two adjacent MWPCs were taken into 
account [3]. 

An anisotropy W(0°)/W(90°) of angular distributions of fission fragments in the center
.of-mass system were deduced from the corrected cos(0) angular distributions in the laboratory 
system for two set-up orientations relative to the neutron beam direction (cos(0) bins were 
equal to 0.01) by fitting them in the range 0.24 < cos(0) < 1.0 by the sum of even Legendre 
polynomials up to the 4-th order. To account for the linear momentum contribution into the 
measured angular distributions, the measured anisotropies were averaged over two set-up 
orientations (downstream and upstream). 

4. Results 

The angular distributions of fission fragments in the centre of mass system for 239Pu are 
presented in Fig. 3 for four neutron energy intervals, in comparison with experimental data of 
the other authors [10-13]. The results of the data fitting by the sum of even Legendre 
polynomials up to the 4-th order are also shown in Fig. 3. · 

As mentioned above, the results from EXFOR data base [19] on the fission fragment 
anisotropy for 239Pu nuclei induced by neutrons with energies exceeding 1 MeV are not 
numerous. Apart from our data, the results of six former experiments are shown on Fig. 4. 
Only three data sets [11, 12, 15] deal with the data in the energy range 10-16 MeV. 
• At present the measurements with the 239Pu target are continued. Therefore, status of the 
data presented in this report is PRELIMINARY. Nevertheless, some remarks and conclusions 
can be done right now. In the energy range below -8 MeV our results agree within 
experimental uncertainties with the most complete data sets by Shpak [16] and Simmons [10]. 
In the energy range 10-16 MeV our data are between the "min" and "max" data points of 
Blumberg [11] and Androsenko [15], being in agreement with the data of Leachman [12]. 
Average value of the present uncertainties of our data is equal to 2-:-3 % in the energy range 
20-200MeV. 

An experimental data set on the energy dependence of 031Pb anisotropy in the neutron 
energy range 1-200 MeV has been obtained for the first time. As in a case of our data for 
209Bi, at the achieved accuracy level, it can be stated for na

1Pb that at the energy of - 50-60 
MeV there is a maximum of the anisotropy equal to 1.6±0.2 followed by a smooth descend 
with an increase of the neutron energy which resulted in a plateau about 1.15±0.05 of height. 
This behavior of the energy dependence of anisotropy qualitatively coincides with the result 
of theoretical calculations carried out by Eismont et al. [ 17]. 
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Fig. 3. Example of fission fragment angular distributions for 239Fu. The error bars represent 
statistical uncertainties. Solid line is a result of the fitting by the sum of even Legendre 
polynomials up to the 4-th order. 

The anisotropy W(0°)/W(90°) obtained from fitting of the fission fragment distributions 
measured in present work for 239Pu and natPb in the neutron energy range 1-200 MeV are 
shown in Fig. 4. 
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Fig. 4. Anisotropy of fission fragment of 239Fu (left) and "''Pb (right) compared with the 
experimental data of other authors ((10-12, 14-16] for 239Fu). The error bars represent statistical 
uncertainties. The solid curve for 239Fu is only the eye guide to the experimental data while for 
"''Pb that is calculation from ref. (17]. 
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S. Conclusion 
New experimental data on the angular distributions of fragments from neutron-induced 

fission of the 239Pu and natpb nuclei in the neutron energy range 1-200 MeV are presented. 
Apart from its significance for applications, these data are of great interest from theoretical 
point of view. Together with the other experimental results obtained in a course of present 
investigation, a vast amount of data for three different groups of nuclei, fissile (233U, 235U, 
239Pu), non-fissile (238U, 232Th) actinides and non-actinides (209Bi, natPb) could provide 
valuable information to separate the contributions of equilibrium and pre-equilibrium 
processes to the evolution of nuclear spin alignment during the evaporation cascade. Thus the 
new directions to study nuclear dynamics at high excitation energies may be open. 
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Abstract: Experimental activities at JRC-Geel on prompt fission neutron (PFN) emission in response to 
0ECD/NEA nuclear data requests are presented in this contribution. Specifically, on-going investigations 
of PFN emission from the reaction 235 U(n,f) in the region of the resolved resonances, taking place at the 
GELINA facility, are presented. The focus of this contribution lies on studies of PFN correlations with 
fission fragment properties. The experiment employs a scintillation detector array for neutron detection, 
while fission fragment properties are determined via the double kinetic energy technique using a position 
sensitive twin ionization chamber. This setup allows us to study several correlations between properties 
of neutrons and fission fragments simultaneously. 

I. INTRODUCTION 

Improved knowledge on the properties of the prompt fission neutrons {PFN), their multiplicities, 
as well as their energy and angular distributions can shed light on the fission process near the scission 
point. These properties are related to the deformation of fission fragments at scission, the sharing 
of excitation energy between the fragments and the time scale of the process itself. Experimental 
investigations of prompt fission neutrons and fission fragment properties in resonance neutron induced 
fission on 235 U are taking place at the GELINA facility of the JRC-Geel. In recent years large efforts 
have been put into the modelling of PFN emission in fission, see for example Ref. [l] and references 
therein. The efforts are quite successful in both consistency between the different approaches and 
in reproducing available experimental data. However, in the case of 235U(n,f) difficulties have been 
encountered, especially regarding the dependency of Ti on the total kinetic energy {TKE) of the fission 
fragments, see for example Ref [2]. Focusing on the high TKE range Kornilov, et al. has suggested 
that the experimental observation of Ti substantially larger than zero at the maximum available energy 
is a signature of scission-neutron emission [3]. It was argued that, because evaporation neutrons 
from the·fragments are energetically not allowed at such high TKE the observed neutrons would 
have to originate from another source. The difference between experimental data and calculation 
of Ii(TKE) based on neutrons evaporated from fragments was used to estimate the scission-neutron 
yield. Possible deficiencies in the experimental data were also pointed out [3]. In order to address 
these issues it is of interest to revisit PFN and fragment correlations in 235 U(n,f) experimentally. All 
results on correlations between fission fragment properties and PFN properties presented here are 
from the selected incident neutron energy range [0.3 eV, 45 keV]. The average energy of the neutrons 
inducing fission is 1.16 keV. 

II. EXPERIMENTAL SETUP 

The experiment has been performed at the GELINA facility of the JRC-Geel. The experimental 
setup, illustrated in Fig. 1, is located at a distance of about 9 m from the GELINA neutron source. 
Fission fragments are detected in a position sensitive twin ionization chamber (IC). This detector has 
been developed at JRC-Geel, and is described in detail in Ref. [4]. Essentially, it is a standard twin 
Frisch grid ionization chamber with the anode plates replaced by position sensitive readouts. It is 
capable of determining the fission axis orientation in space with a resolution of 7°, simultaneously 
with the fission fragment masses and energies. 

Neutrons are detected in an array of proton recoil scintillators. The array consist of 19 NE213 
equivalent BC-501 liquid scintillators, 3 paraterphenyl and 1 stilbene crystal scintillators. The de
tectors are placed in a quasi-spherical geometry around the center of the 235 U-target at distance of 
about 50 cm. The actual position of the detectors relative to the IC has been determined with high 
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FIG. 1. Schematic representation of the experimental setup located at the CELINA facility. The 235U.target 
is placed inside the twin ionization chamber (IC), 9 m away from the neutron producing target. The neutron 
detectors are placed in a quasi spherical geometry around the IC at a distance of about 50 cm from the center 
of the 235U.target. 

precision (±0.2 mm) using a ROMER arm [5] measuring device. 

The data acquisition is based on wave-form digitizers, sampling the detector signals at 400 MSam• 
ple/s with 14-bit resolution. A fission trigger derived from the charge induced on the central cathode 
of the IC, triggers the data acquisition. For every fission trigger digital wave-forms of all neutron 
detectors as well as the IC's electrodes are stored on disk, together with time-stamp information, 
for off.line analysis. The time stamp is reset by every beam pulse from the GELINA and used to 
determine the incident neutron time-of.flight (ToF). 

III. DATA ANALYSIS 

A. PFN data 

Events in the scintillation detectors corresponding to neutrons are selected by means of pulse-shape 
discrimination (PSD). The PFN energy is measured by means of the ToF technique, with a resolution 
of ~1 ns (FWHM). In addition to PFNs, fission is also accompanied by prompt fission -y•rays, which 
might be detected in the scintillation detectors as well. Most of the ")'·emission takes place within a 
few ns after the instant of fission. Therefore, the range of high.energy neutrons is most sensitive to 
false events induced by ")'•rays. The PSD is not able to give a clean discrimination between -y•rays 
and neutrons for pulse heights corresponding to small proton recoil energies. In order to reduce the 
background caused by the ")'•emission a dynamic light•threshold [6] is applied. 

Each detector in the SCINTIA array has been characterized using the PFNs from 252Cf(sf), with 
experimental setup and procedures described in Ref. [7]. To correct for the energy dependent detection 
efficiency and multiple scattering of neutrons on the surrounding materials, the setup is modeled with 
GEANT4. The simulation uses experimentally determined proton light output functions, for other 
recoil•particle species literature data are used [8, 9]. The Monte-Carlo model has been validated 
against the standard PFN spectrum [10] from the spontaneous fission decay of 252Cf. 

In Fig. 2 the 235U(n,f) PFN spectrum observed in this study, when selecting the incident neutron 
energy range [0.3 eV, 45 keV], is compared to the spectrum from cold neutron induced fission deter• 
mined by Kornilov et al. [11]. The two spectra are in quite close agreement, although the spectrum 
observed in the resonance region is slightly softer. The systematic uncertainty of the data points in 
Fig. 2 was estimated by a x2•analysis of the variance of the results from individual detectors. 
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FIG. 2. {A) The prompt fission neutron spectrum in the laboratory frame compared to data from cold-neutron 
induced fission from Kornilov et al. (11]. (B) The prompt fission neutron spectrum represented as a ratio to 
a Maxellian with a temperature of 1.32 MeV. 

B. Determination of fission fragment properties 

The fission fragment mass and kinetic energy before neutron emission is obtained by means of the 
well-established double kinetic energy (2E) technique, which relates the masses mj,2 and energies Ej, 2 
before neutron emission in a binary fission event according to 

E2,1 
mi,2 =men· Ej + Ei' (1) 

where men is the mass of the compound nucleus undergoing fission. Under the assumption of isotropic 
neutron emission from fully accelerated fragments, the energies before neutron emission E* are related 
to the energies after neutron emission E according to 

m• 
E* = E· m• -v(m*,TKE)' (2) 

where iJ is the number of neutrons emitted by the fragment. The dependence of iJ on mass and TKE 
can only be derived from the data once the 2E-analysis is completed. As initial assumption we have 
used the evaluated data on V(m*) from Wahl [12] and the parameterization 

• v(m*) 
v(m*' TKE) = V(m ) + -( •) +-( - •) . 6.TKE, 

Vm Vfficn ffi 

TKE(m*) - TKE 
6.TKE = E ' 

sep 
(3) 

where E,ep = 8.6 MeV /n is the average energy necessary to emit a neutron [13]. The analysis was 
later repeated using the results on V(m*) and E,ep = 8.51 MeV/n derived from the data of the present 
experiment. No significant changes in the results were observed between the two analyses. In the 2E
technique the main contribution to the mass resolution is the neutron evaporation, since Eq. (2) only 
holds on average. In this work the mass resolution is 4-5 u (FWHM), determined by comparing the 
measured thermal mass yield to data from Ref. [14]. For events where neutrons and fission fragments 
are detected in coincidence, an additional correction [15] for the recoil energy imparted to the fragment 
is added to Eq. (2). 
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IV. EXPERIMENTAL RESULTS 

A. Prompt fission neutron angular distributions 

Most model calculations of the properties of PFNs are based on the assumption that the neutrons 
are emitted from the fragments after they have reached their terminal velocity. However, theoretical 
arguments have been raised asserting that at least a fraction of the neutrons are emitted during the 
scission process [16] and/or during the acceleration of the fragments [17, 18]. A large number of exper
iments have been devoted to investigate the source of prompt neutrons in detail. However, considering 
the variation of experimental results it is difficult to draw definitive conclusions. The experimental 
method used here, as well as in many earlier studies [19-21] of PFN emission in 235U(n,f), assumes 
that the neutrons are emitted from fully accelerated fragments. Hence, it is of great importance to 
investigate to what extent the experimental data support this assumption. In order to do so, we follow 
a procedure similar to that of Vorobyev et al. [22]. The energy-angle distribution of neutrons emitted 
from moving fragments when observed in the laboratory frame is 

(4) 

where NL,H('f/L,H,rh,H) are the center-of-mass (c.m.) energy-angle distributions of neutrons from 
the light and heavy fragments, respectively. The neutron energies in the c.m. frame 'f/L,H can be 
derived from experimental observables in the laboratory frame; light (L) and heavy (H) fragment 
energies EL,H and masses mL,H, neutron energy En and angle O between the neutron's and the light 
fragment's directions of motion 

'f/L =En+ EL.!!':._ - 2✓EnEL.!!':._ cos 0, 
ffiL ffiL 

'f/H =En+ Ew!!!..- + 2✓EnEH_!!!:_ cos 0, 
ffiH ffiH 

(5) 

(6) 

where m is the mass of the neutron. For the purpose of the model a single fragmentation is used, 
with EL;:L = (1.02 ± 0.01) MeV and EH;:' = (0.491 ± 0.01) MeV taken as averages from the 
experimental data. Under the assumption of i:otropic emission from the fully accelerated fragments, 
only the neutron spectra in the c.m. frame are unknown. They are determined from the experimental 
data by selecting small angles in the laboratory frame, where the contribution of neutrons from the 
complementary fragment is the smallest. Neutrons detected at angles smaller than 12° relative to 
the motion of the light and heavy fission fragments are selected. The observed laboratory spectra 
for these selections are transformed into the c.m. frame of the respective fragment and corrected for 
the small contribution of neutrons from the complementary fragment. Each of the spectra has been 
fitted with a linear superposition of a Maxwellian and a Watt spectrum shape. The fitted shapes 
are then used to calculate the spectrum as a function of the angle between the light fission fragment 
direction and the detected neutron, according to Eq. (4). In Fig. 3 the zeroth (A) and the first (B) 
moments of the calculated and experimentally observed spectra as a function of cosO are compared. 
The agreement is fair, although a clear underestimation of the experimental data is evident at large 
angles with the fission axis. The underestimation amounts to 2.5% of the total neutron yield. The 
description of the experimental data could be improved by assuming a small anisotropy in the c.m. 
frame [22]. However, we did not include an anisotropy term in the evaluation of the laboratory data 
as the angular distribution observed in the c.m. frame does not allow for this degree of freedom. 
Note that the uncertainties given in Fig. 3 are statistical only, evaluation of the associated systematic 
uncertainties are on-going. 

The complete experimental determination of all relevant kinematic parameters allows the trans
formation from the laboratory frame of reference into the rest frame of the fully accelerated fission 
fragments. This transformation is, however, complicated by the fact that for each laboratory angle 
only the sum of contributions from the two fission fragments is observed. Thus, an unknown con
tribution must first be subtracted from any observed distribution. Fortunately, the contribution of 
neutrons emitted from the fragment flying away from the neutron detector is small [23]. Therefore, in 
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FIG. 3. {A) Angular distribution of prompt neutrons integrated over all neutron energies. (B) Average neutron 
energy as a function of cos 0. The full lines represent the result of the model calculation. 

a first approximation it is assumed that all neutrons that are detected with a c.m. angle smaller than 
90° originate from the fragment directed towards the neutron detector. The resulting distribution 
is then used to calculate the disturbing component from the complementary fragment. Using this 
procedures, the angular distribution of prompt neutrons in the rest frame of the fully accelerated frag
ments has been determined. Figure 4 shows the angular distribution integrated over all c.m. neutron 
energies and all fission configuration, i.e. no selection in mass or TKE has been made. The result 
has been fitted with a second order Legendre polynomial. Obviously, the result supports isotropic 
emission in the c.m.-frame. This does, however, not exclude neutron from emission sources other than 
fully accelerated fragments, due to the selection of events with 0c.m. > 90°. The selection implies that 
events with laboratory neutron energies smaller than the fragment energy per nucleon are not taken 
into account. 
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FIG. 4. The angular distribution of prompt neutrons in the c.m.-frame integrated over all neutron energies 
and fission configurations. The full line is the best fit of a second order Legendre polynomial. 

B. Average neutron multiplicities 

The average neutron multiplicity as a function of the fragment mass is shown in Fig. 5 (A). For 
comparison, experimental data from Refs. [19, 20] are also shown in the figure. The general shape is 
reproduced in this work, however the minima around mass number ~80 u for the light fragments and 
~130 u for the heavy fragments appear more pronounced in the present data. The average neutron 
multiplicity per fission is shown as a function of the heavy fragment mass in Fig. 5 (B). A pronounced 
minimum close to heavy fragment mass AH ~132 u observed. 
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FIG. 5. (A) The average neutron multiplicity per fragment as a function of the fragment mass from this study 
compared to data from Refs. [19, 20). (B) The average neutron multiplicity per fission as a function of the 
heavy fragment mass from this study compared to data from Refs. [19, 20). 

In Fig. 6 the average neutron multiplicity per fission is plotted as a function of the fragment TKE. As 
expected, a close to linear dependence is observed, except for TKE;S145 MeV. A least square fit results 
in -8TKE/ov = 12.0 MeV/n. This value is substantially lower than the values 16.7-18.5 MeV/n 
determined in earlier studies, performed at thermal incident neutron energy [19-21, 24]. Data from 
Refs. [19-21] are also included in Fig. 6{A). By studying the fission fragment TKE distributions from 
Refs. [19-21] it has been found that these studies suffer from substantial resolution broadening. The 
broadening also affects the correlation with detected neutrons, which explains the strong difference 
between the present data and the literature data. This conclusion was already drawn form a subset 
of the present data, and a more detailed discussion of this has been published in Ref. [25]. · 
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FIG. 6. The average neutron multiplicity per fission as a function of the TKE. (A) The result from this study 
is compared to experimental data from Refs.[19-21). (B) The result from this study is compared to model 
calculations [l, 26). The fission yield as a function of TKE determined in this study is also shown. 

A comparison of the experimental result for average neutron multiplicity per fission vT(TKE) with 
different model calculations, taken from a recent review of available fission fragment deexcitation 
models [1, 26], is shown in Fig. 6{B). The different models presented in Ref. [1] agree well with each 
other. Therefore, not all of them are included in the figure. It is clear that the model calculations are 
in much better agreement with the present data set than with earlier experiments. 

V. CONCLUSION 

A multi-parameter experiment on correlations between the properties of fission fragments and PFNs 
in the reaction 235U(n,f) for an incident neutron energy range [0.3 eV,45 keV), with a mean neutron 
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energy of 1.16 keV, has been presented. The laboratory angular distribution of prompt neutrons 
have been compared with a model calculation based on isotropic emission from fully accelerated 
fragments. The model agrees fairly well with the experimental data, however the model calculation 
does underestimate the neutron yield at large angles with the fission axis. The underestimation 
amounts to 2.5 % of the total neutron yield. Results ori average neutron multiplicities in correlation 
with fission fragment mass and TKE show significant differences to earlier studies on this reaction, 
induced by thermal neutrons. 'l;'he sawtooth shape of the average neutron multiplicity per fragment 
show more pronounced minima at A s::: 130 and A s::: 80. The TKE dependence of the neutron 
multiplicity per fission shows an inverse slope 8 TKE / av approximately 35% weaker than observed 
in earlier studies [19-21, 24]. The difference can be attributed to improved fission fragment TKE 
resolution· in the present experiment. The present result for the average neutron multiplicity as a 
function of TKE is in good agreement with model calculations [l, 26]. 
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Abstract 

The shift of the light charged particles angular distribution arising in neutron 
induced fission of mu due to spin-flip of polarized neutron beam was obtained 
with the help of trajectory calculations for rotating nucleus. For the first time the 
influence of 3H nuclei was considered. It wa~ shown that the inclusion in the 
calculation of tritons besides of alpha-particles significantly improves the 
agreement of the experimental ROT-effect dependence on the light charged 
particle energy and the results of calculation. 

In the process of ternary fission besides of two fragments with large masses also light 
charged particles are observed. There is a wide variety of such particles in neutron induced 
ternary fission of mu [l]. They can be separated by a charge, mass, energy and angular 
distributions. Light charged particles (LCPs) are also different in their outputs. In ternary 
fission of 235U alpha-particles are emitted most often. In the Table 1 their yield is considered 
equal to 10000. The alpha-particles are followed by tritons. The yield of such particles is 
7.2% of the alpha-particles yield. · 

Table 1 

light charged the most probable full width at half extrapolated yield, 
particle energy, MeV maximum, MeV relative units 

"H 8.6±0.15 7.1±0.2 50.0±2.0 
"fl 8.2±0.1 6.5±0.2 720.0±30.0 

4 He 15.9±0.l 9.8±0.1 10000 
0He 11.1±0.2 11.2±0.2 196.0±8.0 
~He 10.2±0.2 6.8±0.4 6.0±0.4 
'Li 14.8±0.9 13.0±1.0 4.4±0.6 
·u 13.2±0.9 12.1±1.3 2.6±0.3 
'Be 18.0±1.3 13.0±1.8 3.2±0.5 
wBe 17.5±0.6 15,2±0.9 37.0±3.0 

The nuclear fission is a very complex process and represents a big problem for its 
description. However, when the nucleus rupture has already happened and nuclear forces have 
stopped to influence, two fragments and ternary particle (TP) move only due to their mutual 
Coulomb interaction. Their motion can,be reproduced using Monte Carlo simulations [2+7]. 
The result of computer simulation for this final fission phase is a complex of calculated 
trajectories for all described objects, which can give information about angular and energy 
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distributions for ternary particles at the moment of their registration. The energy distributions 
for several light charge particles. one can see as example in Fig. I. Points correspond to 
experimental data [1] and lines are calculated distributions. They are very close to the 
Gaussian shape. 
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Fig.I. The energy distributions for some ternary particles in neutron induced fission of 235 U. 

Points correspond to experimental data, lines are calculated distributions. 

All calculated distributions were fitted to experimental data using a variation of initial 
calculation parameters such as: a distance between fragments, initial velocities· of fragments, 
starting position of ternary particle just after the moment of scission and their starting energy 
and angular distributions. This set of initial parameters allows us to find characteristics of 
fissile system acceptable soon after the rupture point. 
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The trajectory calculations cannot be performed in closed analytical form. It is necessary to 

replace the differential equations of motion 

by a set of difference equations 

dXu. -V 
dt- ij' 

d~1 
m.-=F. 

I dt IJ 
(1) 

xt =x; +V(M, V;;+1 =V/ +-
2

1 
F/M. (2) 

m; 

Then iterative way is used to find step by step time dependence of coordinates for fission 

fragments (FFs) and TP. It is necessary to have small time intervals in the calculation process, 
what means that every partner has to move during each period approximately along the 
straight line with fixed velocity. 

At the first steps of iterative process all partners are still close together and their directions 

of motion and velocities change rapidly. When described objects are already widely separated 
and their characteristics of motion change slowly we do not need the same small size of the 

time interval. To make calculations more quickly an exponential function of n for total time tn 

after n time intervals is commonly used: 

tn = t0 (e"a -1). (3) 

and hence the size of then-th time interval is given by 

Mn = tn -tn-l= tn-l (ea -1). (4) 

The calculated individual trajectory patterns for FFs and a-particle are shown in Fig.2. As 

one can see the final direction of a-particle motion with respect to the light fragment is about 
80° independently from initial angle of its emission. To get the angular and energy 
distributions of ternary particles several millions of similar trajectories were calculated. 
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Fig.2. The calculated trajectory patterns. The coordinates of the object centers are labelled by 
circles. Their positions are in iterative step order. The arrows point at the simultaneous 
object placements. 

It is necessary to mention that such standard trajectory calculations are commonly used to 
describe spontaneous ternary fission or ternary fission induced by unpolarized neutrons. The 

study of nuclear fission in (n,f) reactions with polarized neutrons as projectiles has revealed 

particular features of the process, that cannot be described by standard method. 
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Let us remind you about experiments related to ternary fission of some actinides induced 
by cold polarized neutrons [8]. In Fig.3 you can see the schema of experimental setup for such· 
measurements. The polarized neutron beam was hitting the fissile targets mounted at the . 
center of a reaction chamber. Detectors for fission fragments and ternary particles were . 
installed in a plane perpendicular to the neutron beam. 

SDar~~/ 

MWPC/41tt:II ~~arlzed .•· 
n-beam 

~ .. ,y 
Fig.3. Layout of the experimental setup: fissile target locating at the center; polarized 
neutron beam running horizontally; two MWPC detecting complementary fission fragments to 
the left and right of the target, two arrays of Si detectors on top and bottom of the target 
intercepting ternary particles. All centers of particle detector assemblies lie in a plane · 
perpendicular to the beam. 

In the process of these experiments some modification of the light charged particles 
angular distribution was observed due to spin-flip of a polarized neutron beam. Such 
transformation (see Fig.4, a) of the angular distribution can be divided into two components: 
the relative change in the amount of recorded particles in the lower and upper hemispheres 
(Fig.4 b) and the shift of the angular distribution (Fig.4 c). These phenomena were named TRI 
and ROT-effects, respectively. Now it is shown that both effects are present simultaneously, 
but with different weights for the four studied actinides [8]. 

The asymmetry corresponding to TRI-effect is attributed to the Coriolis force present in 
the nucleus while it is rotating up to scission. The size of the asymmetry is typically 10-3

. This 
phenomenon should be described with the help of quantum mechanics. The ROT-effect, in 
contrast to this, mostly develops during the next time interval, namely after the nucleus 
rupture and when nuclear forces have already stopped to action. This phenomenon arises due 

to the motion of charged objects (two fragments and light particle) in the rotating field of 
Coulomb forces. To describe this effect we can apply classical estimation using trajectory 
calculations, but they must be modified taking into account rotation of fissile system. 

The rotational structure should be expected in the spectrum of fission channels at energies 
not much higher than the fission threshold. After slow neutron capture by the target nucleus 

with the angular momentum I it is possible to obtain compound states with J =I+ I I 2 and 
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J = I -1/2. In this case the fission process comes through a few transitional states (fission 
channels) with fixed K values, where K is the projection of spin Jon the symmetry axis. Any 
rotation of axial nucleus comes around a perpendicular to a line of nuclear symmetry and 
angular velocity w can be obtained from this expression [9]: 

w23 2 =1i2(J(J+l)-K2
), (5) 

where 3 is the moment of inertia of the fissile system. 
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Fig.4. a) The modification of the angular distribution for light charged particles, which was 
observed due to spin-.f/ip of a polarized neutron beam; b) the relative change in the number of 
recorded particles in the lower and upper hemispheres ([RI-effect); c) the shift in the angular 
distribution (ROT-effect). 

Note that even with a fixed fission axis, we have many directions of fissile nucleus 
rotation. It is possible to say only about an alignment of rotational axis in a plane 
perpendicular to the fission axis. Randomly oriented rotation of compound nucleus does not 
fonn any regular shift of TP angular distribution, because averaged angular velocity for all 
nuclei equals zero. Such phenomenon can be observed in ternary fission experiments with 
unpolarized neutrons and targets. In contrast to this, in case of polarized neutrons it is possible 
to obtain a non-zero effective angular velocity for the fissile system rotation around the line of 
neutron beam polarization. The angular velocity for fixed J and K one can get using quantum
mechanical expression: 
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As it was shown by Kadmenski and Bunakov [10] this expression can be written in the form: 

{ 

J(J+I)-K2 h fi J-1 1/2 ·-·p or - + 
OJ J K - J 23 " 7 

+i-(' )- J(J+I)-K2 h () 
-----·-·p for J=l-1/2 

(J + 1) 23 n 

The different signs of angular velocities for J =I+ I/ 2 and J = I - I I 2 in these 
expressions indicate the opposite directions of fissile system rotation. 

If several transition states contribute to the fission, it is necessary to perform summation 
over all possible K values: 

OJ(J) = LK/a:/2
0J(J,K), (8) 

where /a:/2 is the probability to find the component with corresponding value K in the 

resonance wave-function. To obtain the final effective angular velocity OJ it is necessary to 

take into account the relative contribution of resonance components with different J to the 

total fission cross-sections: 

OJ+(J)·a-1+112 +OJ_(J)·a-1-112 
OJeff = 

(Y/+1/2 + (Y/-112 

(9) 

Here a-1+112 and a-1_112 are the partial fission cross-sections for J =I+ 1/2 and J = J -1/2, 

respectively. 
Using such effective angular velocity we can modify trajectory calculations. In case of 

nuclear system rotation this requires only a change of all initial velocities for described 
objects [11, 12], namely, additional tangential components for FFs and TP should be taken 
into account. They can be obtained as a product of the angular velocity on the object distance, 

on which this object is located soon after the nucleus rupture, from the rotational axis. For the 

angular velocity calculation it is necessary to find inertia moment of the fissile system, which 
mostly depends on the fragment masses ratio and on the initial distance between fragments. 
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Fig.5. Angular ROT shift as afanction ofTP energy for reaction 235U(nJ). Experimental data 
(squares). Theoretical calculation with TPs assumed to be a-particles (open points). The 
experimental TP energy spectrum is given as histogram with scale to the right. 
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The modified trajectory calculations give us the possibility to evaluate the ROT angular 
shift for light charge particles. Before now these calculations have been performed only with 
alphas as third particle, since they dominate in ternary fission. The evaluated angular shift 
averaged over the energy of a-particles was in good agreement with the experimental result, 
but the detailed distribution of the calculated ROT-effect values depending on the energy of 
a-particles deviated from the experimental data (see Fig.5). The experimental angular shift [8] 
was larger than the calculated result in the energy range (8+13) MeV of the third particle. 

It was assumed that this discrepancy can be explained by the presence of other light 
charged particles in addition to the alphas, because corresponding measurements in this 
experiment were performed without identification of light charged particles. It was therefore 
supposed, that taking into account the presence of tritium, which contributes about 7% to the 
ternary particles yield, it may be possible to bring closer together calculated and experimental 
results. 
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Fig.6 Calculated energy distributions of light charge particles in neutron induced ternary 
fission o/235 U. 

Fig.6 shows the energy distributions of a-particles and tritons, which were obtained with 
the help of standard trajectory calculations. The initial calculation parameters for tritons were 
similar to those of a-particles. The most probable energies and widths of these distributions 
completely coincide with experimental data [I]. In addition, the calculated angular distri
butions of the LCPs and fragment's kinetic energies were also in a good agreement with 
experimental values. This confirms that initial parameters were well selected. The amounts of 
emitted particles were taken proportional to the corresponding particles yields in neutron 
induced ternary fission of 235U. They were established in agreement with the experiment. 

Using obtained by such a way initial parameters and calculated effective angular velocity 
(9) it was possible to get energy dependences of the angular shift for both a-particles and 
tritons with the help of the modified trajectory calculations (Fig.7 a). In order to get the final 
result, we need to sum two calculated ROT-effects with their weights. 

In Fig. 7 b one can see the result of ROT-effect estimation, where the influence of tritium 
was considered using the modified trajectory calculations. It is demonstrated that alphas and 
tritons taken together improve the agreement between calculated and experimental values of 
the ROT-effect depending on the energy oflight charged particles. 
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Fig.7.Angular ROT shift 2L1 as a function ofTP energy for the reaction 235U(n,f): 
a) squares are experimental data, triangles - calculated result for tritons, open dots show the 
result of calculation for a-particles; b) squares are experimental data, open dots show the 
weighted sum of calculated results for tritons and a-particles. 

Conclusion 

The ROT-effect dependence on light charged particle energy was calculated using modi
fied trajectory calculations. The influence of 3H nuclei is considered for the first time. It was 
shown that the inclusion in the calculation of tritons, in addition to a-particles, significantly 
improves the agreement between experimentally obtained data and calculation results. 
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Measurements of the Temporal Characteristics of Delayed Neutrons from 
Neutron Induced Fission of 241 Am in the Energy Range from 14.2 to 

18MeV 

Gremyachkin D.E., Piksaikin V.M., Egorov A.S., Mitrofanov K.V. 

State Scientific Center of Russian Federation 
Institute of Physics and Power Engineering, 249033, Obninsk, Russia 

Abstract 
Analysis of existing database on the relative abundances of delayed neutrons and half

lives of their precursors measured for neutron induced fission of heavy nuclei in the energy 
range above 14 MeV shows that such data are not available for many nuclides which are 
important for nuclear fuel cycle. In the present work for the first time the time dependence of 
delayed neutron activity for the neutron-induced fission of 241Am in the energy range from 
14.2 to 18 MeV. 

Introduction 
In the recent years efforts to purification of nuclear physics database on delayed 

neutrons was substantiall~ referred to analysis of delayed neutron characteristics for neutron 
induced fission of 235U, 2 8U, 239Pu in energy range from thermal values to several MeV [1]. 
Nuclides and energy range used in this work have been determined first of all by needs of 
power engineering. 

At the same time the energy range of primary neutrons exists for which physical 
characteristics of delayed neutrons are known significantly worse. First of all, it belongs to 
energy range above 14 MeV. This energy range is interesting for practical applications related 
to the development of nondestructive methods used for analysis of fissile materials which is 
based on delayed neutron registration. 

The neutron source 
The reaction T(d,n}4He was used to generate neutrons in energy range from 14.2 to 18 

MeV. Solid tritium target was irradiated by the beam of the accelerated deuterons from 
cascade generator CG-2.5 SSC RF-IPPE. Energy of accelerated deuterons was varied from 
0.5 to 2 Me V. Interruption of the beam was made using a Faraday cup. Energy dependence of 
neutrons generated in the T(d,n)4He reaction on incident deuteron energy is shown in Fig. 1. 

Beams of neutrons emitted at the angle O and 90 degrees against the deuterons beam 
direction were used. This allowed us to study temporal characteristics of delayed neutrons in 
the energy range from 14.2 to 18 MeV. , 

Experimental method and preliminary analysis of the obtained data 
The experimental method used in present experiments based on cyclic irradiation of 

the fissile sample in a well-known neutron flux and consequent measurement of the time 
dependence of delayed neutron activity. For that, the guide tube of pneumatic transport 
system with the sample under investigation was placed between two ionization fission 
chambers near the target of the electrostatic generator CG-2.5. 
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Fig. 1. Energy dependence of neutrons generated in the T( d,n;4 He reaction on the incident deuteron 
energy. 

Experimental set-up used in the present work was placed on the beams of electrostatic 
accelerator CG-2.5 of SSC RF-IPPE. The basic components of the set-up are shown in Fig. 2. 

Fig. 2. Block diagram of the experimental setup: (PAD) preamplifier, amplifier, and discriminator; (S) 
summator; (PA) preamplifier and amplifier; (V) electromagnetic valve; (SPS) sample position sensor; 
(CM) controlled unit; (CFC) current-to-frequency converter; (ADC) analog-to-digital converter; 
(PSc) preset-scaler ; (MCC) multichannel counter; (G) quartz generator of pulses; (PS) power 
source; (Ch) chopper; (ChD) magnetic chopper drive; (A) ion guide aperture; (T) accelerator target; 
(FCh) fission chamber; (BC) boron counter of neutrons; (Cl) counter with a preset exposure time; 
(C2) counter of total counts from the CFC and BC; and (CJ) counter of the CFC and BC counts 
within preset time intervals. 
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Boron counters SNM-11 were chosen the main element of the registration of detector, 
because of their low sensitivity to y-rays. Detector presents the assay of 30 
counters.distributed in polyethylene moderator. It consists of three concentric circles, which 
have radiuses 53, 80 and 110 mm. Inner ring consists of 6 boron counters, medium and outer 
rings consist of 12 counters each. Outer diameter of moderator was equal to 400 mm, length -
300 mm. The counters were operating in proportional mode at bias voltage 650 V [2]. There 
was an opening 036 mm in the center of detector for seen for installation of investigated 
fissile sample. The detector was shielded with boron carbide, cadmium and borated 
polyethelene. 

Short transportation time of the sample ( - 100-150 ms) from the irradiation position to 
the detector was accomplished by the fast pneumatic system. It enabled allowed us to measure 
delayed neutron yields of short-lived precursors. Sample transport tube was a thin-walled 
stainless steel tube with an outer diameter 10 and a wall thickness of 0.3 mm. Two 
electromagnetic valves controled the supply of compressed air into the guide tube. The 
position of the sample in the neutron detector was fixed with a plug with a hole in the center 
for controlling the discharge of excess pressure in front of a moving sample and mitigate the 
impact of the sample. Information on the status of the sample was obtained from the two 
photodiodes and light sources mounted on the guide tube on the irradiation position and 
neutron detector. 

Preliminary processing of the experimental data consisted in the summation of delayed 
neutron decay curves obtained in the separate measurement cycles. The summed curves was 
analyzed using the iterative least squares method with the purpose to estimate the relative 
abundances of delayed neutrons a; and half-lives of their precursorsTj. The information on 
correlation coefficients of group parameters a;,Ti under estimation, which was later used for 
averaging of group parameters sets corresponding to the definite energy of initial neutrons 
was obtained. 

Experimental control and acquisition of experimental information was performed by 
the data acquisition and storage systembased on the CAMAC standard with a personal 
computer connected to the CAMAC crate using the controller FK-4410. 

Experimental conditions and additional experiments 
It should be noted that specific features of the T(d,11)4He reaction, concerned with high 

intensity and high energy of generated neutrons beams essentially complicated the processing 
procedure of measured data, which is usually used for the work with neutron sources based on 
T(p,11)3Heand D(d,11)3He reactions. Additional experiments was made to estimate the 
magnitude of the effect, concerned with blocking of the neutron detector being in the 
intensive neutron flux and the effect of the concomitant source (D(d,n)3He reaction), 
appearing as a result of deuteron implantation into the backing of the tritium target. 

Processing of the experimental data 
Thenumberofcounts of delayed neutron detector N(tk), registered in the k-channel of 

time analyzer tk with duration t!.tk after the sample irradiation using the neutrons from 
T(d,n)4He and D(d,n)3He reactions can be represented as follows 

" a 
Ni(tk) =Ai· 'fiF;; • ;; •exp(-A-u ·tk)•(l-exp(-A-u ·Mk))+ B1(tk) · Mk,l = (T,D),k = (1, ... ,m), (1) 
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Where T and D related to the measurements using T(d,n)4He and D(d,n)3He reactions 
correspondingly, au and 11.11- relative abundance and decay constant of ith delayed neutron 
group, B1(tk) - intensity of neutrons background, A1- saturation activity, 

F. = 1-ex - •t • ex - -T • ' 
( 

N ( 1-exp(-n· Ai·· T) )) 
u ( p( Ai; ;)) 1-exp(-Ai; · T) p( Ai; ) ((1-exp(-Ai; · T))2 (2) 

Presents the expression considering the irradiation history of the sample and registration of 
accumuiated activity, which includes the following experimental parameters: N - the number 
of irradiation cycles, T - duration of the one measurement cycle, which consisted of 
irradiation time in one cycle t;,, transportation time of the sample to the neutron detector and 
the count time of delayed neutron activity [3]. 

Results 
Time dependences of neutron activity after neutron induced fission of 241 Am in the 

energy range from 14.2 to 18 MeV obtained in the present work considering the blocking 
effect and effect of concomitant source (filled squares, open squares, circles, triangles) are 
shown on figure 3.The discrepancy of the experimental data is a consequence of few statistics. 
Data obtained as result of estimation of delayed neutrons parameters represented by 
continuous curves. Estimation of the parameters A, B, a;,A; (i = 1, ... ,n) on the observed values 
of time dependence N(tk) (k=l, ... ,m) (eq. 1, 2) was made within the 6-group representation 
using the iteration least squares method. 
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Fig. 3 - Time dependence of241Am sample activity. Irradiation time 180 s. Black squares -

experimental data including the corrections on the blocking effect and effect of concomitant source; 
red circles curve - data obtained as result of estimation of delayed neutrons parameters. 

The obtained results on energy dependence of relative abundances of the separate 
delayed neutron group ai and half-lives of their precursors T. for neutron induced fission of 
241Am in the energy range from 14.2 to 18 MeV are presented in the Table 1. Values of group 
parameters (a0 T;) shown in the Table 1 in a six-group representation was obtained by 
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averaging of these parameters of several series of the measurements, corresponding to the 
similar energy of the primary neutrons. The average half-life was calculated for each energy 
using the following formula 

"f.a;I; 
<T>=-; __ • 

Ia; 
j 

(3) 

Where ai - the relative abundances of the ith delayed neutron group; Ti - the half-life of the 
ith delayed neutron group. 

Table 1. Relative abundances and half-lives for neutron induced fission of the 241Am in the 
energy range fr 14 2 18 M V om to e 

Grouv number Average 
En, MeV j 1 2 3 4 5 6 half-ife, 

s 
a; 0,0382 0,224 0,461 0,195 0,063 0,019 

14,23±0,20 ±0,0008 ±0,005 ±0,010 ±0,004 ±0,001 ±0,004 9,20 ± 
T; 56,0 12,1 7,47 4,46 0,44 0,174 0,14 

±1,2 ±0,2 ±0,14 ±0,09 ±0,01 ±0,004 
a; 0,0420 0,229 0,427 0,215 0,067 0,019 

15,84±0,20 ±0,0003 ±0,002 ±0,003 ±0,002 ±0,001 ±0,002 10,81 ± 
T; 55,1 24,1 5,26 3,23 0,49 0,175 . 0,08 

±0,5 ±0,2 ±0,04 ±0,03 ±0,004 ±0,002 
a; 0,0399 0,258 0,388 0,221 0,073 0,020 

16,20±0,20 ±0,0008 ±0,005 ±0,008 ±0,005 ±0,002 ±0,004 11,47 ± 
T; 55,6 24,4 5,76 3,12 0,47 0,177 0,19 

±1,2 ±0,4 ±0,11 ±0,07 ±0,01 ±0,004 
a; 0,0394 0,274 0,367 0,226 0,Q75 0,020 

16,70±0,20 ±0,0008 ±0,002 ±0,008 ±0,005 ±0,002 ±0,004 11,19± 
T; 54,7 23,2 5,50 2,77 0,48 0,178 0,20 

±1,2 ±0,5 ±0,11 ±0,06 ±0,01 ±0,004 

a; 0,0399 0,257 0,372 0,234 0,077 0,020 
17,98±0,20 ±0,0007 ±0,004 ±0,006 ±0,004 ±0,001 ±0,003 10,74± 

T; 54,4 23,5 4,99 2,69 0,49 0,178 0,16 
±0,9 ±0,4 ±0,08 ±0,05 ±0,008 ±0,003 

Figure 4 represents the energy dependence of the average half-life of delayed neutron 
precursors for neutron induced fission of the 241Am in neutrons energy range from 14.2 to 
18 MeV. Each energy point has been obtained by averaging of the <T> values from the 
separate series of the measurements. For each energy point the correlation matrix of the 
delayed neutron parameters has been obtained. Summation method was used to obtain the 
value of the average half-life using the following expression 

~):,; · CY; · :,;;2 
<1;12 >= i L , P,,;. CY; 

(4) 

i 
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where CY,- the cumulative yield of ith precursor, Pni and 'Fi\2 - the delayed neutron emission 

probability and the half-life of ith precursor, respectively. Summation was made over 368 
precursors. The data on cumulative yields from ENDFIB-Vll.l library was used for the 
present calculation [4]. The data on probabilities of delayed neutron emission and half-lives of 
delayed neutron precursors were used from Abriola et al, 2013[5]. 
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Fig. 4. Energy dependence of the average half-life of delayed neutron precursors for neutron 
induced fission of the 241Am in the energy range from 14,2 to 18 M3B. Open circles- the values of the 
average half-lifefrom the separate series of experiments; filled red circles - the values of the average 

half-life averaged from the experimental series, filled blue triangle - average half-life of delayed 
neutron precursors obtained using summation method. 

Table2 - Correlation matrix of group parameters obtained for the case of neutron induced 
fission of 241Am by neutrons with energy of 17.9 MeV 

al Tl a2 72 a3 T3 a4 T4 a5 T5 a6 T6 

al 1 
Tl -0.32 1 
a2 0 0 1 
72 0.06 -0.11 0 1 
a3 -0.2 -0.06 0 0.01 1 
T3 -0.03 -0.26 0 0 -0.11 1 

-
a4 0 0.09 0 0.Ql 0.06 0.11 1 
T4 -0.35 0.05 0 0.02 -0.08 -0.01 0.02 1 
a5 0.09 0.05 0 0 0.05 0.07 -0.03 0.05 1 
T5 -0.19 0.04 0 0 -0.01 0.Ql 0 -0.09 0.Ql 1 
a6 0.1 0 0 0 0.Ql 0.01 0 0.02 0 0.Ql 1 
T6 -0.03 0 0 0 0 0 0 0.01 0 0 0 1 
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Correlation matrix of delayed neutron parameters was obtained for each energy of 
incident neutrons. Correlation matrix of estimated group parameters obtained for the case of 
neutron induced fission of 241Am by neutrons with energy of 17.98 MeV represented in the 
Table 2. 

Conclusion 
Measurements of the temporal dependence of neutron activity for the case of neutron 

induced fission of the 241Am in energy range from 14.2 to 18 MeV have been made for the 
first time. The obtained decay curves were processed with considering the effect of additional 
source and blocking effect, inevitably arising when T(d,n)4He reaction is used as a neutron 
source. Values of the group parameters based on the processed decay curves have been 
obtained for each incident neutrons energy, which in tum have been used for calculation of 
the average half-lives of delayed neutron precursors. Data on energy dependence of relative 
abundances and half-lives of their precursors for neutron induced fission of the 241 Am in the 
energy range from 14.2 to 18 MeV are presented in numerical form. 
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Abstract 
It has been demonstrated, that the angular and spin distributions of products of the binary and · 
ternary low-energy nuclear fission can been successfully described with taking into account · 
the influence of the zero-point transverse wriggling- and bending-vibrations of the compound 
fissile nucleus near it's scission point with the domination of the wriggling-vibrations. 

1. INTRODUCTION 

The normalized light fission fragments angular distribution T~K(Q) in the laboratory 

coordinate system (LCS) for the low-energy binary nuclear fission from the transition fission , 
state (TFS) [1] JMK of compound fissile nucleus (CFN) can be represented [2-4] through the · 
analogous distribution T(Q') in the internal coordinate system (ICS): 

T~K(Q) = ~~;/ f dro[JD~K(ro)J
2 

+JD~_K(ro)J2]T(Q'), (1) 

where the solid angles n, n' are defined by the fragment emission angles cp, 0 and cp', 0' 

in LCS and ICS correspondingly, D~K(ro) is the generalized spherical function depending 

from Euler angles ro = ( ex, p, y) , which define the orientation of the axial symmetrical fissile , 

nucleus axes relatively to the axes LCS. 
As a rule, the distribution T(Q') is constructed with the usage of A. Bohr's 

hypothesis [1]: T(Q')='fo(O'), where the fission fragments distribution 'fo(O') has a '5-

function character [2-4]: 

r, <n') = _!_ [ o<s' -1) l 
0 27t ' 

(2) 

where I;'= cos 0'. Then the distribution T~K (Q) ( 1) is determined by the distribution 

(T~K )0 (Q): 

( T~K )0 (Q) = 2:7t~ 1 [ID~K ( co )12 + JD~-K ( co )12 L~.P=0,y=O' (3) 

coinciding with the probability of the orientations ofICS axes in LCS defined by Euler angles 
cx=cp, P=0, y=O. 

Because of the angular distribution (2) differs from zero for a fixed value of the angle 
0' = 0, from the quantum-mechanical uncertainty relation [5-6] for !:lL and d0': 

(U)2 (d0')2 ~h¼, 
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it follows that the distribution (2) corresponds to the case of complete uncertainty M., = 00 in 
the values of the relative orbital moment of fission fragments L. Therefore for real 
experimental situations it is necessary instead of distribution (2) to use [2-4] the physically 
close distribution T(Q'), which differs from zero in a small vicinity of the angle 0' = 0 at 

Lie'= 1: 

(4) 
The amplitude A(Q') of the named above distribution is represented by the formula: 

A(Q') = I>v LYLo(Q'), (5) 
L 

where the wave function 'l'L defines the L-distribution W(L) =l'lf(L)l
2 

of fission fragments 

in the vicinity of the scission point of the CFN. Because of the approximate validity of 
formula (2) characteristic orbital moments L in the sum (5) will have large values in 
comparison with the value of the compound fissile nucleus spin J. Then from the law of 
compound nucleus total spin conservation J =(F+L), where F =(J, +J2 ) is the summary 

fission fragments spin, it follows F = -L and for L? J the summary spin F must have the 
large values F ? J . 

The experimental multiplicities, energy and angular distributions of instantaneous 
neutrons and y-quanta, evaporated from thermalized fragments of low-energy fission, 
isomeric ratios of yields of final fragments, as well as characteristics of delayed neutrons 
emitted during the P-decay of named above final fragments are consistent with the fact [7-15] 
of the appearance of large values of fission fragments spins J 1 , J 2 , which are oriented 

perpendicularly to the direction of CFN symmetry axis. 
The question arises about mechanisms of appearance of the large values of the relative 

orbital moments L and spins J,, 1 2 fission fragments. Attempts of the explanation of these 

facts through the Coulomb interaction of strongly deformed primary fission fragments were 
unsatisfactory, since this interaction can change [8-9] the average values of spins and orbital 
moments of fission fragments only on small quantities &, , tJ.. , Af2 :S 2. The answer to this 

question can be obtained on the base of the development the representations of the quantum 
theory fission [1-4] in papers [17-20], allowing simultaneously to take into account effects of 
transverse wriggling- and bending-vibrations of the compound fissile nucleus with the 
defining role of wriggling-vibrations. 

2. CHARACTERISTICS OF THE LOW-ENERGY BINARY AND TERNARY 
NUCLEAR FISSION 

In the description of the binary and ternary low-energy nuclear fission it is used the 
following predictions: 

1) the conservation of the direction of the symmetry axis of the fissile nuclear system at 
all stages of it's evolution including the internal collective deformation motion of 
CFN [21] to scission point of this nucleus to the fission fragments; 

2) the coldness [1] of fissile nucleus at all fission stages after passage of the first fission 
barrier up to it's scission point; 

3) connected with named above coldness the conservation of the projection K of the spin 
J of fissile nucleus on the symmetry axis [1-4, 22-23]; 
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A modern understanding of the nature of the appearance of large values of the relative 
orbital moments and spins of fission fragments is based [17-20] on the account of the two 
types of collective transverse vibrations of the CFN introduced in paper [ 16] in the vicinity of 
it's scission point, which must have the character of zero-point vibrations due to named above 
coldness of CFN . 

The first type includes bending-vibrations associated with rotations of the symmetry 
axes of two strongly deformed fission fragments that touch their vertices in the neck region of 
a strongly deformed CFN and pass after the scission of named above neck into primary 
fission fragments. These rotations occur in opposite directions around axes perpendicular to 
the symmetry axis of CFN. Because of the law of conservation of the total spin of CFN the 

spins J bl and J bZ of fission fragments connected with the bending-vibrations satisfy the 

condition J bl = -J bZ. 
The second type of transverse vibrations corresponds to the wriggling-vibrations of 

CFN, which are associated with rotations of the symmetry axes of the analogous fission 
fragments in the unit direction around axes perpendicular to the symmetry axis of CFN, which 
lead to the appearance of equally directed and large in magnitudes spins of the these fission 
fragments J wl and J wz. In order to compensate for the nonzero total spin of these fragments 

Jw = ( Jw1 + J wz) , CFN rotates about the axis parallel to the axes of rotation of the fission 

fragments in the opposite direction, that leads to the appearance of relative orbital momenta of 
the named above fission fragments L, which have values L = -J w because of the law of 

conservation of the total spin of CFN. 
Both types of transverse vibrations contribute to the values of the spins 11 and 12 of 

the emitted fission fragments, the average values of which are larger than the usually observed 
values of the spin J of the CNF. But only wriggling-vibrations define the distribution of the 
orbital moments L of the fission fragments, which have characteristic values, as will be 
shown below, significantly exceeding the values of J. 

The wave functions of zero-point wriggling- and bending-vibrations in the orbital 
momentum representation 'I' 0(1 w), '¥ o<J w) and 'I' 0(Jb), '¥ 0(Jb,) depend from the spin 

projections for wriggling- and bending-vibrations Jw,' Jw, and lb, ,lb, [16], which are related 

with projections of the spins J1 and J 
2 

fission fragments on the axis X, Y perpendicular to the 

symmetry axis of CFN as 

Jw =J1x+J2x•Jw =J1y+J2y;Jb =Jix-J2x•Jb =Jly-J2y;Ji=J1~+J1~,J;=Jix+Jiy• (6) 
.I .Y X Y 

As a result 'I' 0(1 w) and 'I' 0(Jb) can be represented in the forms [30]: 

4 
( ]

2 J -1/4 ( 1; J '¥ 0(1 w) = ( 1tCJ1/ exp - 4~~ ; 'I' 0(Jb) = ( 1tCb) exp -
4

Cb , (7) 

where Cw= M ~row, Cb= Mbhrob and frequencies row and rob of both wriggling- and 

bending-vibrations are determined by the classical formulas row = .J Kw IM w and 

rob = .J Kb IM b , where K is the stiffness parameter, and Mis the mass parameter. Expressing 

the spins distribution function W (JP J 2) of the fission fragments as 
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(8) 

it can obtain [16]: 

W(Ji,J2 ) = 
41il2 exp[-.!.(...!...+-

1 J( 11
2 +l;)+(...!... __ l J1112 cos<p], 

1tCbCw 2 Cb cw ch cw 
(9) 

where <!>( 0 S: <I> S: 27t) is the angle between the two-dimensional spin vectors of the fragments 

J1 and J 2 lying in the plane .xy. By integrating formula (9) with respect to the variables J 2 

and <I>, one can obtain [ 16] the spin distribution W ( 11) of one from initial fission fragment: 

W(J1)=~exp[--2!]_]· (10) 
Cb+cw Ch+Cw 

Then the average spin J I of this fragment has the value: 

- -f li 1/2 J 1= l1WU1)dl1 =- -(Cb+cw) • 
0 2 2 

(11) 

From the estimates of [16] for fissile actinide-nuclei it can be obtained values: M w = l.6· 106 

MeV•Fm2•s2
; Mb = 2.0·106 MeV·Fm2·s2

; Kw = 295 MeV·rad-2
; Kh = 52 MeV·rad-2

; hrow = 

2.3 MeV; hrob = 0.9 MeV; Cw= 132 and Cb= 57, from which it follows that the stiffness 

parameters, the quantum energies and the coefficients for the wriggling-vibrations turn out to 
be noticeably larger than the analogous values for the bending-vibrations . Then the quantity 
(Cb+ Cw) I 2 determining the character of the distribution (10) turns out to be ::::: 95, which 

leads to the average value (11) of the spin of the fission fragment J;_ "" 8.6. At the same time, 

if the value Ch = 57 is neglected in the comparison with value Cw = 132 in the formula 

( Cb + Cw) I 2 , the average value of the spin of the fission fragment turns out to be equal to 6, 

which differs by a factor of 1.5 from the spin value obtained above, while taking into account 
the wriggling- and bending-vibrations. Hence, the conclusion is drawn that the wriggling
vibrations play a predominant role in comparison with bending-vibrations in the formation of 
the distribution of the spins of fission fragments. 

The approach developed above to the description of the spin distribution of fission 
fragments based on the concept of the coldness of CFN at the scission point and taking into 
account the zero-point transverse vibrations of CFN is fundamentally different from the 
approach of [24, 8-11], in which the assumption of appreciable thcrmalization of fission 
fragments near scission point of the fissile nucleus, when the temperature T of the fission 
fragments exceeds 1 MeV. In this case, due to the significantly lower energy of the hrob 

quantum of bending-vibrations compared to the analogous energy hrow of the quantum of 

wriggling-vibrations (for example, for the nucleus), the main role in the temperature 
distribution of the fission fragments in terms of the number nb and nw quanta of bending

and wriggling- vibrations is played by the bending-vibrations. But, since the fissile nucleus 
remains in the cold state near it's scission point to fragments of fission, the representation of 
papers [24, 8-11] arc not realized, and the formation of spin distributions of fission fragments 
is determined by zero wriggling- and bending- vibrations of CFN with the dominant role of 
wriggling-vibrations. 
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A modern understanding of the nature of the appearance of large values of the relative · 
orbital moments and spins of fission fragments is based [17-20] on the account of the two 
types of collective transverse vibrations of the CFN introduced in paper [ 16] in the vicinity of 
it's scission point, which must have the character of zero-point vibrations due to named above • 
coldness of CFN. 

The first type includes bending-vibrations associated with rotations of the symmetry 
axes of t.wo strongly deformed fission fragments that touch their vertices in the neck region of 
a strongly deformed CFN and pass after the scission of named above neck into primary 
fission fragments. These rotations occur in opposite directions around axes perpendicular to 
the symmetry axis of CFN. Because of the law of conservation of the total spin of CFN the 

spins Jb1 and Jb2 of fission fragments connected with the bending-vibrations satisfy the 

condition Jb1 =-Jb2. 
The second type of transverse vibrations corresponds to the wriggling-vibrations of 

CFN, which are associated with rotations of the symmetry axes of the analogous fission 
fragments in the unit direction around axes perpendicular to the symmetry axis of CFN, which 
lead to the appearance of equally directed and large in magnitudes spins of the these fission 
fragments J wl and J w2 • In order to compensate for the nonzero total spin of these fragments 

J w = ( J wl + J w2 ) , CFN rotates about the axis parallel to the axes of rotation of the fission 

fragments in the opposite direction, that leads to the appearance of relative orbital momenta of 

the named above fission fragments L, which have values L = -J w because of the law of · 

conservation of the total spin of CFN. 
Both types of transverse vibrations contribute to the values of the spins 11 and 12 of 

the emitted fission fragments, the average values of which are larger than the usually observed 
values of the spin J of the CNF. But only wriggling-vibrations define the distribution of the 
orbital moments L of the fission fragments, which have characteristic values, as will be 
shown below, significantly exceeding the values of J. 

.The wave functions of zero-point wriggling- and bending-vibrations in the orbital 
momentum representation 'l'o(J w), 'I' 0(1 w,) and 'I' 0(Jb), 'I' 0(Jb) depend from the spin 

projections for wriggling- and bending-vibrations J w,, J w., and lb,, lb, [16], which are related 

with projections of the spins J1 and J 2 fission fragments on the axis X, Y perpendicular to the 

symmetry axis of CFN as 

J w, =]Ix+ J2x• Jw, = Jly +lzy; lb, = ]Ix -J2x• Jb, = Jly -J2y; 11
2 = Jt·x +JI~• Ji= lix +Jiy · (6) 

As a result 'I' 0(1 w) and 'I' 0(Jb) can be represented in the forrns [30]: 

'I' o (J w) = ( 1tCW rv4 
exp[-:L l 'I' oUb) = ( 1tCb rv4 

exp[- :IJ, (7) 

where Cw = M ~cow, Cb = M bhcob and frequencies cow and coh of both wriggling- and 

bending-vibrations are determined by the classical formulas co = .J K / M and 
w w w 

cob = .J Kb IM b , where K is the stiffness parameter, and Mis the mass parameter. Expressing 

the spins distribution function W (J1 ,J z) of the fission fragments as 
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(8) 

it can obtain [16]: 

( ) 41/ 2 [ 1 ( 1 1 ) ( 2 2
) ( 1 1 ) ] W J J =--exp -- -+- J +J + --- J J cos<j> 

I' 2 TCCbCw 2 Cb Cw I 2 Cb Cw I 2 , 
(9) 

where <J>(0 s; <P s; 2rc) is the angle between the two-dimensional spin vectors of the fragments 

J1 and J2 lying in the plane xy. By integrating formula (9) with respect to the variables J 2 

and <P, one can obtain [16] the spin distribution W(J1) of one from initial fission fragment: 

W(Ji) =~exp[---3!.l_]. (10) 
Cb +cw ch +Cw 

Then the average spin I I of this fragment has the value: 

- -f l l( 1/2 J 1= J1WU1)dJ1=- - Cb+Cw) · 
0 2 2 

(11) 

From the estimates of [16] for fissile actinide-nuclei it can be obtained values: M w = l.6-106 

MeV-Fm2•s2
; Mb = 2.0·106 MeV•Fm2-s2

; Kw = 295 MeV-rad-2
; Kb = 52 MeV-rad-2

; hrow = 

2.3 MeV; hrob = 0.9 MeV; Cw= 132 and Cb= 57, from which it follows that the stiffness 

parameters, the quantum energies and the coefficients for the wriggling-vibrations turn out to 
be noticeably larger than the analogous values for the bending-vibrations . Then the quantity 
(Cb+Cw)/2 determining the character of the distribution (10) turns out to be::::: 95, which 

leads to the average value (11) of the spin of the fission fragment Yi ""8.6. At the same time, 

if the value Cb= 57 is neglected in the comparison with value Cw= 132 in the formula 

( Cb +Cw)/ 2 , the average value of the spin of the fission fragment turns out to be equal to 6, 

which differs by a factor of 1.5 from the spin value obtained above, while taking into account 
the wriggling- and bending-vibrations. Hence, the conclusion is drawn that the wriggling
vibrations play a predominant role in comparison with bending-vibrations in the 'formation of 
the distribution of the spins of fission fragments. 

The approach developed above to the description of the spin distribution of fission 
fragments based on the concept of the coldness of CFN at the scission point and taking into 
account the zero-point transverse vibrations of CFN is fundamentally different from the 
approach of [24, 8-11], in which the assumption of appreciable thermalization of fission 
fragments near scission point of the fissile nucleus, when the temperature T of the fission 
fragments exceeds 1 MeV. In this case, due to the significantly lower energy of the hroh 

quantum of bending-vibrations compared to the analogous energy hrow of the quantum of 

wriggling-vibrations (for example, for the nucleus), the main role in the temperature 
distribution of the fission fragments in terms of the number nb and nw quanta of bending

and wriggling- vibrations is played by the bending-vibrations. But, since the fissile nucleus 
remains in the cold state near it's scission point to fragments of fission, the representation of 
papers [24, 8-11] are not realized, and the formation of spin distributions of fission fragments 
is determined by zero wriggling- and bending- vibrations of CFN with the dominant role of 
wriggling-vibrations. 
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For construction of the distribution W (L) of the relative orbital moments of the fission 

fragments the spin distribution of the fission fragments (8) can be transformed to the form: 

, 1 [ L
2 

J'
2 

] W(L,J )=-2--exp ---- , 
1t cwcb 2Cw 2Cb 

(12) 

where the relative orbital momentum L and the relative spin J' of the fission fragments can 
be represented as 

L=-(J1+Jz), J'=(J1-J2)/2; 
J,=-L/2+J', J2=-L/2-J', 

(13) 

(14) 

with the Jacobian of the change in the transition from the phase volume element dJ1dJ2 to the 

element dLdJ' is equal to 1. Taking into account that the elements of the phase volume dL, 
dJ' for two-dimensional vectors L , J' can be represented in the cylindrical coordinate 
system as 

dL = LdLd<PL , dJ' = l'd.!'d<pJ, (15) 

and integrating the distribution (12) with respect to dJ', d<pJ,, d<pL can obtain the distribution 

normalized by integration with respect to unity: 

L [ L
2 

] W(L) =-exp -- . 
Cw 2Cw 

(16) 

As expected, the obtained distribution W(L) is determined only by a constant Cw for 

wriggling-vibrations. Then the average value L of the relative orbital momentum L of the 
fission fragments is defined as 

L=fLl\jl(L)l
2
dL=-

1 
JL2 exp(-_£_JdL= Eccw?2

• (17) 
o Cw o 2Cw 'V2 

With usage of the found above value Cw= 132 for the nucleus 236U the value L is equal 14.4 

and significantly exceeds the values of the spin l of CFN. 

3. THE DESCRIPTION OF SPIN DISTRIBUTIONS OF FISSION FRAGMENTS 

After the scission point of CFN initially cold i-th fission fragment (i = 1, 2) in a short 
time (of the order of 10-21 s) go over to equilibrium state, for which the distribution of 

excitation energy E;' and spin l; in (1) is built as Gibb's distribution P;(E;' ,J;): 

P;(E;' ,1) = p;(E;')P;(l;), (18) 

where the energy p;(E;') and spin p;(l;) distributions with the temperature r; and the fission 

fragment moment of inertia S; have forms: 

p;(E;'): exp(-E;'/kI;), 

p;(J;): (21; + l)exp[-h 21;(1; +1)/S;kT;]. 

(19) 

(20) 

In later papers (8, 12-13) it was used the representation according to which the statistical 
equilibrium in thermalized fission fragment arises only for their excitation energies, but the 
spin distribution P;(l;) of fission fragment is nonequilibrium, since it forms at the scission 

point of the cold CFN and is not associated with the temperature of the fission fragment after 
it's thermalization. In this case p;(J1) it is presented in the "standard" form (12): 
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(21) 

where the value B2 can differ markedly from the value ':S;kT; /h 2 in formula (20). Based on 

the statistical model of nuclear reactions [27-28] and the cascade-evaporation model [29], 
using energy (19) and spin (21) distributions of thermalized fragments of spontaneous and 
low-energy fission of actinide nuclei, multiplicities, energy and angular distributions 
instantaneous neutrons [11] and gamma quanta [8, 13], evaporated from thermalized 
fragments, relative yields of the ground and isomeric states of the final fission fragments [8, 
13], as well as the characteristics of the delayed neutrons emitted during the /J-decay of these 
fragments. The parameter B 2 in formula (21) was assumed to be (80-120), which leads to the 

average values of the spins of the fission fragments Yi in the range (7-9), close to their 

experimental values. 
The spin distribution of the fission fragments (21) coincides in form with the 

introduced above analogous distribution (10) caused by transverse wriggling- and bending
vibrations of CFN near its scission point, for which the constant B 2 has the form: 

B2 = Cb +Cw' (22) 
2 

The presented above values of constant ( Cb +Cw) I 2 "" 95 and average spin of fission 

fragment Yi ""8.6 from (10) are clearly correlated with the range of values (80-120) for B 2 

and (7-9) for the average spin of the fission fragment Yi calculated in [12-13]. 

4. THE ANGLE DISTRIBUTIONS OF FRAGMENTS OF THE LOW-ENERGY 
PHOTOFISSION 

The angular distribution W(Q) of the fragments of the photofission reaction of even

even target nucleus can be represented with the usage of the formalism [ 1] as 

da (0) 1 r (JK) 
W(Q) =-rr-= IIcr<ErJM)I-1--T/,K (n) . 

dQ 1 M K=o ru) 
(23) 

where a(EY,JM) is the cross section for the formation of CFN with spin J (J = 1 for electric 

dipole and J = 2 for electric quadrupole photons) and it's projection Mon the direction of the 
incident beam of photons with energy EY, r 1 (JK) and r(J) are the fission and total widths 

of the transition fission state of CFN. Using the formulas (1, 4-5) coefficient T/,K ( Q) can be 

represented [201 by formula: 

T/,K ( n) = IB1KM1Pi ( cos 0), (24) 
I 

where 

2J+l" f( )( , )"( )j+J+I ✓2/,+l jK jK r<O roJM {L 
BJKM/ =-- L.,'l'L'l'L'\I 2L+l 2L+l L., -1 r;:;-;-:---; CJLKOCJL'KOL,LL'OOL,JIMO 

47t LL' jl v2J+l J 
(25) 

at that for I= 0 value B1KMo = 1/41t. 

Using the formulas (1, 4-5) and the wave function 'I' L associated with the distribution W(L) 

(16) as 'I' L = .jw ( L) , it can be obtained [20] for the anisotropy of the angular distribution 

(23): 
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dcryf(e)/dn 

dcrrt(90°)/dn 
a+bsin2 0+csin2 (20), 

The coefficients a, b, c in formula (26) are defined in [20]. 

a 

0,13 

0,11 

0,09 

0,07 

' 
0,05 I --------- / 
0,03 ,,.1 
0,01 .... -_____ ...... ,,, .... , 

,, 

5,6 5,8 6,0 6,2 6,4 E,, MaB 

(26) 

Fig. 1. Approximation of the energy dependence of the angular distribution coefficients of 
fragments of the subthreshold photofission 234U for different values of the wriggling
vibrations parameter ( - - - - Cw= 70; --- Cw= 110; -.-.-.-.- Cw= 140; --------Cw ➔ 00 

(A. Bohr limit)). 

From Fig. 1, where dependences from y-quanta energy E
1 

of the experimental and 

theoretical values of asymmetry coefficient a for different values of parameter Cw are 

represented, it is seen that values of the parameter Cw lie in the range Cw = 130 ± 40 and are 

in good agreement with the estimate of the wriggling-vibrations parameter Cw = 132 for 234U 

obtained in [ 16] and essentially different from A. Bohr limit Cw ➔ 00 • Similar values of the 

parameter Cw are optimal [20] for comparison of the theoretical and experimental values of 

the asymmetry coefficients a for the photofission of the 236U and 238U nuclei. 

5. CONCLUSION 

The successful description of the angular distributions fission fragments of low-energy 
nuclear, as well as the characteristics of the instantaneous neutrons and gamma quanta, 
evaporated from fission fragments after their thermalization, is based on the use of introduced 
above three basic representations. The first of these representation introduced at the first by A. 
Bohr is related to the coldness of the CFN at its scission point. The second representation is 
based on taking into account the transverse bending- and wriggling-vibrations of this CNF 
[16], which because of named above coldness of CFN have the zero-point character and lead 
to the appearance of large values of the spins and relative orbital momentum of the fission 
fragments oriented perpendicular to the symmetry axis of CFN at the moment of its rupture. 
And, finally, the third representation uses of the generalized cascade-evaporation model, 
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taking into account the nonequilibrium character of the distributions of spins and relative 
orbital moments of fission fragments due to considered above bending- and wriggling
vibrations with the domination role of wriggling-vibrations. 
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ABSRACT 
It has been analyzed the deficiencies of the approaches to the description of T-odd ROT

asymmetries in the differential cross sections of ternary fission reactions of nonoriented target-nuclei 
by cold polarized neutrons with the emission of prescission a-particles and evaporational y-quanta and 
neutrons based on taking into account the influence of the compound fissile system rotation on fission 
products angular distributions with the usage of the classical trajectory calculations method, in which 
the interference of fission widths amplitudes for various neutron resonance states sJs and s'Js' 
formed in the first well of the compound fissile nucleus deformation potential are absent. It has been 
demonstrated that the method of construction of T-odd TRI-asymmetries for prescission a-particles, 
based on taking into account collective bending-vibrations of compound fissile nucleus at rupture of 
it's scission point, contradict to the traditional representations of the generalized model of nuclei and 
to methods of description of these collective vibrations. 

Within framework of the quantum fission theory it has been proposed the unified mechanism for 
the description of T-odd TRI- and ROT-asymmetries characteristics of analyzed ternary fission 
reactions, based on taking into account the influence of the quantum rotation of the compound fissile 
system on angular distribution as fission fragments, as well third prescission and evaporated particles. 
It has been shown that taking into account the interference of amplitudes of fission widths for named 
above neutron resonance states allows to use the proposed approach for the description of differences 
in signs of T-odd ROT-asymmetry coefficients for emission of prescission a-particles and 
evaporational y-quanta and neutrons. 

1. INTRODUCTION 
da 

The T-odd P-even asymmetries in the differential cross sections _.!!:L of reactions of 
dQ.i 

the ternary fission of the compound fissile nuclei (CFN) formed by the capture of cold 

longitudinally polarized neutrons by target-nuclei 233 U, 235 U, 239 Pu and 241 Pu with the 
flight of the prescission a-particle as third particle were experimentally investigated in papers 

[1-7]. The values da.,t were analyzed in laboratory coordinate system (LCS), where axes Z 
dO.i 

and Y were chosen along the directions of the asymptotic light fission fragment wave vector 
kLF and of the polarization vector of the incident neutron sn correspondently. The 

coefficients of investigated T-odd asymmetries D ( Q.3 ) were calculated by the formula: 

(
dcr(+) dcrH J/(dcr(+) dcrH J D ( 0.

3
) = _.!!:.L - _.!!:L _.!!:L + _.!!:L 

d03 d03 d03 d03 ' 
(1) 

where the signs (+/-) correspond to the two opposite directions of the neutron polarization 

vector sn. 

380 



U233 

-, , 
', I 

............. /✓ 

I ':r-, /_.,,.,I I 

I 
I 

I 
I 

I 
I 

I 
I 

~-"' --- T 
Fig. 1. T-odd asymmetry coefficients for 233U, taking into account the error in the 

experimental determination of the emission angle of the light fission fragment. 

As can be seen on Fig. 1, taken from [l, 7) for the target-nucleus 233 U, the coefficient 
D ( Q3 ) does not change sign and is approximately constant in the wide range of angles 03 • 

This asymmetry was called in [1] as T-odd TRI (Time Reversal Invariance)-asymmetry, 
because it was assumed that the named above asymmetry is connected with the representation 
about the violation of T-invariance in investigated nuclear reactions, which was not confined 
later. The mechanism of the investigated TRI-asymmetry appearance was related [6] with the 
influence on the formation kinematic characteristics of the emitted a-particle by classical 
catapult forces caused by decrease in the time of the collective rotation frequency of the fissile 
system after the scission of CFN, and later [7] with the influence on the these characteristics 
of the transverse bending-vibrations of CFN in the vicinity of it's scission point. 

Later in the papers [3-7) it has been demonstrated that (see Fig. 2, 3, 4) the 
experimental coefficients D( nJ for target-nuclei 235 U, 239 Pu and 241 Pu change sign in the 

vicinity of the angle 03 ""90° corresponding to the maximum angular distribution of a

particles emitted during fission of the same nuclei by cold nonpolarized neutrons [8]. 

80 ... 90 100 1101 0 'J:, 3 

:r:-, I 1-,:i 

---------I 

50 60 70 

-0.02 

Fig. 2. T-odd asymmetry coefficients for 235U, taking into account the error in the 
experimental determination of the emission angle of the light fission fragment. 

381 



~tv '""" 
.... I -~1i·jt]JI/ 

Fig. 3. T-odd asymmetry coefficients for 239Pu, talcing into account the error in the 
experimental determination of the emission angle of the light fission fragment. 
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Fig. 4. T-odd asymmetry coefficients for 241 Pu, taking into account the error in the 
experimental determination of the emission angle of the light fission fragment. 

Such an asymmetry in [3-7] was connected with the prevailing role of the new T-odd 
asymmetry, named by ROT (Rotation)-asymmetry, which was related with talcing into 
account of the influence of the collective rotation of the polarized CFN on the angular 
distributions of the emitted fission fragments and a-particles on the base of the classical 
scheme of trajectory calculations [3, 5]. 

In the general case the T-odd asymmetry coefficients for the reactions of the ternary 
nuclear fission by cold polarized neutrons were presented [ 1-7] as 

D(0.3) = DROT(0.3) + DTRI (0.3)' (2) 

where the coefficients DRar(0.3) and Drn,(0.3) correspond to the T-odd ROT- and TRI

asymmetries correspondently and are constructed with taking into account named above 
mechanism of their appearance as 

W'(O.J -
DR0T(Q3) = 2!1 ) , Drn, (0.,)- const, (3) 

2W(0.
3 

• 

where Ll is the difference between the turn angles of the light fission fragment and the a

particle with taking into account the influence of CFN rotation, W ( 0.3 ) is the angular 

distribution of the a-particle for the ternary nuclear fission by nonpolarized cold neutrons. 
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dcr 
Somewhat later in [9-12] in the differential cross sections _.!!.:L of the fission reaction 

d0.3 
for target-nuclei 233U, 235U by cold polarized neutrons with evaporated by fission fragments 
instantaneous neutrons and y-quanta as third particles the T-odd asymmetries were found, for 
which the coefficients D(0.3 ) correspond to the discussed above ROT-asymmetry (see Fig. 5 

taken from [11] for evaporative y-quanta). 

D(03) 
0.0008 

0.0004 

0 

-0.0004 

-----'-O.......J'--6-'--0---'--12._0__.........JI 8-0 e3 

Fig. 5. T-odd asymmetry coefficients for 233U taking into account the error in the 
experimental determination of the emission angle of evaporative y-quanta. · 

At present time, the mechanisms of the appearance of observable T-odd asymmetries 
are actively searched. The problem consists in finding of the answer to the question - why the 
target-nuclei 233 U, 235 U, 239 Pu and 241 Pu having close masses, charges, angular and energy 
distributions of third particles W ( Q.3 ) for ternary fission by cold nonpolarized neutrons can 

have so much different forms (see Fig. 1-4) of the coefficients of the discussed T-odd 
asymmetries in the ternary fission of these nuclei by cold polarized neutrons. 

The aim of this paper is to demonstrate that all the discussed T-odd asymmetries for 
ternary fission reactions of nonoriented target-nuclei by cold polarized neutrons can be 
explained in principle within the framework of quantum fission theory [13-24] taking into 
account the interference of the fission amplitudes of the neutron resonance states formed in 
compound fissile nucleus in the it's first potential well. 

2. CHARACTERISTICS OF THE LOW-ENERGY BINARY AND TERNARY 
NUCLEAR FISSION 

In this paper for the description of the binary and ternary low-energy nuclear fission it 
will be used the following representations reasonably well-founded within the framework of 
the quantum fission theory 

1) the conservation of the axial symmetry at all stages of deformation motion of CFN 
[25] towards to it's scission point; 

2) the coldness [26] of CFN at all fission stages after it's passage of the second fission 
barrier towards to it's scission point; 

3) connected with named above coldness the conservation of the projection K of the spin 
J ofCFN on the it's symmetry axis [26, 13, 16, 18, 20]; 
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4) connected with named above coldness the necessary of taking into account only zero 
wriggling- and bending-vibrations [27] for the formation of angular and spin fission 
fragments distributions [23, 24]; 

5) the nonevoporational and nonadiabatical mechanism [28, 29] of the flight of 
prescission third particles;. 

6) for P-even T-odd asymmetries in angular distributions ofprescission third particles for 
the ternary fission of nonoriented target-nuclei by cold polarized neutrons the spin density 
matrix of CFN must be constructed in the form, taking into account the interference of fission 
amplitudes of two different named above s-neutron resonances of the fissile compound 
nucleus with same and different spins J, J' and it's projections M, M [15]: 

JJ' 1 is ( )[ J'M' J'M' ] 
PMM' { )8J,J'8M,M'+ { n )AJ,J' CJIMl+CJIM-1, 

2 21 +1 2 21 +1 

where A(J,J') is defined as 

A(J J')=8 ( ~8 - ✓J+l8 J- ✓2J+l8 + 
' J,J' vi(Y+i) J,J< 2J J,J, 2J J,J'+I 

2J + 1 0 J J'-l • 

2(J +1) ' 

(4) 

(5) 

7) the amplitude of nonperturbated by CFN rotation angular distribution of a-particle 
W ( Q 3 ) in the internal coordinate system (ICS) can be represented as 

A(0')= Ld11';0(0')= L{d1}e161 1';0 (0'), (6) 
I I 

where 81 is angle between the direction of a-particle flight and CFN symmetry axis, { d1} and 

81 is the real main value and the phase of quantity d1 , Because the Coulomb parameter 

17 = 
22

e
2 

>> l, where quantity Z is connected with charges of light and heavy fission 
hva 

fragments, v" is the a-particle relative velocity and l - the relative orbital moment of a

particle, it can be used the quasi-classical approximation, in which phase 81 is independent 

from the a-particle orbital momentum l and has the form 81 = 80 • Then the amplitude A(0') 

can be represented as 
A(0') = / 60 

{ A(0')} = e160 L { d1} Yio (0'), (7) 
I 

and the a-particle angular distribution P(0') is defined as 

P(0') = JA(0')12 = { A(0')} 
2 

(8) 

Then representing the amplitude A(0') (7) as 
A(0') = A" (0') + A odd (0') (9) 

where the amplitude A" (0') ( A odd (0')) is defined by the formula (7) with only even ( odd) 

orbital moments. Since at the inversion of the a-particle wave vector k 3 the distribution 

P(0') transits to distribution P( 1t - 0'), with the usage of formulae (8-9) it can be found: 

{A"(0')} =½[ .jP(0') +.JP(n-0')]; {Aodd(0')} =½[ .jP(0')-.jP(n-0')] 

{A(0')} = .jP(0'). 
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Using the normalized experimental angular distribution of a-particle P(0') for ternary fission 
of target-nuclei 235U by cold nonpolarized neutrons [8]: 

( 
1(0'-0 )

2

) P(0')=Aexp - 2 ~ , (11) 

where 00 = 81.65°, w= 11.57°, it can be calculated amplitudes {A"'(0')} and {A""d(0')}, 

which presented on the Fig. 6, where lines 1, 2 and 3 correspond to {A(0')}, {A""(0')} and 

{A00d(0')}. 

0.8 

0.8 

0.4 

0.2 

40 

-0.2 

Fig.6.Dependenceoftheamplitudes A(0") (line 1), ~v(0") (line2)n ~ nld (0")(line3)on 

the emission angle of the third particle. 

From Fig. 6 it can be seen that the amplitude jAev(0')j has the positive sign and it's maximal 

value prevailing the maximal value of quantity jA'nld (0')j by factor 3. 

3. T-ODD TRI- AND ROT-ASYMMETRIES FOR TERNARY FISSION AND 
CORIOLIS INTERACTION 

The appearance of all types ofT-odd asymmetries in the reactions of ternary fission of 
nonoriented nuclei-targets by cold polarized neutrons with emission of prescission a-particles 
can be connected [15, 19, 21-22] by the influence of the rotation CFN on the angular 
distributions of ternary fission products through the Hamiltonian Hc

0
, of the Coriolis 

interaction consisting of two terms: the first term associated with the interaction of the total 
spin J of CFN with the relative orbital momentum L fission fragments and the second term 
associated with the interaction of the total spin J with the relative orbital momentum l of the 
third particle: 

h2 
Hcor =-

2
g ([J.L_ +J_L.]+[J)_ +l_l+]), 

.L 

(12) 

where operators J ±, L± and l± are defined in ICS of CFN as 

J± =11 ±iJ2 ; L± =½ ±iLz, l± =l1 ±il2 (13) 

and g .L is the moment of inertia of the axial-symmetrical CFN for it's rotation around an axis 

perpendicular to CFN symmetry axis. 
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The action of the operators l ± , L± and /± on the functions D~K ( ro) , Y LKL ( Q'LF) and 

Y,K, ( n:) is defined as: 

J±D;.;,K, ( ro) = [(1, ±K,)(l., mK, +1)]'12 n:;,(K,ml) ( ro); 

L±YLKL (Q'LF)=[(LmKi)(L±KL +1)]'12 YL{KL±i)(Q'LF); 

l±Y,K, (n:) =[(l mK1)(l±K1 +1)]'12 r;(K,±l) (n:). 

(14) 

Since the Coriolis interaction is small, it can be taken into account in the first order of 
perturbation theory. 
Using the formula: 

Y (e' )- /47t "r (e' \v' (n' ) LO LF0 ,k0 -vU+J L,.. LKL LF0 J'LKL k0 

KL 
(15) 

and the adiabatic approximation associated with the slowness of the rotation motion of CFN 
in comparison with it's nucleons internal motion the wave functions q,·;(• of the transitional 

fission states of CFN can be represented as 

" 21. + 1 ~ e;k,p { / +K } '1,1.u, = L... -·' - ----0...._ D'· (ro)x +(-1) • 'D'· _ (ro)x_ n<0>(n- )A<0>(n' ). (16) K., C 167t2 hue p5/2 M,K, K, M, K, K, LF 3 

Because of the effect of the pumping of large values of fission fragments relative orbital 
moments associated with zero wriggling-vibrations of CFN the amplitude of the normalized 
fission fragments angular distribution in formula (16) coincides with the high degree of 
accuracy with the amplitude of the "spreaded" Ii-function: 

n<0>(n· )--1-0112 (cos0' -1)- -?',bY (n' ) (17) LF-~
2 

LF -L,.1LO LF• 
V L7t L=O 

where 

{ 

L, }-1/2 
bl= 6(2L+l) ✓2L+l. 

The influence of the polarized CFN rotation on the fission fragments angular 
distributions is defined by the term of the Hamiltonian of the Coriolis interaction Hco, (12), 

depending from orbital momentum L, and with the usage of formulae (15), (18) leads to the 
appearance of the amplitude n<cor> ( Q~) of fission fragments angular distribution in the first 

order of perturbation theory for Hco, having the form: 

n<cor) (n~) = b(Lm) I✓L(L+l) [ YL(-1) (n~ )-YL, (n~ )]✓(2L+l)/41t = 
L 

, do112 (cos0~-1) 
=-2cosqi 

LF d0'u, 

(18) 

Taking into account the similar transformations for the amplitudes A co> ( n;) of the third 

particle angular distribution it can be obtain: 

N°' (n;) = Lb1✓z ( l + 1) [r;Hl (n;)-Y,, ( n;)] = -2cosqi;2)1 dl-;o (,e;). (19) 
l~l /~I d03 

Then the components of the asymmetry coefficient (2) can be represented [24] as 
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where 

a ROT = ( sin(o,J,s'J,. + 6,v -6°)k'v -sin(o,J,s'J)), 

aTR, =(sin(o,J,s'J,, +6,xld-6°)kodd -sin(Os1,,·1))' 

and the angle of turn out L\9 is represented as 

L\9 = -ro( K,,J,,11 )'t'. 

(20) 

(21) 

(22) 

(23) 

(24) 

The effective angular velocity of rotation ro( K, ,J,, J,.•) is determined by the relation of paper 

[24]: 

where 

ro(K,,J,,J,.)= h~. g(K,.J,,J, .. ), 
230 

g(K,,J,,J,.)= 

1,(1,+1}-K; 
-=-.,___;;,_...._---"- JJ,m1. J, = I + 112 = J, 

J, 

J (J. +1}-K2 

' • ' JJ.m1.J, = /-112=1< 
J,+1 

J, 

(25) 

(26) 

On the basis of ;i:,2-method the formulae (20)- (21) were used in [21] for analysis of the 

angular dependences of the coefficients Dexp (na) for ternary fission reactions for target

nuclei 233U, 235U, 239Pu and 241Pu by cold polarized neutrons [2-5] and to calculate the values 
of DRor and DrR, in (2). As can be seen from Figs. 2, 3 and 4 the angular dependences of 

experimental and theoretical coefficients Dexp ( na) and D ( 0 0 ) at the angle 93 are in good 

agreement one with another for the target-nuclei 235U, 239Pu and 241Pu. 

At the same time the angular dependence of the theoretical coefficient D{Oa} for the 

target nucleus 233U (see Fig. 1) corresponds to the similar dependence of experimental 

coefficient Dexp ( Qa) in the 60° < 93 < 110° range of angles, where the value of undisturbed 

experimental amplitude AO 
( 9J is significantly differ from zero. The noticeable discrepancy 

between these coefficients is observed at ranges of angles 93 < 60° and 93 > 110°. It is not 

excluded that this discrepancy is associated, on the one hand, with the inaccuracy of the 

definition [21-22] of the theoretical amplitudes {A;;'(93 )},{A,:;(93 )} though amplitudes 
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d{A~.(S3 )} d{A~(S3 )} d h h h d . h 'bl . . h d r· .. ---~, ----~ an on t e ot er an , wit poss1 e maccuracy m t e e m1t10n 
d03 d03 

experimental values of Dexp ( Q") . 

4. CONCLUSION 

In the present paper the consideration of the T-odd asymmetries for prescission and 
evaporative third particles appearing in the ternary fission of the actinide nuclei by cold 
polarized neutrons has allowed to concretize the basic dynamic mechanisms for the binary 
and ternary nuclear fission, which determinate at the formation of these asymmetries. It has 
been shown that the considered T-odd asymmetries can be classified by taking into account 
the effects connected with interference of the fissile amplitudes of neutron resonances and the 
different influence in the common case of the appearance of the even and odd orbital 
moments of the third particles. 
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COAXIAL FISSION FOR THREE COMP ARABLE MASS FRAGMENTS AS A 
CONSEQUENCE OF THE COLLECTIVE MODEL OF NUCLEUS 
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190005 Saint-Petersburg, Russia 

Abstract 

The trajectory calculations for the fragments of spontaneous true ternary fission of 
the 252Cf nuclei are performed, aimed at :;tudying the effect of the collective rotation 
of the fragments on their angular distribution. The rotation arises at the moment of 
scission due to formation of spins in the fragments, in spite of conservation of zero total 
angular momentum. The conclusion is that the collinear flight of all the fragments of 
the spontaneous true ternary fission of 252 Cf, which is in the model on the prescission 
stage, survives at the final stages of spreading of the fragments. The results prove the 
experimental data obtained. 

Introduction 

The question of fission into three comparable fragments has a long, challenging and 
fascinating :;tory. As distinct from traditional ternary fission, where emission of two ma:;
siye fragments is accompanied with a ternary light particle, like an a: particle, sometimes 
it is called true ternary fission (TTF). Strutinsky et al. were the first who proposed 
search for this process [l]. Attempts of creating a theory of TTF were undertaken by 
many theorists. Proceeding from typical initial conditions on the top of usual fission 
barrier, within the framework of the liquid drop model, Nix [2] demonstrated formation 
of a third very light fragment which arose between two other massive fragments in the 
case of very heavy fissioning systems with A ;2:, 300. Family of shapes leading to fission 
into three massive fragments was deduced in Ref. [3, 4]. Legendre-polynomial expansion 
up to tenth order and more was usually exploited. In some papers, though, the role of 
hexadecapole deformation was underlined. The idea of generic mechanism of TTF was 
expressed in Refs. [5, 6, 7], in contrast to the consecutive one. It is suggested that TTF 
develops along a special dynamical path to which the nucleus enters at the very begin
ning of fission. The predetermining role belongs to the hexadecapole deformation, as the 
quadrupole deformation plays the leading role in habitual binary fission. 

First experimental studies were undertaken, searching for this mode in fission of ac
tinide nuclei by thermal neutrons [8] and a: particles [9], in heavy-ion collisions [10], or 
spontaneous fission of 252Cf [11]. Only upper limits of the probability of the processes 
were established at the level of 10-4 - 10-3 

. It is worthy of noting that there was a 
tacit contradiction between theory and experimental search. From the theoretical point 
of view, linear form of a fissile nucleus is more favourable than a clover-leaf shape ( e. g. 
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[5] and refs. cited therein). However, experimental efforts were mainly aimed at detecting 
fragments at approximately similar angles, i.e., ~ 120°. Based on general considerations, 
the experimenters likely believed that the mutual electrostatic repulsion could align the 
spreading angles. Solyakin et al. proposed the collinear mode of tripartition [12], when 
searching for TTF of 238U by 1-GeV protons. This concept was most successfully realized 
in JINR experiments on FOBOS and mini-FOBOS setup [13, 14, 15]. Use of the missing
mass method in combination with net detectors led to conclusion that the collinear mode 
of TTF of 235U and spontaneous fission of 252 Cf may be at the level of up to 10-4 - 10-5 _ 

At first sight, this mode is in contrast with ordinary ternary fission, where a particles or 
protons are emitted approximately perpendicularly to the fission axis. At the same time, 
there is a small fraction ~10 percent of polar alpha particles, emitted along the fission 
axis (e.g. [16] and refs. cited therein). In Ref. [17] the authors doubted a possibility 
of a "perfectly" collinear flight in the case of three massive fragments. It follows from 
this qualitative consideration that the question of angular distribution of the fragments 
is of primordial interest. As we will see, the collinear character of fragment flight off 
follows the same principles the collective model of nuclear motion is founded on. As a 
result, the description turns out to be completely different in the cases of usual ternary 
fission accompanied by emission of an alpha particle, and TTF. In the first case, the two 
nascent massive fragments form an axially-symmetric core, in the field of which the alpha 
particle is formed and emitted. In the latter case, all three nascent fragments form the 
core, which may be axially-symmetric, if all three fragments are moving coaxially before 
separation, or not to be. These two possibilities have drastic consequences, as, according 
to the first principles, the axially-symmetric shape replies to the projection of the core 
angular momentum on the fission axis K = 0. Then the nascent fragments move co
axially till scission. Broken axial symmetry is associated with K > 0. In order to realize 
this possibility, some energy is needed for collective rotation around the fission axis. This 
leads to an effective increase of the fission barrier and related suppression of the fission 
probability. Actually, this consideration is founded on the same ground as the known 
Bohr's hypothesis [18, 19] about the predominance of a certain channel in photofission 
of 238 U. In the case of spontaneous fission of spinless nuclei of 252 Cf, considered herein, 
the condition K = 0 undoubtedly holds up to the first scission. Therefore, the nascent 
fragments move strictly co-axially on the fission axis. 

In principle, the equality K = 0 does not forbid rotation in the plane of symmetry. 
Arising rotation of the fission axis perpendicular to the fission direction brakes picture 
of the co-axial fragment flight after scission, as this is shown below. This kind of the 
collective rotation is also absent in our case of spontaneous fission of 252Cf yet. However, 
also in this case, the co-axial symmetry is broken at scission [20]. In the case of binary 
fission of actinide nuclei, the mean value of the fragment spin is ~ 7 to 8 [21, 22]. Moreover, 
the arising rotational moment is likely directed perpendicularly to the fission axis [20]. 
Therefore, one may expect that the total angular momentum of the relative motion of all 
three fragments of TTF may achieve as much as L ~ 10 - 20 and more. Conserving after 
scission, such a rotation might brake the collinear scenario of fragment flight off. 

A similar effect is known in fission of nuclei with spins different from zero. Then the 
angular momentum of such a collective rotation before scission goes over the transverse 
velocity of the fission fragments after sc1ss1on. In the case of fission with polarized 
neutrons, this gives rise to the known ROT effect [23]. It manifests as correlation of 
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the direction of emission of alpha particle with the directions of heavy fragment and 
the spin of the fissile nucleus. The ROT effect is observed by the difference method 
in fission by polarized neutrons [23, 24]. As follows from the above consideration, the 
collective angular momentum arising at scission may be several times more that the 
spin of the fissile nucleus. However, it does not contribute to the ROT effect because of 
angular averaging: there is no correlation of the L direction with the spin of the fissile 
nucleus. But in TTF, where each event is detected independently of others, the presence 
of the collective moment L could easily prove itself in violation of the collinearity of 
the scattering of the fragments. We will proceed from a strongest assumption that the 
transverse spin of each fragment may be as high as 7 and even more, so that the total 
transverse collective spin after scission may reach values of L :::::: 20. Such big conceivable 
. v~ues of the collective spin are compensated by the sum of the spins of each of the 
fragments, which is of the opposite sign. Of course, if the transverse collective spin is 
smaller, or even close to zero, all the more the trajectories of the fragments hold collinear. 
Let us consider the question in more detail. 

Calculation formulas 

Numerical simulation of trajectories of representative fragments is a classical method. 
Its applicability follows a known fact that wavelength is much smaller than the nuclear 
fragment size. Such calculations were found to work well for description of a: data in 
ternary fission (e. g.[25]), specifically, of the ROT effect [26]. Representative trajectories 
are simulated in the next section by solving the Newton equations of motion with initial 
conditions of position and velocity for each fragment at scission. We consider the generic 
mechanism of the TTF, when the both scissions occure nearly simultaneously within a 
narrow zone comparable to R0 . For simplicity, it is assumed a spherical shape of the 
fragments. The choice of the initial conditions is presented in Fig. 1. Let the fission 
axis coincide with the quantization axis z at the moment of scission. Denote the extreme 
side fragments with indices 1 and 2, and the mean fragment as No. 3. In view of the 
axial symmetry of the problem, let x be the transverse direction axis. The atomic and 
mass numbers of the fragments are assumed to be Z; and A;, respectively, i = 1, 2 and 3, 
with the distances r 12 , r 23 and r 13 between the fragments. The positions of the fragments 
must be selected, baring in mind their future total kinetic energy (TKE), which must not 
exceed reaction heat Q. For the parameterization purposes, the total Coulomb energy of 
the fragments is minimized, based on the position of the second fragment at fixed distance 
D = r12 between the extreme fragments: 

,;z; 
r23 = D PT PT . 

vZ1 + vZ2 
(1) 

Hence, the initial positions of all three fragments are fixed by the single parameter D 
defined by the TKE value T, T '.S Q: 

T = (Z1Z2 + Z1Z3 + ~2Z3)e2 . 

r12 r13 r23 
(2) 

Initial conditions for the trajectory simulations. Vi, V2 and Vi are the transverse velocities to the 
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➔z 

<-------- D=r12 -------:► 

Figure 1: Initial conditions for the trajectory simulations. Vi, V2 and V3 are the transverse velocities 
to the fission axis of the fragments 1 - 3, which comprise the total relative angular momentum of the 
collective rotation of the fragments (directed towards us). Dis the_distance between extreme fragments. 

fission axis of the fragments 1 - 3, which comprise the total relative angular momentum of the collective 

rotation of the fragments ( directed towards us). D is the distance between extreme fragments. A 
small possible initial velocity of the fragments in the z direction is not important for 
the present purposes. In accordance with what is said in the Introduction, in order to 
calculate the initial velocity of the fragments in the transverse direction, we use the value 
of their assumed total angular momentum and the position of each fragment on the axis 
relative to their center of gravity. Let us designate the masses of the fragments and their 
positions along the axis of fission as M1, z1, M2, z2 and M3 , z3 , respectively. Center of 
gravity of the fragments, determined during fission, is set as 

( = (M1z1 + M2z2 + M3z3)/M, {3) 

where M = M1 + M2 + M3 . Total angular momentum of t.lH: f'raµ;mcnts is described by 
the equation 

w [M1(z1 - ()2 + M2(z2 - ()2 + M:i(z:i - ()~] = Lli, 

and the initial transverse velocity of fragment i is 

V; = w(z; - (). 

(4) 

(5) 

The macroscopic-microscopic landscape of the potential deformation energy was calcu
lated in Ref. [27] for the case of TTF of 252 Cf. It suggests the following mode as a likely 
candidate: 

2s2cf ➔ 132Sn + 4sca + 72Ni, Q=251MeV. (6) 

The Q value in fission (6) was calculated, using AME2012 atomic mass evaluation [28]. 
The presence of two magic or semimagic fragments in the final state provide a great 
released energy Q. The situation is like in three-partition of the atomic clusters of 

27 Na+++ ➔ 3 9Na+ into three magic clusters of gNa+ [5]. The final TKE values of the 
fragments depend on the scission configuration: position of the fragments, thickness of 
the necks. Deformation of the fragments takes a part of the released energy, which is 
subtracted from the Q value. We will consider various representative TKE, and total 
angular momenta L. We will differ the extreme fragments as light and heavy ones, and 
the smallest fragment which we put in the middle we will call the ternary one. 
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Calculation results 

In the landscape of the potential energy in Ref. [27], pronounced valleys favorable for 
ternary fission were found. One of they, which may be related with channel (6), lies after 
a saddle point at R12 ::::: 3Ro = 22 fm, where Ro is the radius of the mother nucleus. At 
this distance, formation of the final fragment starts. This is close to the scission range in 
the case of binary fission, where the scission distance is approximately twice as large as 
the total radius of the both fragments. The valley presents a good opportunity for scission 
and separation of all three fragments somewhere at r 12 ~ 30 fm. Indeed, the TKE value 
T = Q would be achieved if scission occurred at r 12 = 25.56 fm. In practice, part of the 
released energy is stored in the deformation energy of the fragments, while scission occurs 
at a larger distance. Baring this in mind, we varied the parameter D = r 12 in the range 
up to 40 fm. Experimental results [15] confirm such an expectation. The results of the 
trajectory simulation are presented in Fig. 2 and Table 1. The calculated kinetic energies 
of each of the fragments, together with their TKE, are presented in Fig. 2 versus the 
distance between the extreme heavy and light fragments D at scission. All the energies 
smoothly decrease with increasing D, with TKE changing from T = Q = 251 Me V for D 
= 25.6 fm down to T = 160 MeV for D = 40 fm. As well as in ordinary binary fission, 
the heavy fragments are produced with lower kinetic energies. We note a characteristic 
feature of TTF displayed in Fig. 2: the ternary fragments, which are formed between the 
heavy and light ones, turn out to be very slow, with the kinetic energies of approximately 
5 MeV. This is 15 - 20 times as small as the energies of the main fragments. This is in 
accordance with ref. [29]. 

The results concerning the angular distribution of the fragments are presented in Table 
1. As a consequence of rotation of the fission axis, neither of the fragments continues to 
move along the z axis anymore, if £ =f 0. This is the same phenomenon which causes 
the ROT effect. For the configuration presented in Fig. 1, where the momentum L is 
directed towards the reader, the light Ni fragment goes below the z axis. In turn, the 
heavy Te fragment goes upwards. And the asymptotic rotation angle appears to be close 
to the value which can be expected, based on the value which is observed and reproduced 
by numerical simulations for the ROT effect. Thus, it comprises ~ 2° for L = 20, that is 
about 0.1 degree per unit angular moment. The folding angle 0 between the fragments 
remains 180° in the case of binary fission. In our case of TTF, however, it changes, 
depending on the L value, diverging by 1 - 2 degrees from 180°. 

The values of the angle 0 between the asymptotic directions of the two main 
fragments are presented in the Table for various L values. They are close to 180°. 
The ternary and the light fragments always fly in the same direction. The angle of 
divergence <I> between them is also presented against the value of the total transverse 
angular momentum L, which was varied in a wide range O '.S L S 20. All three fragments 
remain in the same plane, wherein the projections of the velocities of the two fragments, 
the light and the ternary one, per axis perpendicular to the direction of emission of 
the heavy fragment have opposite signs. Flight off of the ternary fragment is equally 
probable into the upper and lower half-planes. From the presented results it follows that 
two fragments moving in the same direction diverge within one-two degrees at most, 
for all the considered L values. Such a divergence can be prettily neglected in the first 
approximation, at least in the conditions of the conducted experiments on FOBOS and 
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Figure 2: Kinetic energies of the fragments and their TKE values against the scission point D: fragments 
1 and 2 - lower full and dashed lines, respectively, dotted line - the energy of the ternary fragment, 
scaled by a factor of 10, and full upper line - the total kinetic energy. 

mini-FOBOS. This quite justifies the observed picture of collinear flight of the fragments 
in the TTF. 

Conclusion 

It follows from the considered model of scattering of the fragments of TTF that the 
approximately collinear picture of spreading of all the three fragments is most probable. 
In the case of K = 0, the reason is axially-symmetric shape of the fissile nucleus on its 
path towards fission. Because of the axial symmetry, there is a sole way of formation of 
the fragments, when they remain co-axial till scission. This is a remarkable illustration 
of the collective Bohr's model. Before, the Bohr's hypothesis marked application of the 
principles of symmetry in fission, which are laid in the base of the collective model. The 
hypothesis also works in the case of fission of 235U by thermal neutrons, in which case 
the compound nucleus is characterized by full chaos over the K values: all the possible 
K values from O to 4 become equally probable due to the Coriolis mixing [30]. Also in 
this case, most probable channels with a certain K turn out to be those which reply to 
minimal energy over the fission barrier. The barrier works as the filter [30]. However, 
the angular distribution becomes more complicated because of the chaos on the stage 
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Table 1: Calculated angular distributions of the fragments of true ternary fission of 252Cf (6) versus 
the scission point D and the relative angular momentum L in the c. m. system. 8 is the folding angle 
between the directions of the heavy and light fragments, ,I, - the divergence angle between the light 72Ni 
and ternary 48Ca fragments 

D, fm L eo q,o 

5 179.9 0.7 
10 179.8 1.4 

25.6 15 179.7 2.1 
20 179.6 2.8 
5 179.9 0.6 

30 15 179.7 1.9 
5 179.9 0.6 

35 15 179.7 1.8 
20 179.6 2.4 

of compound nucleus. In view of the results obtained above, the true ternary fission 
presents a bright example where the principles of symmetry comprising the foundation of 
the collective model, and specifically the Bohr's hypothesis concerning fission, manifest 
themselves in full shine. 

The author is grateful to L. F. Vitushkin, Yu. I. Gusev, and I. S. Guseva for their 
helpful advice, as well as to S. G. Kadmensky and V. I. Furman for fruitful comments. 
He also thanks D. V. Kamanin and Yu. V. Pyatkov for discussions of the experimental 
data. 
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Abstract. The TRI and ROT asymmetries in fission of heavy nuclei have been extensively studied 
during more than a decade. The effects were first discovered in the ternary fission in a series of 
experiments performed at the ILL reactor (Grenoble) by a collaboration of Russian and European 
institutes, and were carefully measured for a number of fissioning nuclei. Later on, the ROT effect has 
been observed in the emission of prompt gamma rays and neutrons in fission of 235ff and 233U, 
although its value was an order of magnitude smaller than in the a-particle emission from ternary 
fission. All experiments performed so far are done with cold polarized neutrons, what assumes a 
mixture of several spin states, the weights of these states being not well known. The present paper 
describes the frrst attempt to get "clean" data by performing the measurement of gamma and neutron 
asymmetries in an isolated resonance of 235U at the POLI instrument of the FRM2 reactor in Garching. 

1. Introduction 

The T-odd effects in fission of heavy nuclei have been known since more than a 
decade. The first effect of this type, the so called TRI-effect was discovered at the ILL reactor 
(Grenoble) by a collaboration of Russian and European institutes [1,2) in an experiment 
aimed at the search for violation of time reversal invariance (TRI) following the idea, 
proposed in [3]. It was found that the probability of emission of an alpha-particle in ternary 
fission in the direction perpendicular to the plane formed by the neutron spin and the fragment 
momentum shows a pronounced anisotropy. The magnitude of the effect turned out to be 
surprisingly large, and the current explanation doesn't imply the existence of such a violation, 
but is based on the final state interaction of the reaction products. In other words, the effect is 
not connected with the violation of the time reversal invariance, but with the mechanism of 
the fission process. Nevertheless, the effect is still called the "TRI-effect" in literature. 

Furthermore, it was noticed that when reversing the direction of polarization of the 
neutron beam, the angular distribution of a- particles is shifted by a small angle relative to the 
axis of fragment emission, the offset direction being determined by the direction of 
polarization of the neutron beam. The authors called this effect the ROT - effect [4]. Both, 
TRI and ROT effects are formally T-odd, but have no direct connection with the violation of 
the time reversal invariance. 
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From the semi classical description of the ROT effect, which assumes the rotation of a 
polarized nucleus before it splits into two (or three) fragments it follows that a similar 
phenomenon can also be discovered in the angular distribution of some other particles 
accompanying the fission of a nucleus into two fragments. The effect can be observed only if 
this distribution is anisotropic with respect to the deformation axis of the fissioning nucleus at 
the moment of scission, and the asymmetry with respect to the initial direction of the 
deformation axis is fully or partly conserved after the escape of the fragments to infinity. 
Indeed, a similar effect has been observed in the emission of prompt gamma rays and 
neutrons in fission of 235U and 233U, although its value was an order of magnitude smaller than 
in the a-particle emission from ternary fission (5-7]. 

At present, there are several theoretical models which can describe both effects (8-13]. 
According to the model, proposed in (13], both effects depend on the quantum numbers J and 
K (the total angular momentum and its projection on the deformation axis), which 
characterize the fission channel. For the thermal (or cold) neutron induced fission (where all 
previous data are obtained), there is a mixture of several spin states, and the weights of these 
states are not known. The only way to get "clean" data is to perform measurements in isolated 
resonances. Such an experiment was performed at the POLI instrument of the FRM2 reactor 
in Garching, which provides the necessary polarized neutron beam with an energy of0.27 eV, 
corresponding to the lowest resonance of 235U. Preliminary results of this experiment are 
presented in this paper. 

2. Experiment 

We used the polarized hot neutron beam provided by the POLI instrument (14] at the 
FRM-11 reactor in Garching. The schematic view of the experimental setup is shown in Fig. 1. 
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3. Monochromator slits 
4. Monochromator 
5. 3He spin filter cells 
6. Spin control coils 
7. Neutron detectors 
8. Fissile target 
9. Fission chamber 
10. Beam stop 
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Fig. 1. Schematic view of the experimental setup at the POLI facility ofFRM-11. 
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A monochromator made of a mosaic of Cu crystals was used to select a narrow neutron beam 
with the mean energy of270 meV () .. =0.55 A). This energy exactly coincides with the position 
of the lowest resonance of 235U [15]. The monochromator also allows simultaneous focusing 
of the neutron beam on the target position providing the maximum intensity of unpolarized 
neutrons of about 4· l 06 n/cm2/sec. 

The neutrons were polarized using specially designed 3He gas cells [16]. The same 
type of cell was also used as analyzer for measuring beam polarization. Since polarized nuclei 
of 3He possess very high spin-dependent neutron absorption efficiency over a wide range of 
energies, the 3He cell can be used as a broadband neutron polariser or analyser, with the 
possibility to optimise its efficiency for nearly all neutron wavelengths. In our experiment, the 
size of the cells was 060xl30 mm and the gas pressure 2.5 bar (0.25 MPa), which provided 
the maximal neutron polarization of about 70%. The polarizer and analyzer cells were 
polarized in an external lab and placed into a special magnetic housing with highly 
homogeneous constant magnetic field. The polarization of 3He in the cell exponentially 
decreased with the time constant of about 40 hours, therefore both cells were replaced every 
24 hours. 

Both, polarizer and analyzer provided vertical polarization of the neutron beam while 
the searched effect requires horizontal (longitudinal) polarization. For changing the 
polarization direction from vertical to horizontal, a specially designed spin control system was 
used, consisting of several µ-metal shielded magnetic coils, which allowed also flipping the 
spin at the target position by 180 degrees every 1.3 seconds. 

The schematic view of the fission chamber surrounded by a set of gamma-ray 
detectors is shown in Fig. 2. 

1 

-67.5' 

1. Fissile target 
2. Fission fragment detectors 
J. Neutronty-rays detectors 

Fig. 2. Layout of the experimental facility. View from the beam direction. 
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The chamber was filled with CF4 gas at a pressure of about 10 mbar. A uranium target 
containing about 82 mg of 235U (99.99%) oxide-protoxide deposited on the two sides of a 
thick 40x100 mm2 aluminium backing was arranged along the chamber axis. Thin low
pressure multiwire proportional counters (MWPC) were used as fission fragment detectors, 
being placed on two sides of the target at a distance of -3 cm (start detector) and -11 cm (stop 
detector). Start and stop detectors are supposed to be used for measuring the fragment 
velocities (momenta). Eight cylindrical plastic scintillators were inserted in a rotatable holder 
at a distance of about 30 cm from the target center that ensures subsequent measurements of 
coincidences of prompt fission gamma rays and neutrons with fission fragments at angles of 
±22.5, ±67.5, ±112.5 and ±157.5 degrees with respect to the mean axis of the detection of 
fragments. The detectors of gamma rays and fission fragments were arranged in the plane 
orthogonal to the neutron beam direction, which also coincides with the axis of the 
polarization of 236U nuclei. 

x103 

y-rays 

1000 - 1500 2000 
TOF(channels) 

Fig. 3. Time-of-flight spectrum from one of the plastic detectors. 

Prompt neutrons could be rather well separated from the prompt gamma-rays using the time
of-flight method (see Fig.3). Every event matching coincidence of the signals from the 
gamma/neutron and fragment detectors is digitized by a multichannel TDC CAEN V775N 
and stored together with the information about the direction of polarization of the neutron 
beam. A reversal of the polarization occurs at a frequency of 1.3 Hz, the input of the TDC 
being inhibited by the time of the neutron spin flip. At the same time, for the on-line control of 
the installation, the coincidence count rates of neutrons/y-rays and the fission fragments were 
recorded by counters, which were read out every 5 min for each detector. The values of the 
asymmetries, calculated by the formula: 

(W-W) 
R--'---...:... (1) 

- (W+N-)' 

were constantly monitored. Here W and N"- are the coincidence count rates for opposite 
directions of the neutron polarization. Simultaneously, the asymmetry of the fragment count 
rates was measured and controlled. 
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The total time allocated for the experiment at the POLI facility was 11 days. Four days 
were spent for the installation of the setup, calibration of the detectors, alignment of the spin 
control system etc. The statistic was accumulated during 7 days. Because of the rather short 
measurement time, to increase the coincidence rate only "start" fission fragment detectors 
were used in the analysis, which made the determination of the fragment mass (separation of 
light and heavy fragment groups) impossible and increased the angular spread of the fission 
fragments. For the ROT-effect the light-heavy fragment separation is not necessary, as the 
effect is mass-symmetric. The use of only the "start" detector increased the solid angle of the 
fission fragment detection which could lead to a decrease of the potentially observed effect, 
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Fig. 4. Anisotropy ratio Ras a function of angle for the gamma-rays (top) and 
neutrons (bottom). 

but significantly increased the accumulated statistics, which was more important considering 
that the main aim of this pioneering experiment was to observe the effect, but not to measure 
its absolute value. 

3. Results and discussion 

Figure 4 shows the anisotropy ratio R determined from the experimental data 
according to formula (1), for prompt gamma-rays (top) and neutrons (bottom), detected in 

401 



coincidence with one of the fission fragments. Each point corresponds to the angular detector 
position with respect to the average direction of emission of the detected fission fragments. 
The angular dependence at first approximation can be fitted by the function F = A ·sin(20), 
which is shown on the plots. The anisotropy parameter A could be determined from the fit and 
equals to A1 = (-6.5±3.9)x10-5 for the gamma-rays and An= ( +3.8±4. l)xl0-5 for the neutrons, 
/IN being 0.98 and 1.70, respectively. These results can be comJJared to the corresponding 
values for 235U, obtained with cold neutrons: A1 = (-16.6±1.6)x10-5 (at 45 degrees) and An= 
(-21.2±2.5)x10-5 (at 22.5 degrees). Although the statistical accuracli is not sufficient to claim 
that the ROT effect has been observed in the lowest resonance of 2 5U, one can conclude that 
the effect is defmitely smaller than that in the cold neutron induced fission. 

It should be mentioned that the authors of [13], who developed one of the most 
comprehensive models of the TRI- and ROT-effects, predicted such a decrease of the 
anisotropy coefficient for the 0-27 eV resonance of 235U, based on the known contributions of 
the J=3 and J=4 partial cross sections for this nucleus and on the value of the most probable 
K-channel for these spins, derived from their work. Thus, the results of our experiment are in 
agreement with the most modern theoretical model prediction. 

We believe that it is important to continue this type of experiments in order to gain 
better statistical accuracy for the 0.27 eV resonance and extend the measurements to higher 
energies, e.g. to the 1.14 eV resonance where the effect should be larger than for cold 
neutrons and where practically only the J=4 spin state is present. 

This work has been supported by the Russian Ministry for Science and Education, 
German Ministry for Education and Research BMBF through the project 05K13PA3. The 
instrument POLI is operated by RWTH Aachen in cooperation with JCNS FZ Ji.ilich (Ji.ilich 
Aachen Research Alliance JARA). We're grateful to A. Sazonov, W. Luberstetter, and P. Stein 
for their help in setting up and conducting the experiment 
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Abstract. In the present work the set-up created on the basis of the accelerator Tandetron 
(IPPE) for the experimental studies of the time dependence of delayed neutron activity from 
neutron induced fission of 235U is described. Measurements were carried out with neutron 
beam generated by the 7Li(p,n) reaction. The lower limit of the investigated time range was 
governed by the proton beam switching system that was 20 ms. The neutron detector is an 
assembly of three SNM-18 counters (working gas: a mixture of97% He-3 + 3% Ar, pressure 
of 405 kPa) mounted in the polyethylene box. It was shown that the temporary characteristics 
of delayed neutrons from the fission of 235U by epithermal neutrons are consistent with the 
time dependence which at present is recommended as a standard. In case of the fast neutron 
induced fission of 235U the measured decay curve of delayed neutrons shows excess of 
counting rate in the time interval 0.01-0.2 s as compared with the decay curve corresponding 
to the recommended data. The microscopic approach using the data on the probability of 
emission of delayed neutrons and cumulative yields of fission products for 368 nuclei 
precursors also indicates the existence of short-lived component (T112 <0.2 s) in the decay 
curve of activity of delayed neutrons emitted in the fission of 235U. 

1. The experimental setup 
Experiment was carried out at the accelerator Tandetron (IPPE). Block diagram of the 

experimental setup is shown in Figure 1. The neutron detector is an assembly of three 
counters SNM-18 (Working gas: a mixture of 97% He-3 + 3% Ar. The pressure of 405 kPa) 
mounted in a polyethylene box. Signals from the counters SNM-18 received consistently to 
preamplifiers, amplifiers and conditioners. At the output of the last were formed TTL signals 
received on the adder, combined into a single digital stream of information transmitted by 
electronic analysis system and accumulation. 

Electronic· system of data collection, processing and visual process control during a 
session of experimental data acquisition is based on National Instruments (NI). The system 
includes a PXl-8104 controller and a timer-counter PXI-6602. All modules are installed in the 
chassis-rack PXI-1042 equipped with a bus PXI/PCI allowing to integrate the controller 
processor and the individual modules into a single platform. This system allows you to record 
the pulses spaced 12.5 ns. Therefore, the resolution time of countable channel is mainly 
determined by the neutron detector dead time (2.3 ms). In these measurements, the width of 
the channel in the time spectrum is 0.0001 seconds. Registration the number of pulses was 
carried out continuously including the irradiation time of the sample and the time of counting 
activity of the delayed neutron after an interruption of the proton beam. 
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1 -high voltage source; 2-preamplifiers of signals from the counters SNM-18; 3- summator of signals from 
the preamplifier of detector counters. 

FIG. I. Block diagram of the experimental setup is performed on the basis of the system of 
accumulation of National Instruments. 

2. The energy dependence of the neutron yield from neutron target 
In this work, the neutron detector was set up, in which the effect of the distortion of 

the counting characteristics at the initial time after irradiation session was absent. In addition, 
the counting characteristics of the detector is not distorted even during irradiation intense 
beam of neutrons generated in the lithium target under the action of protons. The neutron 
source was a lithium target irradiated by a proton beam. The current in the experiment was 10 
µA. The proton energy was 2.6 MeV. Figure 2 shows the energy dependence of the neutron 
yield from neutron target. 
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FIG.2. The energy dependence of the neutron yield from neutron target. 
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3. Two types of experiments 
There were two types of experiments. In the first experiment, the irradiated samEle 

was placed on a side surface of a neutron detector (FIG. 3). In a second experiment, a 2 5U 
sample was placed in cadmium cover and a lead shield was placed between the detector and 
the sample (FIG. 4). Obviously, in the first experiment, the neutron spectrum is significantly 
softer than the case of experiment N22, because the direct beam of the neutrons from the target 
is added the neutrons scattered by the material of the neutron detector. In the second 
experiment, a sample of 235U is at a distance of 5 cm from the detector, and the scattered 
neutron at the detector are intensity absorbed by cadmium filter. Lead filter is designed to 
protect the detector from the possible detection of delayed gamma rays from the sample 235U. 
A sample of 235U is a metal disk of 3 mm thickness and 41 mm in diameter, located in a metal 
shell. Measurements in the experiments were carried out for two different irradiation times -
180 s and 15 s. The experimental method used in this experiment based on the cyclic 
irradiation of fissile samples in a neutron flux of Li(p,n) reaction and the measurement of the 
time dependence of the intensity decrease of the delayed neutron [2]. 

FIG.4. The first experimental scheme. 

To verify the correct operation of all the experimental equipment (neutron detector 
with a registration tract, the electronic data storage system), the obtained data were processed 
to evaluate the time parameters of the delayed neutron. The estimation of parameters of the 
delayed neutron is performed by an iterative least-squares method [3]. The evaluation was 
carried out as part a 6-group model of time parameters of the delayed neutron. The obtained 
data are presented in Table 1. The table shows the analogous data from Kipin work [5]. The 
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value of the average half-life obtained in the present work is the same as the corresponding 
recommended data [4]. 
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FIG. 5. Time dependence of the activity of the 235U sample obtained in experiments Ml with 
irradiation time of the sample tirr = 180 s, presented as a count rate. 

TABLE 1: Relative yields and periods of delayed neutrons in the fission of 235U by neutrons 
from the reaction 7Li (p, n). 

N2 l 2 3 4 5 6 T112CP 
ai 0.03950 0.20823 0.19670 0.38126 0.14655 0.02776 

mu ± ± ± ± ± ± 
8.90932 (present 0.00131 0.00692 0.00881 0.01501 0.00692 0.00139 

work, hard Ti 54.12201 22.38173 6.09608 2.2432 0.45424 0.17896 
± 

0.48652 spectrum) ± ± ± ± ± ± 
l.01994 0.29337 0.22313 0.05674 0.02208 0.00894 

mu Kipin ai 0.D38 0.213 0.188 0.407 0.128 0.026 
8.83 (fast) Ti 54.51 21.84 6.0 2.23 0.496 0.179 

The Figures 5 and 6 show that in this configuration the experimental data for the time 
of irradiation tirr = 15 do not show a significant excess of delayed neutron intensity at the 
lower boundary of the investigated time range (0.01-0.5 s), as in the case of long irradiation 
( tirr = 180). 

Similar results were obtained in experiments with a configuration corresponding to a 
fast spectrum of primary neutrons for the irradiation time of the sample tirr = 15 s. These data 
are presented as the count rate of pulses from a neutron detector in Figure 8. It is seen that 
there is an increase the count rate of delayed neutrons in the times region up to 0.12 s 
compared with the data obtained on the basis of the recommended data. Recommended data 
were measured in the time range starting from 0.1. 
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FIG. 6. Time dependence of the activity of the 235U sample obtained in experiments Ni!/ with 

irradiation time of the sample tirr = 15 s, presented as a count rate. 

Figure 7 shows that data of experiment N22 indicate the excess of numbers of counts in 
the low times in relation to the recommended data [ 4]. 
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FIG. 7. Time dependence of the activity of the 235 U sample obtained in experiments Ni!2 with 
irradiation time of the sample tirr = 180 s, presented as a count rate. 

Thus, it was shown in the experiment that the measured dependence of delayed 
neutron activity of soft spectrum of primary neutrons coincides with the recommended. On 
the fast spectrum of primary neutrons on decay curve of activity of delayed neutrons in the 
time range of 0.01 - 0.2 s is observed the excess of numbers of count compared to the decay 
curve corresponding to the recommended data. 
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FIG. 8. Time dependence of the activity of the 235U sample obtained in experiments Nil2 with 
irradiation time of the sample tirr = 15 s, presented as a count rate. 

4. Conclusion 
In this work, the set-up was created on the basis of the Tandetron (IPPE) allowing to 

measure the activity curves of delayed neutrons of fission of heavy nuclei by neutrons in the 
time range, which the lower limit is determined by the speed of the charged particle beam 
interruption. It was shown in the experiments that the measured dependence of activity curves 
of delayed neutrons in the fission of 235U on the soft spectrum of primary neutrons coincides 
with the recommended. On the fast spectrum of primary neutrons the activity curves of 
delayed neutrons in the time range of 0.01 - 0.2 s is observed with the excess of numbers of 
count compared to the decay curve corresponding to the recommended data. 

The microscopic approach using the data on the probability of emission of delayed 
neutrons and cumulative yields of fission products for 368 nuclei precursors also indicates the 
existence of short-lived component (T112 <0.2 s) in the decay curve of activity of delayed 
neutrons emitted in the fission of 235U. 
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INTRODUCTION 

In recent publications [1-3], we have presented experimental indications of existence of a 
new at least ternary decay channel of low excited heavy nuclei known as collinear cluster tri
partition (CCT). A fragment mass Mis calculated by the energy E and the velocity V. Mainly 
a scattering of fragments at the entrance of an E-detector gives background events simulating 
ternary decay. Selection of the "true" events was provided by applying the gates on the 
fragments momenta, velocities, experimental neutron multiplicity, and the parameters 
sensitive to the fragment nuclear charge. Observation of the specific linear structures in the 
M 1-M2 distributions (mass correlation plots) served as a criterion for a sufficient suppression 
of the background. The structures were reproduced at the spectrometers of two types. Earlier 
experiments were performed using gas filled detectors (modules of the FOBOS setup [4]). 
Later we switched to solid-state detectors, namely timing detectors, on the microchannel 
plates and the mosaics of PIN diodes (COMET A setup [2] and the similar ones [3]). Even 
though mass reconstruction procedures for these two types of spectrometers strongly differ, 
the obtained results are in good agreement. 

Estimation of the expected parameters of the CCT products was performed in the recent 
theoretical works [5-7]. The results obtained were taken into account in our model of the 
most populated CCT mode known as "Ni-bump". 

EXPERIMENTS AND RESULTS 

Figure l(a) shows the region of the mass distribution measured at the COMET A setup [2] 
in the experiment Exl for the fission fragments (FFs) from 252Cf (st) around the Ni-bump (M1 

= 68-80 amu, M2 = 128-150 amu). The structures are seen in the spectrometer arm facing the 
source backing only. No additional selection of the fission events was applied in this case, 
which resulted in the experiment having almost no. background. A rectangular-like structure 
below the locus of binary fission is bound by maf:ic nuclei (their masses are marked by the 
numbered arrows), namely 128Sn (1), 68Ni (2), and 2Ni (3). In Figure l(b), we demonstrate the 
projection of the linear structure seen at the masses of 68 and 72 amu. 

Similar structures were revealed as well in the experiment Ex2 performed at the 
COMETA-F spectrometer which differs substantially from this used in Exl by the data 
acquisition system based on the fast flash-ADC (CAEN DT5742) and data processing [8]. 
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Due to the background conditions only events with the velocities V2< 0.8 crn/ns are presented 
in Figure l(c, d). Such selection conditions the difference in the structures below the line 
M2=68 amu in the Figure l(c) comparing Figure l(a). 
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FIGURE 1. Region of the mass-mass distribution for the FFs from 252Cf (sf) around the Ni-bump a) -
in Exl, c) - in Ex2). Projection of the lines I, 2 onto M1 axis in Ex! (b) and in Ex2 (d). It should be 
indicated that Figures !(a), (b) were published in Ref. [2]. 

In fact, only two fragments were detected in each decay event. The mass and velocity of 
the "missed" fragment could be calculated based on the laws of mass and momentum 
conservation. In each event showing the missing mass (ternary event), we mark the masses of 
the fragments in order of their decreasing masses MH, Mi and MT (Ternary particle) 
respectively. Figure 2(a) demonstrates a correlation between the velocities of two lighter 
partners of the ternary decay. Only the events for which Mi= (67-75) amu (Ni-peaks in 
Figure l(b)) are under analysis. Their total yield does not exceed 2.5xl0-4 per binary fission. 
Three different groups of events are vividly seen in the Figure 1. They are marked by the 
signs wl-w3 respectively. Each of the loci consists of two subgroups as can be inferred from 
the plot Ei-EH (Figure 2(d)). 
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energy spectrum of the detected Ni nuclei (the yields per binary fission are marked above each peak) -
(b), energy correlations EL-Er and EL-Elr" (c) and (d) respectively. The sketches in the panels 
illustrate the decay scenario to be discussed below. See the text for details. 

SCISSION POINT CALCULATIONS 

Among all the theoretical articles initiated by the results of the experiments, article [6] 
deserves special attention. Under the three-center shell model the potential energy surfaces for 
few ternary combinations in a fission channel were calculated for the 252Cf nucleus. The 
fission barrier for the 132Sn + 48Ca + 72Ni ternary splitting is shown in Figure 3(a). According 
to the Figure 3, the exit point corresponds to R - 22.4 fm, i.e. elongation of the system 
exceeds the length of the configuration of three touching spheroids. If just a Ca nucleus took 
upon itself all extra elongation, the axis ratio of the corresponding spheroid would be 
approximately 1: 1.6. 

Calculations [9] performed in ten dimensional deformation space demonstrate the shapes 
of a decaying Cf nucleus at large deformations (Figure 3(b)) in the potential valleys 3 and 4. 
The distance between the centers of the side constituents (R12) are equal to approximately 18 
fm and 23 fm. After the rupture at the narrowest section of the neck, almost all deformation 
energy concentrates in the light (panel c) or heavy fragment (panel d). 

Typical shapes of fissioning nucleus at large deformations are confirmed independently by 
the neutron data from [10]. For the 248Cm, such asymmetry in number of emitted neutrons 
from the light (vL) and heavy (vH) FFs was traced up to the vJv,r-= 9/0. Just for a sense of the 
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scale of yields of highly deformed scission configurations, one can cite to the relative total 
yield YR of the fission events at v,01 = 6 and vJ VH = 6/0. YR was estimated to be 2.19 % and 
0.72 % for 248Cm and 252Cf respectively [11]. 
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FIGURE 3. a) - macroscopic potential energy (dashed line), shell correction (dotted line), and total 
macro-microscopic potential energy (solid line) of the 252Cf nucleus corresponding to the 
132Sn + 48Ca + 72Ni ternary splittinfl [6]. Here R is an approximate distance between the mass centers of 
the side fragments, Ro= 1.16 A 13 is a radius of a mother nucleus; b) - potential energy of a 
fissioning252Cf nucleus, corresponding to the bottoms of the potential valleys, as a function of Q, 
proportional to its quadrupole moment. The valleys found are marked by numbers l to 5. The panels 
depict the shapes of the system at the points marked by arrows [9]. 

The following scenario of the CCT process can be proposed based on our experimental 
findings and theoretical calculations. According to Ref. [6]. the exit point from under the 
barrier in the potential valley leading to the 132Sn + 48Ca + 72Ni ternary splitting (Figure 3(a)) 
corresponds to a much more elongated configuration in comparison with the chain of three 
touching spherical nuclei. The distance R 12 between the centers of the side clusters was 
estimated to be above -23 fm. Likely, the central fragment (Ca) takes upon itself almost all 
extra elongation. After a rupture occurs, for instance on the boundary of Ca and Sn clusters, 
the Ni cluster very quickly (in comparison to full acceleration time) attracts the Ca "neck". 
Part of the released deformation energy is spent on emission of neutrons flying apart 
isotropically. Thus, the formed pear-shaped Ni-Ca dinuclear system can rotate around the 
center of its gravity by 180°.Such orientation is the most energetically favorable. Octupole 
vibrations could be another reason for the change in the orientation of the "tip". Formation of 
the Ca-Sn system with similar features is less probable [5]. The formed dinuclear system can 
evolve towards fusion or rupture. In the first case, we deal with a binary fission of a mother 
nucleus, and in the second instance with a ternary fission. 

Presumable decay scenarios for all subgroups are presented in Table I. A precission 
configuration of the system is demonstrated in the third column of the table. For all the cases 
fission fragment FF1 is supposed to be 70Ni, the mass of the FF2 corresponds to the mean mass 

412 



of the lightest cluster (shown in brackets in Figure 3(d)), and the mass of the heavy cluster is 
calculated using the law of mass conservation. The FFs charges are calculated according to 
the hypothesis of unchanged charge density. Configurations of the system after the first and 
the second ruptures are shown respectively in the fourth and the fifth columns of the table. 

In the frame of the proposed scenario we have succeeded to reproduce the experimental 
energies of all three partners of ternary decay (Figure 2). More details results are presented in 
[12]. 

TABLE I. Pictograms illustrate scenarios of different CCT modes observed in the experiment. 
See the text for details. 

row Label of the Pmci~§ion System configuration System configuration 
N~ locus in configuration of the after the first rupture at the moment of the 

Fig. 3(d) system second rupture 
wlb --·-·- ~--·-· 
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CONCLUSIONS 

We assume that in contrast to conventional ternary fission the CCT occurs as a two-step 
decay of an extremely deformed prescission nuclear configuration in the valley of true ternary 
fission [6] or states associated with cold deformed fission in the binary channel [9]. According 
to the neutron data, the population of such CCT door-states reaches several percent. 

As was mentioned above the "Ni-bump" is one of the most populated CCT modes 
observed and just low energy peak for Ni fragments from the bump (Figure 2(b)) has the 
greatest yield. Scission point calculations sheds light to the origin of this peak. Summing up, 
we would recommend registration of the Ni isotopes with the energy lower than 25 MeV at 
the mass-separator Lohengrin as the primary experiment for independent verification of the 
CCT. 
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Abstract 

The measurements of angular and energy distributions of the prompt fission neutrons from 
thermal neutron-induced fission of 239Pu were carried out at the WWR-M research reactor in 
Gatchina, Russia. Some peculiarities were found in the angular distribution of the prompt 
fission neutrons. It is possible to explain them by assuming that in the centre of mass system 
of fission fragment the neutrons are more likely emitted along fission direction than in the 
perpendicular to one. The value of anisotropy of neutrons emission in the center of mass 
system of fission fragment was obtained and was equal to ~6%. Also the yield of "scission" 
neutrons and their spectrum have been estimated. 

Introduction 

Up to now many theoretical and experimental works were performed to investigate the low 
energy nuclear fission. A special attention was given to the details of the prompt fission 
neutron (PFN) emission: spectra and multiplicities, their dependence on fission fragment (FF) 
characteristics and all possible correlations between reaction products. These data are used 
widely for the construction of nuclear reactors and applied for the development of non
destructive methods of nuclear safety and for the control of non-proliferation of nuclear 
materials. 

In spite of a notable advance achieved in theoretical description of the prompt fission 
neutron properties, still there are some problems (for example, [1, 2]). The difference 
observed between measured and calculated data is probably due to both an inadequacy of 
theoretical model used for this description and a deficit of experimental data. Because the 
properties of neutrons emitted before fragments have been accelerated (emission before and 
during the rupture of fissioning nucleus or at the initial stage of acceleration of the fragments 
in the Coulomb field - so called "scission" neutrons) are not established experimentally, in 
theoretical calculations it is usually assumed that the main part of prompt fission neutrons are 
emitted from accelerated fission fragments. Experimental studies dedicated to ascertain the 
mechanism of the prompt neutron emission are limited to spontaneous fission of 252Cf and 
thermal neutron-induced fission of 235U. For 239Pu these investigations are limited to works 
shown in Table 1. Also, it ought to mention that up to now the energy spectra of the prompt 
fission neutrons are calculated using the semi-empirical systematics where an absence of 
information about the mechanism of emission of additional neutrons is compensated by the 
artificial variation of the nuclear model parameters. This circumstance significantly 
complicates production of the evaluated data files for the nuclei and energy ranges where 
experimental data are absent. That is why a new experimental investigation of the mechanism 
of fission neutrons emission will provide a good basis for future evaluations and enable to 
increase their accuracy and reliability. 

Therefore, to clear up how well the model calculation can describe or predict the prompt 
fission neutron properties it is necessary to improve the quality of data obtained by 
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differential as well as integral experiments. A series of such experiments have been carried 
out in PNPI of NRC KI (Gatchina, Russia) [3-7]. In this paper some results of this 
investigation are presented. 

Table 1. Main results of previous investigations of neutron emission mechanism for 
239Pu(n,f). 

Author, References Yield of Average energy Anisotropy of 
"scission" of "scission" PFN emission in Experimental Set-up neutrons neutrons c.m.s of FF, A 

Investigation of (nJ)-angular correlation 

J.S. Fraser et.al. [8] (1965}. Two plastic 
scint. for FFs spectroscopy (TOF with " ... all results 
the base · of 125cm and 99cm). Four are consistent 
neutron detectors (plastic scint.) were 30% ~2MeV with 
used, TOF (106cm). The neutron 

A=0." spectra measurements have been done 
simultaneously at 10°, 25°, 45° and 80° 
relative to FFs direction. 

Yu.S. Zamyatnin et.al. [9] (1979}. IC 
with collimator used for FFs 
spectroscopy. One neutron detector 20± 12% --- Not investigated 
(plastic scint.) was placed 
interchangeably at 0° and 90° relative 
to FFs direction, TOF (40cm). 

Investigation of (n,n)-angular correlation 

I.S. Guseva et.al. [10] (2017}. Two 
stilbene neutron detectors, n/y pulse 4.0± 1.5% 1.8 ±0.2 MeV Weakly sensitive 
shape discrimination. 

1. Experiment overview 

The angular and energy distributions of prompt fission neutrons were measured in tum for 
neutron-induced fission of 239Pu (beam on) and the spontaneous fission of 252Cf (beam off) 
under identical experimental conditions. The measurements were carried out using the 
collimated neutron beam N2l of the research reactor WWR-M (Gatchina, Russia) with a flux 
of ~ 108 thermal neutrons/ cm2 

• sec. The 239Pu target was deposited on 100 µm thick Al 
backing. The tar~et thickness was 150 µg/cm2 and made in the form of a circular spot 15 mm 
in diameter. A 2 2Cf layer 10 mm in diameter was made on a 0.18 mm thick stainless steel 
foil. The fission fragments and prompt neutrons time-of-flights were measured 
simultaneously for 11 fixed angles, 0, between the axis of neutron detector and normal to the 
stop multi-wire proportional detectors (MWPDs) surface (coming through its center) in the 
range from 0° to 180° in 18° intervals. The schematic view of the experimental set-up is 
shown in Fig. 1. 
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Fig.I. Schematic view of the experimental setup. 

The neutron beam was coming along 
the chamber axis normally to the Fig. I 
plane. It should be noted that realized 
scheme of the experimental set-up 
guarantees identity of conditions of the 
neutron spectra measurements at various 
angles relative to the fission axis, namely: 
the magnitude and composition of the 
background, the efficiency of the neutron 
detectors, and neutron re-scattering by 
the parts of experimental set-up. Also, the 
use of two neutron detectors with slightly 
different characteristics allows to 
estimate probable systematic errors of the 
data obtained. 

The prompt neutrons were detected 
using two stilbene crystal detectors (0 50 
mm x h 50 mm and 0 40 mm x h 60 mm) 
positioned at a 90° angle between their 
respective axes at a distance of (47.2±0.2) 

cm and (49.2±0.2) cm, respectively, from the fissile target. The axes of neutron detectors NDl 
and ND2 come through the centers of two stop MWPDs located on the Arc NL Both neutron 
detectors were surrounded by a cylindrical shield made of 30 mm thick layer of lead and 40 
mm thick layer of polyethylene (not shown in Fig. 1). The neutron registration threshold was 
150- 200 keV. To separate events corresponding to neutrons and y-quanta, a double 
discrimination by the pulse shape and time-of-flight was applied. The full time uncertainties 
were defined from FWHM of the "fragment - y-quantum" coincidence curve which was equal 
to 1.0+ 1.2 ns. 

The fission fragments were detected by MWPDs in conjunction with the TOF technique. 
The 8 rectangular MWPDs were located in the Arc N2 in the reaction chamber at the 
operating gas (isobutane) pressure of 4 + 6 Torr. 

As a result, for 11 fixed angles between neutron and light fragment directions the energy 
distributions of prompt neutrons emitted from fixed pair of fission fragments were obtained. 
During data processing, the following corrections were taken into account: 
- for the fragment detector efficiency; 
- for incomplete separation of light and heavy group of fission fragments; 
- for angular and energy resolution of experimental setup; 
- for neutron detector background and the neutron background due to accidental 

coincidence between fragment and neutron belonging to different fission events; 
- the normalization correction arising from the fact that experimental angular histograms 

were used in the measurements instead of continuous distributions; 
- for the neutron detector efficiency. The detector efficiency was determined for each 

neutron detector inde~endently as the ratio of the obtained total prompt fission neutron 
spectrum (PFNS) of 52Cf to a reference standard spectrum from ref. [11]. The total 
PFNS, were calculated by summing up the obtained angular-energy distributions over 
angle in the laboratory system. 
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In order to determine the PFNS from measured time-of-flight spectra, the relativistic equation 
was used. A description of the experimental method and the used data processing are omitted 
here since a full treatment is presented in ref. [3, 5, 6]. 

2. Model 

In the model calculation it is used the assumption that PFN are emitted from fully accelerated 
fragments. In this case the angular and energy distributions of PFN in the laboratory system 
can be calculated using known spectra of PFN in the center-of-mass system of fragment. 
Since the fission fragments have a large angular momenta (- 7h on average), which is usually 
considered to be normal to the fission axes (for example, Ref. [12]), the neutron emission 
anisotropy in the center-of-mass system of fragment should be included into the model 
calculation [13, 14]. The spectra of PFN in the center-of-mass system of fragment are 
calculated using experimental data for small angles (8.9°, 19.8° and 36.9°) relative to the 
fission direction. During this calculation it was assumed that prompt neutrons are emitted by 
two fragments with average mass and kinetic energy. The average energy per nucleon for 
light and heavy fragments were taken as <Ev= 0.995±0.007 MeV and 
<EH>= 0.511±0.004 MeV for 239Pu(n,h,/). Further, the spectra obtained in the center-of-mass 
system are used for calculation of neutron angular and energy distributions in the laboratory 
system. These distributions are compared with the experimental distributions to estimate 
contribution and properties of "scission" neutrons. 

It should be noted that the calculated spectra are free of any assumption about the prompt 
neutron spectra in the center-of-mass system (the number of neutrons emitted by heavy and 
light fragments, the neutron spectrum shapes, and so on). There is only one free parameter the 
anisotropy of PFN in the center-of-mass system of fragment, which is adjusted so as to 
describe in the best way all experimental data obtained in this investigation. The det1ils could 
be found in ref. [3, 15]. 

The shape of the neutron spectrum and the number of neutrons obtained in the center-of
mass system both depend on the fragment velocities (or EL and EH for fission event)., 
Therefore, strictly speaking, the analysis performed above is not valid, because it was ' 
assumed that the prompt neutrons are emitted only from two fragments (light and heavy) 
characterized by the average parameters. Fortunately, as it was demonstrated for total PFNS 
of 252Cf in Ref. [15], a transition from the velocity distributions of fragments to the model of 
two fragments with average parameters has only a minor influence, and for angles near 90° 
the neutron yield changes within 4% [5]. 

At the same time, the existing calculation methods used in practice to describe angular 
and energy distributions of PFNS do not provide necessary accuracy. For example, the total 
PFNS of 235U calculated by different commonly used codes [2] are presented in Fig. 2, where 
spectra calculated assuming that PFN are emitted from fully accelerated fragments and using 
the same input parameters are shown as a ratio to Maxwell distribution. It is seen that the 
existing calculation methods do not provide necessary accuracy to describe experimental data 
while the method realized in this work gives accuracy not worse than those of commonly used 
codes and does not require knowledge of a large number of input parameters. 
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Fig. 2. Total PFNS of 235U(n,h,/): curve inside the shaded region - evaluation of experimental 
data within error corridor (GMA - generalized least square fit [2]); line - model calculation 
(two fragments approximation) [2]; PbP (Point by Point) - deterministic method developed at 
the University of Bucharest and JRC-IRRM team, which is an extended version of LAM 
(Los-Alamos or Madland-Nix model); FREYA (Fission Reaction Event Yield Algorithm) -
Monte-Carlo fission model developed through a collaboration between LLNL and LBNL 
(USA); CGMF - Monte-Carlo code developed at LANL (USA); FIFRELIN (Flssion 
FRagment Evaporation Leading to an Investigation of Nuclear data) - Monte-Carlo code 
developed at CEA-Cadarache (France) with the aim of calculating the main fission 
observables. 

3. Results and discussion 

The PFNS for fixed angles in the laboratory system (obtained experimentally and calculated 
using an assumption that PFN are emitted from fully accelerated fragments with anisotropy 
parameters A2-= 0.04 ( N(0°)/N(90°)=(1+A2)/(1-A2'2) ) are shown in Fig. 3. The yield and 
average energies of these PFNS are presented in Fig. 4. 
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Fig. 3. The comparison of prompt fission neutron spectra measured for fixed angles relative to 
the direction of motion of the light fragment and calculated ones. 
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Fig. 5. Left - the PFNS measured for angle 90° relative to the fission fragment direction. 
Right - the total PFNS of 239Pu(n,f) obtained by summing over angles 0 are shown as a ratio 
to Maxwell distribution. GMA - generalized least square fit of prompt fission neutron spectra 
measured by different experimental groups (non-model evaluation) - taken from ref. [2]. 

The experimental and model neutron spectra have been compared in 0.2-10 MeV energy 
range. On the whole, the calculated model energy and angular distributions agree rather well 
with the experimentally obtained distributions. However, there is a minor distinction which is 
most clearly demonstrated at Fig. 5, where PFNS measured for angle 90° relative to fission 
fragment direction and the total PFNS obtained by summing over angles are compared with 
the corresponding calculated values. Note that the obtained total PFNS are in agreement with 
evaluated spectrum (GMA fit [2]) within experimental errors and, therefore, it can be said 
about the absence of any significant systematic measurement errors in our investigation. 
Then, the observed differences may be interpreted as a manifestation of "scission" neutrons 
and the average energy of these neutrons and their yield can be estimated. 

The systematic difference of calculated total PFNS from total PFNS measured by 
different experimental groups (evaluated spectrum- GMA fit) is visible in the neutron energy 
range lower than 0.6 MeV. The "scission" neutron spectrum obtained as a difference between 
evaluated total PFNS (GMA fit) and model calculation is shown in Fig. 6 as a line with error 
corridor. To verify this statement, the PFNS measured for angles close to 90° relative to the 
direction of the light fragments' movement, were compared with calculated PFNS at the same 
angles. And the "scission" neutron spectrum was obtained with the use of the difference 
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spectra obtained as the difference between the measured and model spectra for angles of 
72.2°, 90° and 107.8° with respect to the direction of motion of the light fragment. There is a 
good agreement within experimental uncertainties between spectra of "scission" _neutrons 
obtained by two different ways (see Fig. 6). Further, the spectrum of scission neutrons found 
from partial data was approximated by the least squares method by two functions: 

Po E ( E) Ps(E)=-·-
2 

•exp --
4.1Z' T0 T0 

(1) 

Ps (E) = Po ·--;-·exp(-!!_)+ .!?J... ·~·exp(-_§__) 
4.1Z' T0 T0 4.1Z' i; I; 

(2) 

The parameters po, To, p 1 and T1 were varied. These two functions describe well the 
experimental data. The approximation Eq.(1) shown in Fig. 6 provides the following 
parameters of the spectrum of scission neutrons: the fraction of scission neutrons in the total 
number of prompt fission neutrons per fission event and the average energy of scission 
neutrons are equal to 3.6 ± 0.5 % and 0.9 ± 0,19 MeV, respectively. When Eq.2 is used, the 
corresponding values are 4.5 ± 0.9 % and 1.6 ± 0.2 MeV. 

0.015 • (1st-method) obtained from partial neutron spectra 
measured at angles 72°, 90' and 108' 

--(2nd-method) obtained from total PFN spectrum 
-·-·- errors corridor 
--Fitof(1stmethod) 

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 
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Fig. 6. Spectrum of "scission" neutrons for 239Pu(n,t). Circles - the difference spectrum 
obtained using spectra measured at 72°, 90° and 108° relative to the direction of motion of the 
light fission fragment and the corresponding ones calculated under the assumption that all 
prompt neutrons are emitted from the accelerated fragments. Broken line - the difference 
between total PFNS obtained by experiment (estimated data and its errors) and calculated 
assuming that all prompt neutrons are evaporated from accelerated fragments. Solid line - fit 
of experimental data marked with circles by the equation (1). 

It should be noted that these estimations of properties of "scission" neutrons were 
performed assuming isotropic emission of "scission" neutrons in the laboratory system. 
Probably, this assumption is very close to the r~al situation, because in the measurements of 
the angular dependency of the neutron-neutron coincidence curves (see table 1, ref. [10]), 
which are very sensitive to isotropic component in the laboratory system, the same values of 
"scission" neutron yield were obtained within experimental errors. 
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Conclusion 
The angular and energy distribution of the prompt neutrons for 239Pu have been measured. 
A comJarative analysis of the obtained angular and energy distributions of prompt neutrons 
from 2 Pu and calculated ones enabled to make the following conclusions: 

the angular anisotropy of the neutron emission in the fragment center-of-mass system 
should be taken into account; 
there are some surplus of measured neutron yield above calculated one in low energy range 
for the total prompt fission neutron spectrum as well as for neutron spectra at fixed angles 
near 90° (relative to fission fragments direction); 
the yield of this low energy component of "scission" neutrons is equal to 3.6 ± 0.5 % of 
total neutron yield per fission event; 

- the maximum contribution of "scission" neutrons do not exceeds 5% of the total neutron 
yield. 
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