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ISINN-16 Preface

The 16th International Seminar on Interaction of Neutrons with Nuclei: “Fundamental
Interactions & Neutrons, Nuclear Structure, Ultracold Neutrons, Related Topics” (ISINN-16),
was organized by the Frank Laboratory of Neutron Physics of the Joint Institute for Nuclear
Research (Dubna, Russia). The Seminar continues the tradition of the FLNP annual
workshops and seminars in the field. ISINN-16 was held in Dubna, Russia from June 11 to
14, 2008. 108 participants attended ISINN-16 representing leading scientific centers of
Belgium, Bulgaria, Byelorussia, China, Czech Republic, France, Germany, India, Italy, Japan,
Poland, Republic of Korea, Romania, Russia, Serbia, Sweden, Switzerland, Turkey and USA.
The numerous delegation of JINR scientists included speakers and participants from the Frank
Laboratory of Neutron Physics (FLNP), Flerov Laboratory of Nuclear Reactions (FLNR),
Veksler-Baldin Laboratory of High Energy Physics (VBLHEP). More than 90 oral and poster
reports were presented at the Seminar.

Scientists of different generations from leading laboratories carrying out investigation
with neutrons aimed at fundamental and applied nuclear physics attended the Seminar. It
became traditional to discuss within Seminar the problems of Life Sciences also. Special two
sessions dedicated to the Nuclear Analytical Methods in the Life Sciences were held.

As usual the opening session was devoted to recent development of neutron sources. An
impressive progress was achieved at Munich FRM-II reactor. In course of ultracold neutron
session first information on very recent observation of neutron quantum states in the field of
centrifugal forces was reported. Another new result related to an acceleration matter effect in
neutron optics was presented at the same section. Both reports gave rise to very alive response
and discussion.

Traditional topics were presented during sessions on fundamental properties of the
neutron and fundamental symmetries; nuclear data and nuclear structure; nuclear fission and
development of new experimental methods. Last two topics were considered during two pithy
sessions each. The results of first test experiment on neutron EDM search by crystal-
diffraction method were reported. A key topic of the fission session was recently discovered
time non-invariant and rotational effects in ternary fission. Many new experimental and
theoretical results were presented and discussed actively. More than 30 papers were
presented at special poster session that gave rise to large interest of Seminar participants. .

Many informal discussions and contacts took place in free time during the Welcome
Party, long enough coffee breaks and traditional picnic held at the bank of Dubna river.

Favorable conditions for the Seminar were provided by the JINR Directorate. A
hospitality and effective support of leadership and personnel of Dubna branch of Nuclear
Physic Institute of Moscow State University ensured very comfortable atmosphere of the
Seminar. ‘

We would like also to acknowledge the traditional support of the Seminar by the Russian
Foundation for Basic Research (grant # 08-02-06060-a) .This allowed many scientists from
Russia to take part in the Seminar and made it possible to publish the Seminar Proceedings.

We wish to thank all the members of the Advisory Committee for their fruitful
propositions concerning the scientific program of the Seminar, the Organizing Committee and
the Secretariat for their efforts in preparation and holding of the Seminar.

ISINN-16 Co-chairmen W.I. Furman
V.N. Shvetsov



Neutron-electron scattering length extraction from the neutron diffraction data
measured on noble gases

L.V.Mitsyna, V.G.Nikolenko, S.S.Parzhitski, A.B.Popov, G.S.Samosvat

Frank Laboratory of Neutron Physics, Joint Institute for Nuclear Research, 141980, Dubna, Russia

Abstract

The proposed new method for extraction of the neutron-electron
scattering length b,,, which is connected directly with the fundamental physical
value of neutron mean squared charge radius, from the slow neutron diffraction on
noble gases was developed and performed by analysis of literature data on structure
factors for gases Kr, %Ar and liquid Kr.

For the most part, different variants of analysis of these experimental
data allow us to obtain b, value with the statistical accuracy 10-20 %, but in some
of them the real possibility for the accessible accuracy no worse than 2-3% was
shown. In order to remove some systematical errors and to reach such good
accuracy the execution of the comparative diffraction measurements is proposed
with a pair of gases havin§ close atomic properties and different n,e-scattering
contributions, such as Ar — *°Ar or Xe - Kr.

PACS. 28.20.-v, 61.12.-q, 14.20.Dh,13.40.-f

1. Introduction

History of the n,e-interaction investigations began nearly 70 years ago, the first
mention of this effect was made by D.Ivanenko in 1941 [1]. However, in spite of existence of
a dozen of the most precise experimental by, values with errors <0.05-107>fm obtained by
different methods (see, for example [2]) there were doubts about the validity of their declared
accuracy, as they differed by ~5 standard errors. In all methods there are principal troubles
connected with the necessity of introducing large corrections, whose size of order of the
investigated effect. Thus, further investigations of this problem with the aim to adjust by,
value are desired and required as before.

The intrigue is that in the interval about 10% all b, values were scattered around the
so-called Foldy scattering length

2
by =45 = 1468-107 fm,
Mc

which, according to the Dirac generalized equation for neutron, is connected with the
interaction between the neutron anomalous magnetic momentum and electric field. One may
note that the terms attached to divE in the Dirac generalized equation for neutron and in the
Dirac equation for electron have the same structure

n eh -

[e+ M(m'i‘ 2#)]leE
and depend on the particle magnetic momentum 4 only, and parameter £ appears just in
the equation for neutron. In case of b, and br values the coincidence parameter £ must be
equal to zero. Possible equality of b,, and b, values would be surprising, as it signifies that



the charge distribution of a neutron scattered on the outside charge becomes displayed
through magnetic momentum only. So closeness of b,, and by values will confirm this non-
trivial phenomenon.

From the point of view of comprehension of all corrections introduced into the
experimental data for masking effects the simplest experiment to obtain b, value is the slow
neutron scattering by noble gas. Nevertheless, in these experiments it is impossible to ignore
the diffraction on nuclei of neighboring atoms even at low gas densities. So, weak dependence
of by value obtained from the data of [3] on the gas pressure was noticed and taken into

account in [4], whereupon the extracted |bn| values were decremented by ~10% for Kr and by

~5% for Xe.

Seemingly, the negative role of neutron diffraction at the observation of n,e-interaction
effect was noticed first by A.I. Akhieser and I.J.Pomeranchuk [5] soon after appearance of the
classical paper by E.Fermi and L.Marshall (6], which was one of the pioneering attempts to
discover n,e-scattering. The warning [5] was evidently known to the authors of one of the
most accurate results for the n,e-scattering length obtained in [3]. The authors of [3] used
gases at low pressures 0.33 — 1.68 atm just to detect possible diffraction distorting the resuit.

The new method to obtain b,. value proposed in Dubna [7] permits to use much more
dense gases, inasmuch as the diffraction can be taken into account with satisfactory accuracy
when extracting the n,e-effect. Our method is based on two facts:

1) diffraction and n.e-interaction contributions to scattering cross section have very
different dependences on the momentum transfer g (oscillating and monotonous);

2) diffraction contribution to the scattering is proportional to a gas density n (or even has
a term with 7%), but the nuclear and n,e-scatterings do not depend on n.

Investigations of the neutron diffraction in monatomic gases in quest of interatomic
interaction potentials are progressing in the last decades. As for gas densities, the pressures up
to hundreds atmospheres are used in these experiments. So, the effect of n,e-scattering in them
is essentially more than in the researches like [3].

2. Basic relations

According to conceptions accepted in literature we describe the neutron scattering
intensity per one target atom and unity neutron flux with the accuracy enough for our
purposes by the following expression

di(q) _o, nC(q) Coon
o 4”{R (V°’q’A)(1+B)+—_1—n @ F, (Vo,q,2A)[ p +BJ}, 0))

s

8”(1(11/' bne Zf (q)

5

total and coherent nuclear cross sections, a,, is the length of coherent nuclear scattering, Z is

where B = , q is the wave number of momentum transfer, o, and o, are the

the number of electrons in atom, f(q) = [1+3(q/q0)2Tl/2is the electron form factor of an
atom, g, is the Hartree-Fock’s constant, which characterizes atomic properties (see [8]). For

taking into account the influence of the atoms thermal motion on the neutron scattering
distribution in expression (1) we did not use the Placzek corrections, which are generally
applied in the works for diffraction investigations, but more correct (see [9]) kinematic
description. It was used in [3] and set out in detail in V.Turchin’s book [10]. The thermal
motion effect is described by function F,

10

A+’ T v?
F,(V,0,4) = f ) —— x
ATV, 5V +V? =2V,V cosd
W2 —v? A—1_2V°Vccl)50 2
xexpt-— A+l A+ dv. @
4(;{;—1)2% (Vi +V?=2V,VcosH)

In expression (2) & is the scattering angle of neutron in the laboratory reference frame, V,
and V are the initial neutron velocity and its velocity after scattering, A is the atom mass

number, U, = J% = 128.9\/§ [m/s], T is the gas temperature in K.

Function C(g) is connected with the structure factor §(g) by formula
nC
S(q-1=—D_ 3)
1-nC(q)
The peculiarity of expression (1) applied by us is the use of the function F, attached to

diffraction term with doubled atom mass, as the diffraction, first of all, is connected with the
interaction between the neutron and pair of atoms having coincident velocity vectors.

F,__. . . . . & . .

s

1 ,041 L
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Fig.1. Contributions of thermal motion corrections to the neutron scattering intensity for
Kr calculated for neutron diffraction scattering on single atom (curve 1) and on
two atoms (curve 2) and calculation of n,e-contribution.

The values of separate effects for gaseous krypton are shown in Fig.1 and Fig.2. It is
seen, that n,e-contribution to nuclear scattering is ~1% or less and does not depend on the

1



gas density. And the diffraction amplitudes rise strongly with the gas density increase at
preserving positions of their maximums and minimums.

dInucl * ' '
1,015 1 d

1,010 F

1,005 L
dldif" ¢
0,54

A\

0,04-

-0,5 v v T
0 2 4 6
g, R’
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Fig.2. Calculation for Kr of the nuclear and n,e-scattering term contribution to the
neutron intensity, which does not depend on’ the gas density ~ curve 1 and
diffraction term dependent on the gas density: curve 2 — at the pressure 1 atm.,
curve 3 — at 100 atm., curve 4 — at 200 atm.

The problem of b, value determination comes to accurate separating the n.e-
contribution from the diffraction waves with taking into account the thermal motion of atoms.

Unfortunately, for diffraction description there is no strict theory yet, so in our
analysis we used different expressions describing relaxing oscillations of the correlation
function C(g), such as

.2
Clg) = (4, - A exp(-A@sin(—E + A,), @)
4
where one or two out of five parameters A, ~ A, are sometimes fixed.
Testing the different phenomenological formulas for C(g) description including hard-
core model approach (as in [2]) adjudicated that all considered variants with the exception of
the last one fit to the experimental data satisfactorily.

3. Results

The experimental data of [11-13] were used, where the S(g) values were obtained for
gaseous Kr, isotope %Ar and for liquid K, in order to test the proposed method of the b,
value obtaining. Moderate accuracy (~5:10") of these experimental S(g), which was
sufficient to obtain information about interatomic interaction potentials, nevertheless,
allowed us to extract b, value with the accuracy ~10 — 20 %. To achieve better accuracy it is
desirable to measure the scattered neutron intensity for noble gases with the relative accuracy
3107 -107.

12

3.1. Gaseous Kr

In [14] we used experimental data S(g,n) measured for gaseous Kr and published in
[11]). The structure factors were obtained for 17 gas densities n = (0.26-6.19)-10*' cm™ and
78 values of q up to 4 A™". To normalize the neutron scattering intensity the authors of [11]
used vanadium, assuming that its scattering cross section is isotropic in the interval of g from
Oupto4 A’!, and the calculated S(g,n) value using the expression
o v
2O e (14 B, f@Hst@m -y + 1+ R @) )
where By is the correction for n,e-scattering with b, =-1.34-107 fm, P(gq) is the well
known Placzek correction, which is usually applied to describe thermal motion of atoms in
solid state experiments. We used all S(g,n) from [11] and described them by fitting formula,
which ensued after equating the right parts of equations (1) and (5) and finding a solution of
combined equation relative to the experimental S(g,n) from (5). We kept the normalizing
multipliera before the fitting formula to take into account inaccurate knowledge of krypton
and vanadium cross sections. In our expression (1) term with n* appeared in diffraction
dependency on gas pressure due to linear in n function C(g) = C,(q) —nC,(g). Thus, in the
fitting formula for describing the experimental S(n,q) values for all n for each g there were

three varied parameters: C,,C,and B.

NI
]

Fig.3. Fitted parameters b,,, Cy and C, with F-corrections and & = 0.975 (light points)
and with the Placzek corrections and ¢ =1 (black points).
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The results of fits are shown in Fig.3. The upper picture shows a constancy of b,. parameter
within the error bars, which means good quality of the experimental data described with the
accuracy 3-107.

The performed fits with replacement of functions F, by Placzek’s F,(q) showed that
parameters Cp and C; (see Fig.3) are practically indistinguishable, but b,, systematically
differ by ~0.1-10® fm. This circumstance denotes once more the importance of correct
calculation of atomic thermal motion influence on the extracted b,, estimations.

Furthermore, the experimental data for all g and all n simultaneously were fitted by ten
parameters: &, b, and eight parameters A, for describing functions Cp and C; by formula (4)
(assuming that A,=0). Examples of experimental data describing for four chosen gas densities
demonstrate the satisfactory quality of this fitting at the lower part of Fig.4. The result
obtained with free parameter « is placed in the first line of Table.

Co
0,14

0,04

2
-1
q, A
Fig.4. The result of simultaneous fitting to the data for all g and all ».

Thereby, in the proposed method the diffraction on neighboring atoms does not
disturb obtaining the b, value, and that differentiates our method profitably from the
researches with liquid metals [2], where correction for diffraction, which is more than n,e-
effect, is calculated analytically.

3.2. Gaseous isotope **Ar
As **Ar has an anomalously large scattering cross sectiono, =78 b, and n,e-effect

for it must be ~10 times less than for natural Ar, so extracting b, value from the SAr
diffraction data we made a check of our method sensitivity.
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In [15] we used S(g) data obtained in the Institute Laue-Langevin in Grenoble [12] for
}1 =(0.24-10.1) A" at four densities of gaseous isotope 38 Ar with the accuracy from 0.06%
up to 0.2%.

Small number and narrow range of densities n did not allow us to get b, value for
each given q separately (as in the case of gaseous K, see 3.1). We fitted these data for each
density of 36Ar in the wide interval of g values using formulae (1) and (4). The authors of
[12] normalized experimental S(q) values on the data at large g neglecting the diffraction
there and not taking into account n,e-scattering. Their thermal motion corrections differed
from F,-corrections (2) by a constant multiplier close to 1 only, so their intensity we
described by expression (1) with Fy = F; =1 and with varied multiplier @ taking into
account the difference of normalizations.

During data processing a strong correlation took place between b, value and
(Aa~ 10 changed b, by 10%), and insufficient precision of normalization did not allow us
to get by value with the accuracy better than 10 %.

We could describe experimental data of S(g) satisfactorily at ¢>3 A~ only.
Moreover, all the data for the lowest density of argon were rejected because of large y>
criterion. The weighted average result for the rest three densities is shown in Table (line 2)
with the statistical error. However, the systematic error of normalization evaluated over a
wide interval g = (8—10) A" turned out two times more than the statistical one.

3.3. Liquid Kr

Although by, value extracting from the neutron scattering on liquid is not so clear in
comparison with the scattering on gases because of the problem of adequate consideration of
thermal motion for atoms of liquid, the b, value was also obtained from the diffraction data
measured in Grenoble [13] for seven close. densities of liquid Kr in the wide range

q-~ (0,4-—17);\". We used these experimental data to verify different versions of b,. value

extracting. They were described in detail in [16,17].
Out of ~5000 experimental data presented in [13] we used S(n,g) in the interval .

g=4-16A", because we could not get fits with 2? <1 analyzing all the data (with g < 4
AT

Simultaneous fitting of all seven densities with the same parameters A, of function

C(g) gave the result b, =—(1.39+0.04)-10>fm. The result of fitting is shown in Fig.5.

However, the correlation between b,, value and normalizing constant & led to b,, values
spread up to £30% .

Using indi.vidual diffraction parameters fitted for each of seven samples and fixing
them afterwards in the following fitting with free b, value and with seven different

normalizing parameters ¢, we obtained b, =—(1.63+£0.02)-107° fm. This error is 10-15

- times less than for gaseous Kr and”Ar, where it is caused by correlation between b, and o .

We succeeded in the break off correlation here due to wider region of g reached ¢ > 16 A,

ZVhere n,e-coptn’bution is negligible. This example demonstrates future prospects of obtaining
ne Value with the accuracy ~ 2% by means of performing similar measurements with
gaseous samples.
. Unfortunately, this result can not be accepted as significant one on account of
essential change of the extracted by, value at varying the limits of the working g-interval. It
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can be evidently explained by insufficiently satisfactory description of neutron diffraction in
liquid state of Kr.

102 1 L L 1 1
1014

10088

0,991 L

Fig.5. The simultaneous fitting for S(r,q) of liquid Kr for seven densities. The data

for three densities n = 11.86, 14.57 and 17.01 nm™ are shown only. Points are
experimental data, curves are fitting results.

Table
Target Fittings <bne>-10°, fm
Kr for all ¢ and all n simultaneously —-1,53+0,24
B Ar averaged value of simultaneous fits for each n -1,33+0,28+0,57
liquid Kr | average value obtained by interval dividing —1,38+0,27
average value of fits for three samples with similar n —1,40+0,10

To escape safely a correlation between & and b, we separated n,e-part in our fitting
function (details see in [16]):
- plg)=ofl+ Bf (@)1= S (@) {1+ 1S ™ (q)-11},
where S*¥(q) are the experimental and S™ (g)are the fitted structure factors, and after
dividing the working g interval into six parts, which corresponded to six visible periods of
the diffraction, obtained three b, values from the sum ratios p,/p, for i/ j=1/4,2/5 and
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3/6 (indexes i, j belong to different parts of the interval). Thus, we exclude &. The average of
three obtained by, values is placed in the third line of Table.

The averaged result of fittings to the experimental data for three groups of samples
with similar densities, which were done in [17], is presented in the 4-th line of Table.

4. Conclusion
Possibilities of the new method to extract the n,e-scattering length from the measured

structure factors were entirely shown with the data of experiments [11-13]. The data analysis
for gaseous Kr demonstrated two variants of the data processing for by, value extracting: with
the use of n- and g-dependences of experimental structure factors.

Fundamental capability to solve the problem of &,, obtaining by new method was also
shown by the model experiment performed by the Monte Carlo procedure [18], where angle
distributions of neutrons with the energy 0.0143 eV scattered by gaseous Kr were considered.
Calculations allowed us to come to a conclusion that having the data for 20 or more angles at
a few gas densities in the range from 0.0269-10*cm™to 2.69-10*cm™ with the relative
accuracy of experimental points ~3 -107%, we could extract the b,, value with the accuracy
no worse than 5%.

High sensitivity of the new method to the n,e-scattering length extracting was also
shown in the work with *%Ar, where n,e-effect is 10 times less than for natural argon.

A problem of the extracted neutron-electron scattering length precision in the
proposed method depends not only on the statistical accuracy of the measured angle
distributions of neutrons scattered by gas but also on an extent of diffractometer isotropy —
the constancy of the product of detector efficiency and the solid angle at all angles.

The exclusion of the dependency of neutron probability registration by the detectors

~ on a scattering angle is fundamentally important task. In [11] this problem was solved by

normalizing the angle distribution of neutrons scattered by gaseous krypton on such

N distribution of neutrons scattered by vanadium. However, the order of vanadium isotropy is

not known with the accuracy, which would be sufficient for our purposes (see [19,20]).
To obtain b,, value with the accuracy ~ 2% the facility anisotropy must be less than

~3-10™, that is practically impossible condition. The only possibility of this trouble

avoidance is to realize relative measurements of two noble gases with strongly different n.e-
contributions to scattering cross sections, for example Ar and %Ar, which have n,e-
contributions 1.7% and 0.2%, or Xe and Kr, whose ones are 2.1% and 1.2%,
correspondingly.

The authors are grateful to Dr. Renato Magli for valuable discussions and for his kind
sending to us the numerical data for **Ar and liquid Kr, and also to Dr.Yu.AAlexandrov for
useful discussions.

The work is supported by RFBR, grant Ne07-02-00410.
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Constraints on extra-short-range interactions from neutron scattering
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Abstract

. The available data on ncutron scattering were reviewed to constrain a hypothet-
ical new short-range interaction. We show that thesc constraints are several orders
of magnitude better than those usually cited in the range between 1 pm and 5 m‘n
This distance range occupics an intermediate space between collider scarches for‘
strongly coupled heavy bosons and searches for new weak macroscopic forces. We
cmphasise the reliability of the neutron contraints in so far as they provide,sclveral
independent strategics. We have identified a promising way to improve them.

1 Introduction

Thc existence of other forces in nature, mediatcd by new bosons, has been extensivel

discussed in the literature, given their possibility in many of the cxt(;nsions t(; th;z étandarg
mo.dcl of particle physics [1]. New bosons for example arc predicted by most of the Grand
Unified Theories embedding the standard model, with a coupling constant, o'f ~ 107!

These strongly coupled bosons would have to be heavier than ~ 1 TeV if they were nol:,
to conflict with present observations; heavicr bosons will be scarched for at the Large
Hadron Collider. Lighter bosons could however have remained unnoticed, provided thgy

interact Weakly W]th matter Such bOSOIlS V Ould mediate “ t W W
. v Cd tc a
nite rangc fOrCC bet een two

2
V(r) = QiQ: f—thCe"/* 1)

Yvhcrc 9 is the coupling constant, Q; and Q2 the charges of the fermions under the new
interaction, and the range of this Yukawa-like potential A = -&. js jnversely proportional
to the bf)son mass M. In the following wc consider the interact];{;ns of neutrons with nuclei
E}f1 atomic number A.: the charge of the atom under the new interaction is equal Q; = A;
boznnsstrzztcge;)rgi Is equal unity Q; = 1. A new boson could even be massless, as ha.;
th,e Conffrvaf' Y ; (i(;, anbd Yang [2] well befor.e the birth of the standard modcl, to explain
‘ i o ton of the baryon number. This additional massless boson would mediate
ncw in mtc-range‘ force, and could be scen in scarches for violation of the equivalence
f}llz)rxlllp:)c Zt lz'xrg.c distances. The presence of very light bosons (M < 1 ¢V) would be
ot toydisc'z::tlonsf from the gravitational inverse square law. Gravity has been probed
o, ces of 0.1 mm (3]; new bosons lighter than 2 x 103 ¢V must thus have a
Upiing constant lower than the gravity strength between nucleons, g2 < 107%7.

Theories with extra, large spatial dimensions [4, 5, 6, 7, 8, 9] provide strong motivation

to s i
o search for such forces. If a boson is allowed to travel in large extra-dimensions, with a
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strong coupling constant. in the bulk, it behaves in our 4D world as a very weakly coupled
new hoson, the coupling being diluted in the extra-dimensions. The light dark matter
hypothesis also argucs in favour of the existence of new short range interactions [10].

While gravity cxperiments arc most competitive in the distance range > 10 um, the
measurements of the Casimir or Van der Waals forces (for a review, see e.g. [11]) give
the best constraints in the nanometer range (10 nm < A < 10 gym), and antiprotonic
atoms constrain the domain below 1 pm [12, 13], it has been suggested that experiments
with ncutrons could be competitive in the intermediate range {14, 15, 16, 17, 13, 18].
Neutrons could also probe spin-dependent interactions in a wider distance range [19], or
spin-independent interactions in the range of several micrometers [20, 18, 21).

In this contribution we give the quantitative constraints on the parameters of the
additional intcraction, A and g using the existing data on neutron scattering at nuclei. A
detailed analysis is presented in [22].

2 Slow neutron / nuclei interaction with extra-short-
range interactions

The scattering of slow neutrons on atoms is described by the scattering amplitude f(q);
this can be represented by a sum of a fow terms [23]:

F(@) = frua(Q) + fre(9) + frr(@) @)

The first and the most important term represents the scattering due to the nuclear
neutron-nucleus interaction. At low cnergies discussed in this article, it is isotropic and
cnergy-independant, because the nuclear radius is much smaller than the wavelegth of
slow ncutrons:
fal@) = =b. (3)

The coherent scattering lenght b is the fundamental parameter describing the interaction
of slow ncutrons with a nuclens [24].

The second term is the amplitude of so-called clectron-neutron scattering due to the
interaction of the neutron charge distribution with the nucleus charge and the electron
cloud. This amplitude can be written as

fne(q) = _’bne(Z - f(27 Q))a (4)

where f(Z,q) is the atomic form-factor measured in the X-rays experiments and by, is
a constant called the clectron-neutron scattering length, which is directly related to the
neutron charge radius [23] and to the necutron clectromagnetic form-factor G e(q?) by
2 m dGe(q?)| .
bne = - -——————2—— 5 (d)
aome  dg® | g
m and m, heing the neutron and clectron masses, ag the Bohr radius. This contribution
to the total scattering amplitude is as small as a per cent for hcavy nuclei.
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In the presence of a new interaction (1), the scattering for a center of mass momentum
Rk duc to the extra interaction, within the Born approximation, is given by

2 2 /52
ALk 2mA /fi2
A 14 (g))

where g = 2ksin(6/2), 6 is the scattering angle.

Jv(0) = - (6)

Any other possible contributions to the scattering amplitude f (q), due to non zero
nuclear radius, nuclcon polarizability, ctc. are very small in the cnergy range discussed
here [23].

The nuclear scattering lengths are measured for almost all stable nuclei, using a variety
of methods. A review of the different methods and a complete table of the measured
scattering lengths can be found in [25]. We can distinguish two classes of method, with
diffcrent sensitivitics to a new interaction. ’

The first class — including the interference method, the total reflection method. the
gravity refractometer method — measures the forward scattering amplitude f(q _ 0).
These methods actually measure the mean optical potential of a given material, called
the Fermi potential, due to the coherent scattering of ncutrons at many nuclei. Thé Fermi
potential is related to the forward scattering amplitude.

In the presence of the new foree, the measured scattering lenght can be separated into
a nuclear and an additional term

me?
27he
The sccond class of method — including the Bragg diffraction method and the transmission
method -- uscs non-zero transferred momentum. In the Bragg diffraction method, the
scattering amplitude for a momentum transfer of gan, = 10 nm™! is measured. ’Onc
actually extracts, besides the nuclear term, an extra contribution according to (6)

me , A2

g
2mhe 7 14 (gapA)? (8)
In the case of the transmission method, the total cross-section is measured. Generally,
neutrons with energics of about 1 ¢V are used; they are much faster than slow ncutrons’

'a:nd no cohcrent scattering can be observed. An additional interaction would manifest
itsell by an cnergy dependance of the extracted scattering length

bope = —f(q=0)=b+ A g°\? ()

ban =0+ A

pm 2 112

an(kZ) — tot —b+ A mc ngzln(l + 4(1\,/\) ) (9)
4 2rhe 4(kX)?

Fine : . .

gllI‘\ l‘lly, we should al§() mention the very popular Christiansen filter technique; this mea-

sures relative scattering lengths, so we do not consider this data.

3 Random potential nuclear model

A sj - L.
" 11:(1‘310 and robust limit on the additional Yukawa forces can be casily obtained by
‘glecting the small term due to the nentron-clectron seattering and by studing the general
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A-dependence of the scattering amplitude. In the domain of A < 1/¢gp, the optical and
Bragg diffraction methods are scnsitive to the same amplitude

2
mc 9

2nhc g¥ (10)

bl\rieas:_f(qzo):b+A

as clear from (7) and (8). The presence of additional forces would be apparent from the
lincar increasc of the mceasured scattering length as a function of A in addition to the
A-dependence of the nuclear scattering length.

There cxists a simple and clegant semi-phenomenological approach that describes the
nuclear dependence [27). It assumes that a nucleus can be presented as an attractive
"squarc well” potential, with radius RA/3 and depth V, for slow neutrons. The scattcring
length would then be equal to

b(A) = RAV? (1 - t—a%x—)) . (11)

where X = —}%/—3\/ 2mVj is supposed to be a random variable distributed uniformly over
the range [x/2, 57 /2] ; the lower value corresponds to the appearance of a bound state and
the upper limit is set sufficiently large not to influence the results of the present analysis;
more details can be found in [27).

This model deseribes well the distribution of all experimental data; the value of the
only frce paramcter in this model is estimated to be R = 1.44 £ 0.05 fm at the 68 % C.L.
The likelihood function at its maximum satisfies In(L) = —254 for 216 degrees of frecdom.

With a short-range new interaction included in the analysis we have to consider the
random variablc

tan(X
bMeas = RAI/S (1 - —)((_)> + bExtra A. (12)
where the effect of the extra interaction is the slope bpya = 2"7‘5; 92)? of the lincar term.
The linear term is compatible with zero, as expected. We thus obtain a quantitative
constraint for the coupling g(A) [22):

¢*A? < 0.016 fm®>  at 95% C.L. (13)

This result is presented in fig. 1 for the distance range of interest, 1072 — 107 m.

4 Constraint from comparaison of forward and back-
ward scattering of neutrons

Another way to constrain on aditional Yukawa forces consists in comparing the scattering
lengths measured by different methods. :

As cxplained above, the scattering lengths measured using the Bragg diffraction
method bgp and the interference method b,,. do not show the same sensitivity to a new
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short-range intcraction. According to (7) and (8), the ratio of the two values should
deviate from unity in the presence of an additional interaction

% A mZ 5 ., (‘1'\)2

~ 1
* T+ (gV)?

bep b 2rhc (14)

We found a set of 13 nuclei for which both measurements exist. Taking into account
systematic errors in those experiments as described in [22], we obtain the constraint

2,\"’(‘1—’\)2—<00013f2 t 95% C.L 5
g T+ @ =% m® at 95% C.L. (15)

corresponding to the bold limit in fig. 1.

5 Electromagnetic effects

Up to now, the amplitude due to a new additional interaction fy(q) has been compared
to the nuclear one f,.a(q) (see (2)). One could compare it to a smaller amplitude due to
an clectromagnetic interaction (fre(q)). This idea was first proposed in ref. [14].

Onc could repeat the previous analysis using measurcments of the total cross-section
at cnergies of & 1 eV (1/k = 5 pm) instead of the Bragg diffraction. If the range of
a ncw interaction is larger than 1 pm, the scattering length extracted would be free of
any extra contribution. However, the residual electromagnetic effects due to the neutron
square charge radius can mimick in this casc an cxtra-force contribution in the quantity
b(1 €V) — bopt, as this contribution is energy-dependent and proportional to the charge
number of the atoms. The extracted difference b(1 V) — b,y therefore contains the two

- contributions:
b(1eV) —b(0) = Zby, (16)
PERY)
4 mel 92)\2 - In(1 +4/\(3Tn';) )
2mhe 4(m)2

Unbe{tl‘xvnat%ly, there is very clear disagreement between the two groups of values for
b = J_%—_bj_l known as the Garching-Argonne and Dubna valucs [28]

by = (—1.31£0.03) x 1073 fm [Gartching- Argounc]
b = (—1.59%0.04) x 107 fm [Dubna] (n

The discrepancy is much greater than the quoted uncertaintics of the experiments and
there evidently an unaccounted for systematic error in at least one of the eXpetinients,

In order to overcome this difficulty we could determine b, from the experimental data
on the neutron form factor (5). The simplest way to do this consists in using a cotnmonly
accepted general parametrization of the neutron form factor [20}:

Ge(q?) = —a,unI:T—b;Gn, (18)
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where 4, = —1.91pp is the ncutron anomalous magnetic moment, 7 = g?/4m? and
7 7

1
(1+q2/0.71 (GeV/e)2)?’

is so-called dipole form factor ; a and b being fitting parameters.

(19)

Gp(q®) =

A fit of an existing sct of the ncutron form factor experimental data (30] yiclds the
following valucs for the parameters:

a = (0.7740.06)
b = (2.18+0.58)

with x2/NDF = 15.3/27. The b, dctermined in this way is
bne = (—=1.13 £ 0.08) x 1073 fm. (20)

Our principal conclusion consists in the observation of (underestimated) systematical
uncertaintics in the presented experiments. Therefore a single experiment/method can
not be used for any rcliable constraint. A conscrvative estimate of the precision of the
b value could be obtained from analysing the discrepancics in the results obtained by
different methods; it is cqual to Ab,, < 6 X 107* fm. The corresponding contraint at the
20 level [22]

2 In(1 + 4(_»\_)2)
ME™ 242 5 pm
_— —_— —F L
orhe I A (1 i ;m . < Abye (21)

is represented by the dot-dashed line in fig. 1 and 2.

6 Asymmetry of scattering

As is clear from fig. 1, the best constraint was obtained from the analysis of the encrgy
dependence of the neutron scattering lengths in the b,. measurements inspite of systematic
crrors in these experiments. However, the precision here is limited by the correction
for the b,. value itsclf. An obvious proposal for improving this constraint would be
1o sct up experimental conditions free of the by contribution. This is indeed possible,
hecause neutron-clectron scattering is cssential for fast neutrons only, and is absent for
slow neutrons. )

We proposc improving the experiment [26]) and measuring the forward-backward asym-
metry of the scattering of neutrons at atoms of noble gascs, in the following way: the initial
veloeity of the neutrons should correspond to the range of very cold ncutrons (VCN); the
double differential measurement of neutron velocity before/after scattering should be used
to calculate the transferred momentum for every collision.

The measurement. described above could provide an accuracy of at least 1072 for the
ratio of forward to hackward scattering probabilitics and a corresponding constraint for
the additional short-range interaction shown in fig. 1. The relative drop in sensitivity at
a fow times 107! m is duc to the appearance of ncutron clectron scattering; the range of
interest for this possible constraint is 10711 — 10~8 m.
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LIMITS ON EXTRA YUKAWA FORCE

10° 10° 10° 10°
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= Comparing forward and backward st
~= « Comparing forward scattering and total X:
P =«=u=es Asymmetry of scattering on noble gases
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Figurc 1: The shaded regions correspond to current experimental limils on extra Yukawa
intcraction. It includes constraint at 95 % C.L. (dashed, dot-dashed and bold lines)
obtained in this article, and the cxisting constraints [11, 13]. The dotted line is an
cstimation of the sensitivity of proposed experiment.
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LIMITS ON EXTRA YUKAWA FORCE
mass [eV]
10° 10* 10° 102 10 1 107 102 10°

Gravity Strength

10" 10" 10" 10° 10% 107 10° 10° 10* 10°
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Figure 2: Expcrimental limits on extra interactions including the best neutron constraint
obtained in this article (bold linc). Two theoretical regions of interrest are shown: new
boson with mass induced by electroweak symmetry breaking [10], and new boson in cxtra
large dimensions [4].
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7 Conclusion

We analysed the constraints for extra short-range interactions on the basis of the existing
data on ncutron scattering. These constraints are several orders of magnitude better than
those usually cited in the range between 1 pm and 5 nm. The reliability of these constraints
was supported by the application of several independant methods with comparable accu-
racy, as well as by the use of a major fraction of known neutron scattering lengths and
treatment of the data in a most conservative way. One constraint obtained within the
random potential nuclcar model was based on the absence of an additional lincar tcrm
in the mass dependance of the neutron scattering lengths. It would be difficult to im-
prove this constraint in either experimental or theoretical terms. Another constraint was
derived by comparing two types of neutron scattering experiments with different sensitiv-
ities to the extra short-range interactions. These arc interference experiments measuring
forward neutron scattering and the Bragg diffraction. The accuracy here is limited by the
relatively poor precision of the Bragg scattering technique. Significant improvements in
the accuracy of such experiments would be particularly interesting. Further constraints
were estimated using the encrgy-dependence of the neutron scattering lengths at heavy
nuclei. They are limited by the precision of our knowledge of the ncutron-clectron scat-
tering length. An clegant method for further improving such constraints would consist in
achicving cxperimental conditions free of b,. contribution. This is indeed possible, given
that neutron-electron scattering is essential for fast ncutrons only. The experiment would
consist in scattering very cold neutrons at rarc noble gases and in measuring precisely the
diffcrential asymmetry of such scattering as a function of the transferred momentum.
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Small angle scattering of fast neutrons
and nucleon “atmosphere’ of heavy nuclei

Yu.A.Alexandrov
FLNP, Joint Institute for Nuclear Research, Dubna, Russia
G.V.Anikin
Institute of Physics and Power Engineering, Obninsk, Russia

Abstract: The neutron excess of heavy nuclides may lead to a slow downing nucleon
density at the nuclear perifery. Such an “atmosphere” can affect the small angle scattering
cross sections of fast neutrons. The anomaly connected with nuclear “atmosphere” must be
taken into account in calculation of neutron polarizability the last potential being presented as
Cp01/r4. The Z2-dependence of Cpor must be investigated as well. Some attempts are presented
to account for these effects.

The fifties of XX century, the time of intensive development of nuclear theories, were
also the time of beginning of search for long-range interaction effects between neutron and
nucleus, which could determine thin structure of the first diffraction maximum in the pattern
of neutron scattering by nuclei (first of all, by heavy ones). The interaction of neutron
magnetic moment with electric field of nucleus predicted by Schwinger [1] was detected, in
which it moved in the process of scattering. The Schwinger cross section burst at scattering
angles less than 3 degree is traced most clearly in papers [2,3], when the nuclear reactor was
used as a powerful neutron source, which allowed one to apply a very high degree of
collimation of neutron flux.

In paper [3] it was proposed to estimate the contribution of another effect of
electromagnetic type — the scattering of induced electric dipole moment in the neutron (the so-
called neutron “polarizability”) into the small angle neutron scattering. The measurements of
neutron scattering cross sections by heavy nuclei for small angles (less than 20-25 degree)
were carried out in the wide energy range (0.5-15 MeV, see, for example, papers [2,4-7]).
After that, it became possible to trace that the deviations of experimental cross sections from
the calculation with nuclear short-acting potential (for example, in the Woods-Saxon form)
correlate with the real part of amplitude of nuclear scattering pointing to its interference with
the amplitude of long-range interaction unaccounted in the calculation.

If we atiribute ali these deviations to electric polarizability of a neutron, then too large
value of the polarizability factor (around 1.5-10™° sm®) turns out for it. There occurred a
supposition that other effects [2, 5] admix to the long-range interaction. All these problems
are discussed in detail in review [8], where the results of study by Pokotilovsky et al. are also
considered [9], in which contribution of the long-range interaction potential in the form of
Co.RYr" in the cross section of small angle scattering of fast neutrons is analyzed. In paper [9] -
it was shown that at the increase of constant Cy by a factor of 1.5 deviations of small angle
cross sections from the calculation with purely nuclear potential at the index n=6 are very
close to those, which occur at n=4, i.e. at the electromagnetic long-range interaction related,
for example, with the neutron polarizability 0=1.5-10*%m’. It may be pointed out that
simultaneously in paper [9] such reserves as taking into account the influence of nuclear
“atmosphere” at the nuclear surface and dependences of small angle anomalies in cross
sections on the nuclear charge are used insufficiently to estimate the value and physical nature
of the long-range interaction.
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The “atmosphere” apparently related to the excess of neutrons in heavy nuclei may
imitate long-range interaction only at the limited interval of distances from the nuclear
surface. It may be called the intermediate long-range interaction Vi,. If we denote the true (for
example, electromagnetic) long-range interaction as V., then the three-component
representation of the neutron scattering potential will have the form:

V= Vo+VintVe,
where Vo — the ordinary nuclear potential, for example in the Woods-Saxon form. The
analysis of neutron scattering with two-component potential V=Vg+Vixg automatically
includes the intermediate potential into the long-range interaction Vine=Vis+V. and the
steepness of its decrease 1/r " may be considerably greater (n=6, for example), since Vi, may
be rather large.

Statement on the presence of “atmosphere” was made in the papers by Wilkinson and
Burhop [10-12], who analyzed K-meson capture in the vicinity of nuclear surface. Cluster
composition of the “atmosphere” was indicated in percentage terms (deuterons, bineutron,
alpha-particles). It was traced not only in the nuclei of average atomic weight but also in lead.
Another paper, which reported on the excess of the real part of potential at the nuclear
periphery, was the paper by Anand et al. [13]. There this excess was added in the form of
derivative from the Woods-Saxon potential. Finally, in paper [14], where the authors studied
thin structure of the neutron-optical potential for lead, some excess of the mean depth of
potential well was observed outside the radius of 8 fermi. In our Fig. one of the variants of
periodic (layered) potential of paper [14] is reproduced (curve A). In itself this potential is
interesting by the fact that many resonance structures in cross sections of heavy nuclei were
reproduced with it. In the upper part of the Fig. (curve B) the total neutron cross section for
lead at the estimation by BROND-2 [15] is presented. The correlation of structural elements
of the potential and intervals of the neutron wavelengths is seen, in which the greatest bursts
of cross section are observed. Physical interpretation of details of the potential needs further
consideration. Perhaps, it points to the space division of nucleon shells. Appearance of the
potential of complicated shape can hardly be regarded as totally unexpected. The features of
layering of properties of optical potential were observed for a long time and in papers by
many authors.

Despite the indication of the theory that maxima of imaginary and spin-orbit parts must
be, where the derivative from the real part is maximum, in many cases they are situated either
in the “inner” nuclear region, or beyond its bounds. This is easy to understand if the Woods-
Saxon potential describes only on average the shape of decline of the potential at the nuclear
surface and the real potential has bursts in the vicinity of nuclear surface. Near these bursts as
shown in paper [14] maxima of the imaginary and spin-orbit parts of the potential are located.
Moreover, in our attempts to describe angular distributions of fast neutrons [4-6] at the
sequential transition from one neutron energy to another abrupt changes of radial address of
maximum of the imaginary part of potential were observed, and in paper [7] three maxima of
the imaginary part were obtained at once.

Broken curve (A’) on the presented figure is close to the mean level of structural potential
and is expressed by the formula:
—V(r) = Vo/{ 14exp[(r-R)/a] } + Vi - expl-(r-Rpp) /b’
Here the Woods-Saxon potential has the parameters: Vo=44 MeV, R=7.5 fermi, a=0.3 fermi.
Gaussian is added to it with the parameters: V,;=25 MeV, R;;=8.6 fermi, b=0.4 fermi. There
proves to be something like the Anand potential.

Apparently, it would be of interest to repeat the analysis of small angle neutron cross
sections carried out in paper [9] but with the application, for example of the Anand potential
with the excess of the real part at the nuclear periphery, as purely nuclear interaction. It would
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be interesting to compare the results of such analysis with the calculations of neutron
scattering cross sections (especially at the neutron energy in the region of 1 MeV) when the
structural nuclear potential from paper [14] is used.
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FIG: The real part of potential from paper [14] (curve A), as compared to the structure of total
neutron cross section of lead (the upper curve, B). Comment is in the text.

As for the study of dependence of anomalies in scattering of neutrons for small angles
from the charge of nucleus, some results in this direction were obtained in 1974 in paper [16].
Thgse data were not presented quite widely and were not included into consideration in
review [8].

In short, the contents of the given study may be presented as follows. Within the
framework of the unified approach to describe optical potential including long-range
Interaction, the fitting of calculated angular distributions was carried out in the wide range of
angl;s and total cross sections for the experiment for four elements: bismuth, thorium,
uranium and plutonium. Experimental data were used in the neutron energy range 0.5 —14
MeV, with 4+6 energies for each element.

Tbe calculated optical potential Vg included, along with the purely nuclear V,,, the
Schvy1nger Ve and the unknown additional long-range interaction Vieng (Which was called
Veor in paper [16])

v0=vnuc+vsch+vlong
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The potential Vy, contained two Woods-Saxon expressions, which changed each
other at the radius r = R;.

Vi (1 +exp[(r-Ri)a] ), r<Ry
= Vie(r) =
V2 (1 +expl(r-R)Ya] ), >R,

The values of parameters of the given potential changed little with the transition from
one element to another with the exception of the parameter of smearing of edges of the
potential well a,. It increased for heavier elements, apparently, reflecting a change of the
nuclear “atmosphere” and was approximated by the formula a;=0.47+0.03-(A — Apag) 13
(Amag =208).

The unknown long-range interaction is presented as follows:

(VD-RI“/r“ r>R;
—Vlong(r)={
kVD r< R]

At fitting the potential parameters to describe cross sections of each element
separately the long-range interaction constants were obtained: for bismuth Vp(Bi)=0.18 MeV;
for plutonium Vp(Pu)=0.22 MeV. The relations Vp(Pu)Vp(Bi)=1.22 and Z*(Puy/Z*(Bi)=1.27
are rather close. Although, Z-squared relationship of long-range interaction was not
introduced analytically into the potential at the search of the average for all elements of Vp
value. For index n at the search the value n=3.95 was obtained. Later on similar work must be
carried out using specific small angle scattering cross sections of fast neutrons at E,= 1+2
MeV and E;= 7+8 MeV, i.e. there, where it is possible to expect the maximum sensitivity to
long-range interaction of the above-mentioned amplitude.

Similarly, one may consider the results of paper [7], in which the parameters of optical
potential and long-range interaction were compared for two nuclei — lead and uranium. The
rea] part of potential for each nucleus was a sum of three Woods-Saxon potentials. Their
radial parameters Rpand parameters of smearing of edge of the well awere as follows:

For lead:
R,=7.47; 2,=0.26; R,=7.79; a,=0.59; R3=2.56; a;=0.1 (xlO'”cm)
For uranium:

R;=7.51; 2;=0.41; R,=8.00; 2;=0.64; R3=2.75; 23=0.1 (x10™°cm)

Those results, where the parameter R, and smearing of edge of the well (parameter a;)
in the case of uranium prove to be greater than in the case of lead, show that “atmospheric”
characteristics of these nuclei prove to be accounted for to some extent. In paper [7] the long-
range interaction was introduced in the form:

~Vieng(D)= 1/2-0:2%% 1/r* (r>R,)

Thus, the Z’-dependence of this potential was introduced into the calculation
analytically and electric polarizability coefficient o of a neutron also introduced into this
formula proved to be very close at its determination both for lead

(@=1.3-10"%m®) and for uranium (o=1.5-10"*%m?). )

Summing up the consideration of two papers [7, 15], one might say that there are at
least two pairs of elements: lead and uranium, as well as bismuth and plutonium, in which the
long-range interaction addition to the potential is proportional to the value 72, Moreover, a
decrease of small angle distortions of cross sections for copper pointed out already in paper
[4] is also compatible with the Z-quadratic dependence of these distortions. If we talk about
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the whole considered facts concerning small angle neutron scattering with the energy of 0.5-
15 MeV, it is compatible only with the idea of large neutron polarizability (a~1.5-10*%m?),
although it may be accounted for by introduction of the long-range interaction dipole-dipole
(at o=1.5x10"cm®) addition (see paper [8]). The question on the nature of the potential
proportional to 1/ r* and not attaching too much importance to the neutron polarizability still
remains open.

We thanks P.P.Djachenko and other colleagues from IPPI for useful discussions.
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Abstract

We report on storage of Very Cold Neutrons (VCN) in a trap with walls containing
powder of diamond nanoparticles. The efficient VCN reflection is provided by multiple
diffusive elastic scattering of VCN at single nanoparticles in powder. The VCN storage
times are sufficiently long for accumulating large density of neutrons with complete VCN
energy range of up to a few times 10™ eV. Methods for further improvements of VCN

storage times are discussed.

Keyword
Very cold neutrons; diamond nanoparticles; neutron scattering; fundamental particle

physics.
Introduction

Recently we showed that powders of nanoparticles could be used efficiently as first
reflectors of Very Cold Neutrons (VCN) in velocities range up to 160 m/ [1], thus bridging the
energy gap between efficient reactor reflectors [2] for thermal and cold neutrons, and effective
Fermi potential for ultracold neutrons (UCN) [3].

The possibility to use medium with nanoparticles like a reflector of VCN has been
treated in [4]. If a neutron comes in such a medium then its velocity direction changes many
times due to scattering on the particles. In the issue neutron can live this medium back. In
other words, the neutron is reflected from the medium. In [4] was shown that the reflector is
more effective if the particles size is close to the neutron wavelength. A large number of
diffusive collisions needed to reflect VCN from powder constrains the choice of materials:
only low-absorbing ones with high effective Fermi potential are appropriate. Thus, diamond
nanoparticles were an evident candidate for such VCN reflector. The formation of diamond
nanoparticles by explosive shock was first observed more than forty years ago [5]. Since then
very intensive studies of their production and of their various applications have been
performed worldwide. These particles measure a few nanometers; they consist of a diamond
nucleus (with a typical diamond density and Fermi quasipotential) within an onion-like shell
with a complex chemical composition [6] (with lower Fermi quasipotential). A recent review
of the synthesis, structure, properties and applications of diamond nanoparticles can be found
in [7]. .

The first experiments on the reflection of VCN from nano-structured materials as well as
on VCN storage were carried out in the seventies in [8] and later continued in [9]. In [1] we
extended significantly the energy range and the efficiency of VCN reflection by exploiting
diamond nanoparticles. A reflector of this type is particularly useful for both UCN sources
using ultracold nanoparticles [4, 10] and for VCN sources; it would not be efficient however
for cold and thermal neutrons, as shown in [11].
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In order to measure precisely the VCN reflection probability from powder of diamond
nanoparticles and to explore feasibility of VCN storage in traps with nano-structured walls, we
carry out a dedicated experiment described in the present article. In fact, the measuring
procedure used here is equivalent to that typically used in experiments on UCN storage in
traps (see for example [12, 13]). The difference consists in a type of trap walls and in
characteristic values of the reflection probability.

The experimental setup

This experiment was carried out at the VCN beam, PF2, ILL. The installation scheme is
shown in Fig. 1.

neutron detector

neutron

neutron beam

| I iYe

velocity selector
Top view of the trap
entrance side wall profile:
quartz
window

exit
aluminium
window

vacuum chamber

diamond 20 mkm thin
nanoparticles  aluminum foil
Fig.1 The installation scheme.

The VCN trap has cylindrical shape with a diameter of 44 cm and a height of 47 cm.
VCN could enter the trap through a small square window of 2 cm by 2 cm in its side wall. The
VCN beam diameter is ~1 cm. VCN could be reflected many times from the trap walls. Thus
fhey could find an exit circular window with a diameter of 6~cm in the trap cover and enter
Into a detector behind the window. The VCN beam could be opened or closed using a fast
Cadmium valve with a thickness of 0.2 mm. The VCN velocity could be chosen using a
velocity selector in front of the valve. The trap is placed inside a vacuum chamber with an
entrance quartz window with a thickness of 3 mm and an exit aluminum window with a
thickness of 1 mm. When the VCN beam is closed the detector count rate decreases
€Xponentially following the VCN density in the trap. Thus we could measure the VCN storage
times as a function of their velocity.

The neutron detector is a gaseous proportional *He counter (the thickness of its sensitive
layer is 5 cm, the *He partial pressure is 200 mbar) with an entrance aluminum window with a
thlclfness of 100 pm and a diameter of 9 cm. The electrical detector signals are analyzed using
the time and amplitude information.
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The velocity selector consists of a cylinder with a length of !=40 cm and a diameter of
D=19 cm. Curved plastic plates with a thickness of 1 mm are installed at the side surface of
the cylinder in such a way that they form screw-like slits with a width of 4 ~4.5 mm and the
screw length of L=480 cm. The cylinder rotates around its axis with the period T. Neutrons
could scatter at hydrogen atoms in the plate’s material; those neutrons leave the neutron beam.
The rotation period defines the velocity of neutrons passing through the selector. Neutrons
with low angular divergence and with momentum parallel to the selector axis pass through the
selector screw slits, thus avoiding scattering by the plates only if the neutron velocity is equal
to:

T
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The selector allowed us to choose the neutrons with a velocity in the range of 30-
160 m/s. The velocity resolution was measured using time-of-flight method; the some results

are shown in Fig. 2.
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Fig. 2 Experimental time-of-flight neutrons spectra after the velocity selector are
presented (neutron chopper resolution is different for various curves). Labels at the figure
indicate the rotation period of the velocity selector and average velocity in the spectra.
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Fig. 3 The neutron average velocities at the velocity selector exit are shown as a function
of its rotation period. Error bars indicate the half width of velocity distribution in the
beam after selector (because these distributions are not Gaussians).

Fig. 3 summarizes the time-of-flight measurements results. It presents neutrons average
velocity at the velocity selector exit as a function of its rotation period. Error bars indicate the
half width of velocity distribution in the beam after selector. Neutron chopper resolution has been
took into account and subtracted.

The neutron flux at the selector exit is shown in Fig. 4.
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Fig. 4 The neutron flux at the selector exit is shown as a function of neutron velocity
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count rate (with the valve open and the neutron velocity equal to 160 m/s) had to get stabilized
as well. The later process is delayed because of slow heating of internal zones of powder.

The results of all these 3 series of measurements are shown in Fig. 8. Storage times were
not measured for fast neutrons in the third series, because they are too short.

As it possible to see from the Fig. 8 the degassing of the trap not leads to increasing of
the neutron storage time to compare with the pumped trap. Though increasing the trap
temperature up to 150°C (30% in absolute scale) has led to decreasing of neutron storage time
at 30% approximately. It looks like increasing of neutron losses due to inelastic scattering by
hydrogen bounded strongly (it is not removed by 150°C degassing) to the diamond.

70—
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100 120 140 160
Vv, m/s

Fig. 8 The VCN storages times as a function of their velocity. Black circles correspond to
measurements at room temperature after 12 hour pumping. Empty circles show
measurements at room temperature after heating the trap at 120°C in argon. Boxes indicate
results obtained at a temperature of 150°C under permanent pumping.

Analysis of the experimental results

For the trap geometry described above we calculate 2 VCN mean free path for all
neutron velocities :

Ax=22*1lcm

neglecting small gravitational corrections. Thus the probability of VCN reflection from
the trap wall could be estimated from equation:

PR S
P(vy=1 TN (1-¢) o))
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where € accounts for VCN losses in the entrance and exit windows and amounts to
£=3.5-10". The errors in this estimation are defined by storage time uncertainty (see Fig. 8),
mean flight pass uncertainty and neutron velocity uncertainty (see Fig. 3).

This probability represents the reflectivity for the walls actually used in this experiment.
It thus includes losses in the aluminium foil, and effects of the geometrical shape of the trap
walls. This estimation supposes isotropic angle distribution of neutrons in the trap that is not
quite true for more fast neutrons.

On the other hand, we have in hand a model for the propagation of neutrons in the
nanoparticle powder. The method used here to describe the reflection of VCN at a layer of
nanoparticles is similar to that in [1]). Namely, we neglected the relatively complex internal
structure of the nanoparticle and modeled it as a uniform sphere. The neutron-nanoparticle
elementary interaction was calculated using the first Born approximation. The amplitude for a

neutron with the energy (hk)1 /2m to be scattered at a spherical nanoparticle with the radius
R and Fermi potential V, at an angle & is equal:
2m sin(qR) cos{gR
f(9)= Y VR’ ( 3)_ ( z) ’
(aR)"  (aR)
where g=2ksin(68) is the transferred momentum. The total elastic cross section is

equal correspondingly:

2 2m | s 1
o, = \f] dQ=27—V| R (kR)ZI(kR),
where
1,1 +sin(4kR)_sinz(2kR)
“"’”‘4[‘ (GRY KRY | (KR) ]

The chemical composition of the nanoparticle is complex and includes carbon (up to
88% of the total mass), hydrogen (1%), nitrogen (2.5%), oxygen (up to 10%) [14]. Moreover,
a certain amount of water covers a significant surface area of the nanoparticles. In general, the
hydrogen in the water and on the surface of the nanoparticles scatters the neutrons up to the
thermal energy range (up-scattering); thermal neutrons do not interact as efficiently with
nanoparticles and therefore traverse powder. The hydrogen quantity in the powder was
measured by (n,y) method and composition C;sH was found for degassed and non degassed
powder in the vacuum and composition CgH was found for powder in the air.

To compare the experimental results to the model of independent nanoparticles, we
further corrected the measured reflectivity from VCN loss in aluminum foils and from a dead
Zone in the wall structure in between each cylinder (this correction is about 1%). The
corrected reflectivity is shown in Fig. 9 for measurements at room temperature (averaged
through two series of measurements); together with the Monte-Carlo calculation. The only
parameter of this calculation concerns inelastic scattering on hydrogen. In the Monte-Carlo
simulation, the quantity of hydrogen is fixed according to the C;sH chemical composition
(0.5% of the total mass). Besides, the cross section for inelastic scattering is assumed to follow
the 1/v rule, and the value of the cross section o, for neutron velocity of 2200 m/s is

considered as an effective parameter. The calculation reproduces the velocity dependance of
the reflectivity well, and the effective parameter is fitted at the approximate value of
Oy = 1.3 barn.
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Fig. 9 The probability of VCN reflection from a layer of nanoparticles as a function of
their velocity. Open circles correspond to measurements at room temperature. Thin lines
correspond to Monte-Carlo calculations, taking into account upscattering at hydrogen, the
quoted cross section corresponds to neutron velocity of 2200 m/s: 4 barn for dotted line, 3
barn for dot-dashed line, 1.3 barn for dashed line and O barn for plain black line.

Conclusion

We have observed for the first time storage of VCN with the velocity 40-160 m/s (the

energy up to 10* V) in a trap with walls containing powder of diamond nanoparticles. The
VCN storage will allow us to accumulate significant number (density) of VCN in a trap (much
larger than that typical for UCN). Further improvement of the VCN storage times could be
achieved by removing a part of hydrogen from powder (it could not be removed by degassing
at 150°C) to suppress inelastic up-scattering of VCN. Another option could consist in
replacing the diamond nanoparticles by O, D,, D;O, CO,, CO or other low-absorbing
nanopatrticles, free of hydrogen and other impurities with significant VCN loss cross-section.
The probability of cold neutron isotropic flux reflection from diamond nano particles is
compared with others well know reflectors in Fig. 11. As it can be seen from Fig. 11 , the
maximum energy of the reflected VCN and the reflection probability far exceeds the

corresponding values for the best supermirrors available [15] . Thus nanoparticle reflector:

bridges the energy gap between efficient reactor reflectors for thermal and cold neutrons, and
the effective Fermi potential for UCN. This phenomenon has a number of applications. Such a
reflector can be used for VCN and UCN sources, for the more efficient guiding of VCN and,
probably, of even faster neutrons at “quasi-specula” trajectories. ;

42

1,0 prememeemeeereeereeerereres
[ i h2
0,8F )
\ i ! /\/
L \ |\ M
= \ !
2 04 .
D [ \ !
c ) !
0,2k \ !
N !
0,0 Lewens TR -
, - 100 1000
V,rn/s

Fig. 11. The elastic reflection probability for isotropic neutron flux is shown as a function
of the neutron velocity for various carbon-based reflectors: 1) Diamond-like coating
(DLC) (thin solid line). 2) The best supermirror [15] (dashed line). 3) Hydrogen-free
ultradiamond [16] powder with the infinite thickness (dotted line). Calculation. 4) VCN
reflection from ~3 cm thick diamond nanopowder at room temperature (points), with
significant hydrogen contamination [this paper]. Experiment. 5) MCNP calculation for
reactor graphite reflector [17] at room temperature with the infinite thickness.
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CURRENT STATUS OF THE EXPERIMENT ON DIRECT
MEASUREMENT OF NEUTRON - NEUTRON SCATTERING LENGTH
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Abstract. It is proposed in 2002 the new experiment on the first direct measurement of neutron-
neutron scattering on the powerful pulsed reactor YAGUAR placed at+Snezhinsk, Ural region, Russia.
After that an extensive work has been done for modeling of background conditions and an optimization
of the set-up design. To make the experiment feasible it was necessaly to suppress the background of
various origins for more than 16 ( for thermal neutrons) and 14 (for fast neutrons) orders of magnitude.
In 2003 it had been drilled under reactor and equipped a channel for time-of-flight measurements.
During next two years at this channel there were carried out a series of test experiments aimed at
checking out an accuracy of background condition modeling. A goqd agreement of the measured
results with the calculated values allowed us to realize the final design of full scale set-up. During
2005-2006 it has been manufactured and after vacuum tests at JINR the set-up has been mounted at
YAGUAR reactor hall. In 2006-2007 the calibration measurements with noble gases have been carried
out. The obtained results confirmed a validity of the full scale experiment modeling and allowed to
verify necessary calibration. The first preliminary experiments for nn-scattering were performed at
April 2008. The results are discussed.

Keywords: Nuclear physics, charge invariance of nuclear forces, nucleon-nucleon scattering lengths.

INTRODUCTION

A main motivation for performing the direct neutron-neutron scattering (nn)
measurements is the issue of charge symmetry violation in the nuclear force; the size of this
symmetry breaking remains an open fundamental problem in nuclear physics. One way to
study Fhis problem is the comparison of the neutron-neutron, a.., and proton—proton, a
scattering lengths. Although the pp-scattering length is well measured, existing indirect n‘;‘z’-,
data (from nuclear reactions with two neutrons and a third particle in the final state) for many
Yyears contradicted each other [1-4] in both the magnitude and sign of the difference between
tc?:lce rrgz- and pp-scattering lengths. This value is rather essential for verification of QCD at low

y.
- An idea h.ow to measure nn-scattering directly is c'iiscussed in detail in ref. [5]. There it
shown that a direct measurement of the neutron scattering length with 3% accuracy (0.5 fm)
Mmay resolve the above mentioned contradictions.

STRATEGY OF EXPERIMENT

. As it is shown in ref. [5] only possibility at present to measure nn-scattering directly is to
S¢ the pulsed reactor YAGUAR, VNIITF, Snezhinsk. The main parameters of the respective
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experiment are: energy of YAGUAR pulse is up to ~30 MJ, a repetition rate is one per day,
number of neutrons, flied out from the reactor per pulse ~10'® |, duration of the pulse is ~1 ms,
the thermal neutron flux density in central cavit3y of the reactor reaches ~10'® n/cm?s.
Effective density of “neutron target” could be ~ 10** n/cm® , number of n-n collision per pulse
estimates as ~107 and an expected number of n-n scattered neutrons, counted by the detector
(100+300) per pulse. The basic idea of the experiment is o use time-of-flight (TOF) method
for separating of nn-scattering events from all other false effects. For such limited statistics a
providing of appropriate background conditions is crucial for realization of the experiment.
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FIGURE 1. The layout of the experimental
setup.

For realization of the nn-experiment was
chosen the following strategy: its preparation
and an execution were broken for some
stages. In doing so each next stage started to
implement only after a successful completion
of the previous one.

First of all the detailed calculations of
neutron fields within the reactor through
channel have been done. The results of these
calculations coincided well with the spatial,
energy and time distributions of neutron
measured in special precise experiments [5].
After that it was formulated full mathematic
model of the set-up and as result it was
obtained the quantitative estimation of
numbers of n:n scattered neutrons, counted
by the detector.

If we wish to reach the 5% accuracy in
the nn-cross-section (2.5% in a,, ) so the
effect/background ratio should be not more
than 40-50%. It results immediately that a
thermal neutron background must be
suppressed for sixteen orders of magnitude.
Due to the fact that the YAGUAR pulse has
long tail related to delayed neutrons with flux
~10" n/em¥s it needs to take special
measures for elimination of a very high
background of fast neutrons. The modeling
with such level of background suppression
did not carried out up to now. But necessary
calculations have been successfully done [6]
in parallel by two independent groups from
JINR and RRITP, Snezhinsk using MCNP
and PRIZMA codes respectively. -

In fig.1 the lay-out of the set-up is shown.
Thermal neutrons escaped from the inner
surface of the reactor cavity covered by
moderator in thin aluminum case scatter on

other neutrons placed there and move after collision up and down by the respective evacuated
flight passes. In chosen design of set-up first scattered thermal neutrons reach the detector ~
2ms after the reactor pulse whereas the thermal neutrons reflected by “the back wall” (the lid
of upper flight pass) after collision in reactor cavity have time delay about 10 ms. It allows one
to detect nn-scattering events in the time window (2 — 12) ms. In this situation TOF method
could diminish the background from fast neutrons emitted during YAGUAR pulse at least for
four order of magnitude.

The first conic collimator just under reactor core serves for exclusion of a direct visibility of
the moderator surface by the detector. Beside that the collimation system has to prevent
neutrons reach the detector after first scattering on walls of the lower flight pass. To diminish
effect of multiple scattering of thermal neutron on the walls the inner surfaces of both flight
passes these were covered by cadmium sheets of lmm thick. To decrease a number of
?oegnrons scattered on the back wall and hit the detector the surface of this wall is covered by

A thick borated polyethylene shield under the reactor core and water surrounding the lower
flight pass serve for suppression of fast neutron background. )
Part of the fast delayed neutrons can penetrate the shielding and induce background during the
time interval allocated for detecting thermal neutron collision during the reactor pulse. A
suppression of this background could be achieved by used shielding and specially designed
detector with low sensitivity to fast neutrons.

The calculations have
shown that it is possible to
obtain satisfactory
background conditions with
an expected the
effect/background ratio near
z 30% if the vacuum within

scattering cavity will be as

i low as 10® mb. Here it is
appropriate to note that

beside of all abovementioned
sources of background that is
possible to consider
quantitatively another kind of
background exists that could
spoil the vacuum condition
within central cavity just
after reactor pulse. This is so
called a radiation degassing
of the cavity and the first
collimator walls. The effect
was studied [7] for steady
reactor. The preliminary

ualitati imati :
‘Claseltanve estimations gave us some hopes that this background has not to be essential for our
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FIGUBE 2. The count of the fast neutron detector
gormallzed for one Joule of the reactor energy is presented in
) hependence of the shaft depth. The black and open cycles are

€ results of the measurements and calculations respectively.
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FIGURE 5. The layout of the dependence of the reactor power during the pulse

neutron detector
EXPERIMENT WITH NOBLE GASES

The last preliminary stage before the nn-
cross-section measurement was the
Al-foils experiments with noble gases. The
measurements  of  thermal  neutron
scattering on “He and Ar gases allow us to
verify the whole experimental procedure
and the method of data analysis. To reach
this goal it is necessary to measure the
respective  cross-sections  with  the
accuracy much better than it was planned
to get for main nn-experiment (~5%).
Beside that these measurements should be
realized with minimal number of
YAGUAR bursts. So the density of
respective gaseous targets has to be as
much as necessary to ensure =~ 10°
detector counts per one burst. Taking into account known scattering cross-sections for *He and
Ar the respective pressure of the targets should be ~10"" mb. But at this very small pressure the
essential uncertainties could arise due to degassing of scattering chamber walls. So the
effectiveness of the detector for thermal neutrons was decreased in 10° times by changing of
its filling (CHe (0.5 mb) +*He (0.5 b) + CF, (0.7 b)). At the same time all other detector
characteristics were preserved.

Vocuun
Moderator

Reactor~Gas

Vacuum

FIGURE 7. The scheme of measurements with
noble gases
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The scheme of gas

o 400 ﬁi measurements is shown in
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fast neutrons and gamma
quanta to the detector count,
In fig. 9 the normalized detector counts

are presented in dependence on the 180 ~
pressure of gas targets at 20°C. 160 i
The linear dependence in fig.9 of *He 140 /
data corresponds fully to the results of L L
modeling. The background in these F
measurements relates to scattering on Al =, 100 P
foils. The special measurement without 2 o v
foils and with vacuum in the channel 60 /
gave a result 0.05+0.05 n/MJ. 40 )/
The detailed analysis of these data J
results in the ratio of the measured O T T Background T _ ] .
scattering cross-sections @ = o(*He)/ 0
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a(Ar) = 1.236 + 0.046 instead of the
known value [8] @ = 1.2 £ 0.03. A

good agreement of these two ratios FIGURE 9. The results of measurements with
confirms an overall validity of the pople gases normalized to IMJ of the reactor

developed experimental technique and  energy release. Black points are for *He, the open
the method of data analysis. one is for Ar.

The special measurements in
stationary mode of the YAGUAR operation showed that the fast neutron background for
realistic conditions of nn-experiment is not higher than 10 events for maximal (30MJ) pulse
energy of the reactor. It consists of less than 10% of the expected effect of nn-scattering.
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FIRST ATTEMPT OF MAIN EXPERIMENT

After successful completion of calibration
measurement the detector was refilled for its
original content, the whole volume was
pumped out for high vacuum and the first
measurements of nn-scattering have been
done in April 2008. In fig. 10 it is shown
TOF spectra for two reactor energies.

These spectra are very similar to the same
shown in fig. 8. So it indicates that the
detected neutrons are thermal ones. But the
count rate is ~20+30 times higher than
expected number for nn-scattering.

The last number could be expressed in
form [5]:

2
N, ~ ng@amdtdv ~£o;mV
v, 1y,

Here t is time, T is the burst duration,
®(,r)is the instantaneous neutron flux
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FIGURE 10. The TOF spectra measured
with vacuumed scattering chamber for 31 MJ
(black points) and 25M1J (open circles). The
curves are a fit with Maxwellian distribution.

density, F = J®(t)dt is the neutron fluence, vo = 2200 M/s, and O, is the nn scattering cross
section. In a case of neutron burst duration depending on the burst energy, it is the fluence that

is proportional to the burst energy.
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We see that the total number Ny, of the
nn-scatterings is proportional to fluence
squared (or to the burst energy squared)
and is also reverse proportional to the
pulse duration T. The latter for the
reactor YAGUAR case, is in turn the
reverse proportional to the pulse
duration As the result, the N, number
of counts is expected to follow
approximately the 3-rd power of the
burst energy. In contrary, the number of
scatterings from the channel walls and
from the collimator edges s
proportional to ®(t,7) and, therefore,
should have the linear dependence of
the pulse energy.

In fig. 11 it is presented the results
of all measurements with vacuumed
scattering chamber. The total count of
thermal neutrons detected in the proper
time window for one reactor burst is
shown in dependence of reactor energy.



It is clear that experimental points have approximately square energy dependence. A
distinction from linear dependence indicates that during reactor pulse a number of objects on
which thermal neutrons scatter is changed. In the case quadratic energy dependence the
number of such objects is proportional the energy of the reactor pulse but not the neutron flux
density. So these objects are accumulating within the reactor cavity during its pulse. The most
probable candidates for these are gas molecules ejecting from the cavity walls due to its
neutron and gamma irradiation during reactor burst. It is rather plausible that we have
observed the effect of the radiative desorbtion.

CONCLUSION

As the result of six years hard work of DIANNA collaboration the full scale set-up aimed
at the direct measurement of the cross-section of neutron-neutron scattering has been designed,
manufactured and installed at the YAGUAR reactor hall. The planned technical parameters of
the set-up have been achieved. The calibration measurements with noble gases have
demonstrated that preliminary modeling was reliable and that the developed procedure of data
analysis allows one to extract the respective cross-section with necessary accuracy.

The first attempt of nn-measurement has been done. The unexpected background of thermal
neutrons proportional to a square of the reactor pulse energy was observed. It seems that this
effect is connected with the radiative desorbtion of gas molecules from the walls of the central
reactor cavity under neutron and gamma irradiation. The nature of this background and
possible ways of its suppression has to be studies in nearest future.
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ON A COINCIDENCE MEASUREMENT IN THE
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Abstract

A hypothesized improvement for the signal-to-noise ratio in the DIANNA nn-
scattering experiment at the pulsed YAGUAR reactor would be to measure coin-
cidences between the existing detector located below the scattering volume and an
additional detector equidistant but above the scattering volume. Here we determine
and compare the relative size of the coincidence count rate with the single detector
count rate. We present an analytical estimate and results of Monte Carlo model-
ing with the modified code PZSIM [1] previously developed to calculate the detector
counts and neutron spectra after nn-scattering. Results suggest a coincidence effi-
ciency of 107% to 107° relative to a single detector geometry, where the range of values
depends on the detection options. This coincidence rate is too low to be statistically
informative.

1 Introduction

Motivated by a desire to understand charge symmetry breaking of the nuclear force, the
neutron-neutron scattering length, ap., has been actively pursued for several decades
[2]. Current values of an, come from the indirect measurements of the 2H(x~,yn)n,
2H(n,nn)p, 2H(n,np)n reactions. Current values from these experiments are an, =
—18.6 +: 0.3 fm [3], @na = —18.8% 0.5 fm (4], and ag, = —~16.1 £ 0.4 fm (5], respectively.

To help resolve the current discrepancies between these values, the Direct Investigation
of ayn Association (DIANNA) is using the aperiodic pulsed Yaguar reactor at Snezhinsk,
Russia, which can produce pulsed neutron fluxes of ® =~ 10'/cm?s [6] to directly measure
@nn from neutron-neutron scattering with an accuracy of a 3% {7). The experimental nn-
setup is shown schematically in Fig. 1. The original reactor through channel has been
modified with a CHz cylindrical moderator. A 12-m evacuated, collimated flight path
with neutron detector has been assembled below the reactor itself. The detector diameter
is 20 cm, with a solid angle of '3 x 1078 in 4= and is nearly 100% efficient to thermal
neutrons. Reducing the neutron background and correcting the nn-scattering signal for
residual background counts is the primary experimental challenge; a !°B “back wall”
absorber and a special collimator system have been installed for this purpose. With
these in place, extensive modeling and test measurements have shown that a signal-to-
background ratio of three is achievable [8]. Nonetheless, any ideas for improving this
ratio warrant consideration. '

One such suggestion has been to replace the 1°B “back wall” absorber with a second
detector in order to measure coincidences between neutrons that scatter back-to-back
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~20 cm—
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O,

Figure 1: Schematic of experimental setup (not to scale). 1 — B back wall or upper
neutron detector for coincidence measurement, 2 — reactor core, 3 — polyethylene moder-
ator, 4 — collimators with a minimal apperture of 3 cm, 5 — shielding, 6 — main neutron
detector of with 20-cmn diameter.

toward and away from the main detector. We describe here analytic estimates and
Monte-Carlo modeling of the coincidence rate in that scenario.

2 Analytic estimate

Fig. 2 shows the geometry for the analytical calculations of the nn experiment. Neutrons
leave source points ; and (), with velocity vectors #; and #; and collide at point P.
The vector 7, is the center of mass velocity for these two neutrons. The final velocities
of interest ¥y lie in the detector solid angle d{2.: along the z-axis. The opening angle
of d2get = B4er, has a value of about 1°. To simplify the present analytical calculations
we assume that all neutrons have the same speeds v and that vectors v, are distributed
uniformly in space. The final speeds v;s and vy are calculated as

vl = v, + (v*)* + 20mv® cos§*
v} = vk, + V")’ = 2vmv* cos*, 1)

and their cosines with respect to the direction of ¥, are

costhy = (Vo +v*cosb*) /\/vczm + (v*)* + 2vmv* cos 6*
(Vem — v* cos6”) /\ﬂ;gm — (%) + 2Uemv* cos 6*. (2)

I

cosfq¢
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The angle 64 is the angle in the laboratory frame between the velocity ¥y and the
center-of-mass velocity ¥,. The quantities in the center-of-mass frame are marked by
an asterisk, *, so v* is the speed of the particle and 6* is the scattering angle in the
center-of-mass frame. We represent the uniform distribution of cos #* in the range [—1 1]
by

cosf* =1-2r, (3)

where random numbers r are uniformly distributed in the range [0 1]. For our mo-
noenergic (vy = vz = v) case, the quantities are: v/2van = vy/1 + cosfyz, and vV2u* =
vy/1 — cos 015, where 05 is the collision angle between the velocity vectors v and v3.
Therefore, the equations are simplified; in particular

v 1+ cosf + cos0*y/1 — cos B,

0y = 4
costy V2/T + cos 0" sin By, @)
and
v/1+ cosfyg — cosf*/1 — cos b
cosfqy = . (5)

V2+y/T — cos0*sin B2
These equations, Eq. 4 and 5, together with an assumed uniform spatial distribution of
vectors Uy, serve as the basis for the numerical analysis of the coincidence probability.
First, from inspection of Eq. 4 and 5 it can be shown that for collision angles 6,5 < 90°,
the final velocities, 1y and ¥, are always directed at acute angles to Uep,. For example,
Fig. 3 shows 61y and fy; for ;; = 85°. For such a case both outgoing neutrons are
directed into the same hemisphere with respect to the center-mass velocity vector and
therefore no coincidence is possible.

For collision angles 815 > 90° the final velocity vectors are directed at obtuse angles to
TUem, 80 detector coincidences are possible but only if two conditions are fulfilled simul-
taneously: 1) the vector om, lies along the z-axis inside Afy: and 2) the corresponding
angles 0y, Oaf, of the two final velocity vectors are about 0° and 180° within the range
of O4e = 1°." Fig. 4 presents plots 6,5 and 857 as a function of 6* for different values of
obtuse 0,2 angles. The coincidences are possible for §* near zero, which rarely happens.

Since A, is defined as the relative solid angle, it also gives the probability for meeting
the first condition above, that is when the vector ¥, lies along the z-axis inside AQye;.
The probability governing the second condition is determined from the range of random
numbers, Ar, in Eq. 3, which describes the isotropic scattering in the center-of-mass
frame. Therefore, if the total number of collisions inside the YAGUAR through-channel
is Npn, then the number of two-detector coincident counts is

N = 2 x Npp X AQuet X A, (6)

coinc
while the number of single detector counts [7] is given by

det =2 X Nan X Aget, (7

single

which leads us to the final estimate of the probability of coincidences relative to the single
detector counts,
Pwinc = Ar. (8)
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Figure 2: Diagram of scattering geometry. Neutrons leaving source points @; and Q-
on the internal surface of the neutron moderator (not shown), collide at point P, with
initial velocities ¥, and ¥ and the collision angle 8. Final velocities in the laboratory
frame, ¥y and ¥y make angles 01 and 8;; with the center-of-mass velocity vm.

By applying Eq. 4 and 5, we find that condition 2) is fulfilled nearly independent of the
obtuse 6,2 values, for the range of random numbers r in the interval {0 7.6 x 10~%] while
the total range of r for all possible scattering angles 6* is {0 1]. Therefore, our analytical
estimate for two-detector coincidences if Puyine = 0.8 x 10™%. This value is an upper limit
because it does not include the collimation system or the time-of-flight window which
would further reduce the expected coincidence rate.

3 Monte-Carlo modeling with code PZSIM

In order to investigate the coincidence rate with the full geometry and the neutron energy
distribution, we modified the PZSIM (Production in Z SIMulation) code used to model
the nn-experiment in [1] to include a second detector of either 20 cm or 200 cm diameter
placed 12 m above the reactor, mirroring the placement of the original 20-cm diameter
detector 12 m below the reactor. No collimators were assumed for the upper detector,
but the same simplified collimation system used in [1] and shown in Fig. 1' was assumed
for the main detector. As explained in [1] the PZSIM code uses the Amaldi analytical
expressions for the scattering kinematics [9]. The code chooses a collision point within the
scattering volume (YAGUAR through channel), chooses neutron starting positions along
the internal wall of the cylindrical moderator, and chooses energies from a Maxwellian
distribution with an epithermal tail. Based on the initial trajectories, the velocities are
transformed to the center-of-mass system where scattering is isotropic. The new velocities
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Figure 3: Plot of 615 (dark line) and 65 (light line) for 6,2 = 85°. For any 6;; = 85°
the angles 6,7 and 6, are both in the same hemisphere with respect to the center-mass
velocity vector. Therefore, coincidence counts in opposite detectors are impossible.
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Figure 4: Plot of final angles with respect to the center-of-mass velocity, 815 (upper light
lines) and @of (lower dark lines), as a function of §* for different scattering angles, 6;,.
Coincidence counts are possible. However, for the YAGUAR geometry as dicussed in the
text, 81y must be within about 1° of 0° and 6y must be within about 1° of 180°. This
rarely occurs.
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Figure 5: Histogram of the difference between arrival time-of-flight at the main detector
and the upper detector for the case of a 200-cm upper detector and 20-cm main detector.
There were 398 coincidences out of 1.4 x 10° main detector hits.

of both neutrons after scattering are transformed back to the laboratory frame by adding
the center-mass velocity vector. Each neutron is then followed along its path until it
collides with the moderator wall, a collimator, or the detectors.

Running the modified PZSIM code with a 20-cm diameter upper detector we find that
only a few of the 10° neutrons which reach the main, bottom detector have a partner
that makes it to the second, top detector at any time of flight, though the statistics of
this result are quite poor. To improve the statistics the upper detector by a factor of
100, the diameter of the detector was increased to 200 cm. The coincidence rate for this
rather large detector is 3 x 10~ of the main detector count rate. Scaling this result down
to the more reasonable detector size of 20 cm in diameter, we get 3 x 10~%. This result is
quite reasonable when one considers the fact that not only do most neutrons collide with
the moderator walls, but also the vast majority (98% in our simulation) of neutrons that
reach the main detector originate from a collision between two neutrons that happen to
both be traveling with their initial z-component of velocity towards the main detector.

The reality of time-of-flight is not included in the above coincidence probability. Of
the very small fraction of detector counts that have a coincidence partner reaching the
other detector, the time-of-flight for the two neutrons can vary drastically given the wide
range of neutron energies involved in the collisions. The time-of-flight for the coincidences
range over ~ 10 ms (which corresponds with the time-of-flight interval of the Maxwellian
spectrum), as shown in Fig. 4. By limiting the coincidence window to 1 ms, the overall
probability for coincidences is < 107°.
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4 Conclusion

We conclude that the coincidence rate in a hypothetical two-detector YAGUAR nn-
experiment is far too low to be of any pratical use in the direct measurement of the
nn-singlet scattering length. The main reason for such a small effect is the conservation
of energy and momentum in the interaction between two particles of equal mass. Even
though the particles go in opposite directions in the center-of-mass frame, only relatively
rare head-on collisions with the center-of-mass velocity close to zero are relevant for
coincidences in the lab frame. An additional reason for the low coincidence rate is the
wide dispersion of neutron arrival times to the two detectors due to the broad thermal
energy spectral range.
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ANALYTICAL CALCULATION OF THE NEUTRONS SPECTRUM
FOR DIRECT MEASUREMENT OF N-N SCATTERING
AT PULSED REACTOR YAGUAR
V. K. Ignatovich!
FLNP JINR Dubna 141980 RF

Abstract

Analytical calculation of a single neutron detector counts per YAGUAR reactor
pulse is presented and comparison with coincidence scheme is given.

1 Introduction

There is a project to measure directly n-n collision for checking charge symmetry of nu-
clear forces [1]. It is accepted that the best neutron source to perform such measurements
is the Russian pulsed YAGUAR reactor. Some preliminary measurements and numerical
simulations for expected experimental geometry had been performed [2]. We want to
show here an analytical approach to calculations. First we obtain analytical momentum
spectrum of scattered neutrons, then the time of flight spectrum of neutrons detected by
a single counter. After that we consider coincidence scheme where we have two detectors,
and calculate time of flight spectrum for one detector and delay time spectrum for the
second one. We considered coincidence scheme because from the very beginning of dis-
cussions about the project, and all the time during preparation of the experiment, many
people continue to express the opinion that the coincidence scheme has an advantage
comparing to the single detector measurement. They claim that loss of intensity, which
they usually estimated at the level of 20%, will be surpassed by much higher suppression
of background. We show here analytically that in the coincidence scheme effect is so much
suppressed, that the question about the background level becomes irrelevant.

2 Estimation of the effect

The scheme of the experiment is presented in Fig. 1 borrowed from [1]. The YAGUAR
reactor 1 gives a pulse of length ¢, = 0.68 ms, during which a huge amount of neutrons with
flux density ® = 0.77 x 10!® n/cm?s is released After a moderator at room temperature
T neutrons in the thermal Maxwellian spectrum arrive at the volume 2 (V = 1.13 cm?),
where they collide with each other and some of them after collision fly along the neutron
guide 3 with collimators 4, and arrive at the detector 5, where they are registered with
~ 100% efficiency. The collimators 4 determine the solid angle AQ = 0.64 x 1074, at
which the volume V is visible by the detector. The estimated number of neutrons that
can be registered at a single pulse is equal to .

N, = 2n*Vt,ur|b|2dSY, (1)

where factor 2 takes into account that the detector can register scattered neutron or
neutron-scatterer. The square of the scattering amplitude |b|? is defined as: [b]2 = |bo|?/4,
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where by is the singlet scattering amplitude, which is accepted to be 18 fm, and factor 1/4
is statistical weight of the singlet scattering. Therefore |b|? = 8.1 x 10~% cm?. The speed
vr corresponds to the thermal speed vy = 2200 m/s, and the factor vr|bj? determines
number of collisions in the neutron gas per unit time. The factor n? is the square of the
neutron density: n = ®/vr = 3 x 10! cm™. After substitution of all the parameters
into (1) we find N, = 170 neutrons per pulse. However it is the estimation number.
To find real number counted by the single detector, Nj, it is necessary to calculate the
scattering process. Calculation shows that Ny = F'N,, where factor F is of the order
unity. Monte Carlo calculations in [1] give F = 0.83. Analytical calculations presented
below give F = 0.705. The number of neutrons per pulse counted at coincidence, if the
neutrons trap 6 is replaced by another detector, can be estimated as

Nee = NsdQT/tT, (2)

where 7 is the width of the coincidence window, tr = L/uvr is the average length of
measurement time after the reactor pulse, and L =~ 12 m is the average distance between
collision volume and the detectors. In the experimental scheme of Fig. 1 the time tr
is of the order 5 ms. If we accept 7 = t, = 0.5 ms, then the ratio 7/tr is 0.1. The
factor d2 is included in (2}, because only neutrons in this solid angle will be registered
by the second detector. The total factor, which suppresses the estimated number of
neutrons registered per single pulse in coincidence scheme, is of the order 10~5, therefore
the estimated number of counts in coincidence scheme will be 1073, so the experiment
becomes non feasible, and the level of the background, which is determined by neutron
scattering on the residual gas atoms present at even very good vacuum conditions, becomes
irrelevant. The analytical calculations, presented below, show that the real number of
counted neutrons in coincidence scheme contains even additional small factor F, = 0.15.

3 The analytical calculation of neutron scattering in
the thermal neutron gas

Our calculations will be based on the standard scattering theory of neutron scattering
in the atomic gas. Qur main feature is that we shall make calculations directly in the
laboratory reference frame without transition to the center of mass system. First we
remind all the definitions of the standard scattering theory and then present analytical
calculations of all the required integrals.

3.1 The standard scattering theory

The standard scattering theory starts with the Fermi golden rule, according to which one
can write down the probability of the neutron scattering per unit time on an arbitrary
system as

27
dw(k: = kg, M — A) = = [(Ar, kgl U\, k)| 6(Eps + Epy — B ~ Ea)p(Epe), (3)
h
where |k; >, |A; > are initial, |[k; >, [A; > are final states of the neutron and system with

energies Ey, Ein, Esk, Ejy respectively, U is the neutron-system interaction potential,
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Figure 1: Scheme of the experiment on direct measurement of n-n scattering [1]. 1 -~
reactor core; 2 — volume of collisions; 3 — neutron guide; 4 — collimators; 5 — detector;
6 — neutrons trap.

which in the neutron atom scattering is accepted in the form of the Fermi pseudo potential
h2
U = —A4nbd(ry — r4). 4
o (ry— 1) (4)

Here 71, 7, are positions of the neutron and the system, p(Fy) is the density of the
neutron final states

o(Ey) = (%)3d3k, (5)

E) = h®k?/2m, m is the neutron mass, and L is the size of some arbitrary space cell.
We suppose that the system is an atom with mass M = m, and momentum p. The
initial and final states of the neutron and atom are described with similar wave functions

1 , 1 .
|kig >= ’LaTexD(Zk"'fr)’ |Ais >= |pyy >= mexp(zp,-,fr), (6)

where k;; and p; ; are initial and final neutron and atom momenta respectively.
The flux density of the single incident neutron is

ji = hkifmlL3. M
The scattering cross section at the given initial and final states is the ratio
1
do(k; — ks, p; — ps) = ;dw(ki — ks, p; — pyg). ®)
1

At the next step we need to sum this cross section over final states of the system and
average over initial states. In our case summation over the system final states is the
integration over density of the atomic final states

P(Epf) = (%)sd%r ©)

63



This integration gives the cross section for the given initial states as
do(ki — kg, p;)

2mm L%d%k
hz (2r )Gf /dspfl Py, kflUlP,, l)

where E, = h’p?/2M, E; = h*k?/2m, and the additional factor 2 means that the atom
and neutron are the same particles, therefore we can detect with the same probability the
scattered neutron in the phase element d®k; or an atom in the element d3p;.

For our experiment we need not a cross section, but the number of the neutrons
dN(k;, p;, ky) scattered in the element d*k;. This number is determined by the number
of collisions of neutrons with atoms, so the number of scattered neutrons is equal to

6(Efx + Egp — Eix — Eyp), (10)

dN (ki, p;, k) = dng(pi)dna (ki) Vdtyedo(pi, ki — ky), (11)

where dng(p:), dn,(k;) are the number densities of atoms and neutrons with initial mo-
menta p; and k; respectively, v = ki|p; — k;|/m is the relative neutron-atom velocity, and
V, dt, are volume and time, where collisions create detectable neutrons.

Since our atoms and neutrons have the same Maxwellian distribution with the tem-
perature T', the densities dn,(p;) and dn,(k:) are

3 2
dn.(q) = dn,(q) = n'(%jgs/_z exp (—-;%) , (12)

where n is the average neutrons density, the letter T denotes reduced temperature T =
mkg[T)/h?, and [T] is the temperature in Kelvin degrees. To find the total number
of neutrons dN(k;) scattered into element d%; of the final momentum space we must
integrate (11) over dn,(p;)dna(k:), after which we get

1 L°d%; 21 2m - ,|
AN (kp) = 20V dly s e Rkl [&k [ &

2 + k? 2
<o (~EE8) [ @ty kaVipu k0 605+ 53— K -5 (9
The matrix element of the potential (4) is
h? (27)? '
and its square is
om)3
(opkstVipokof =timif (1) CLstp kg -k 19)

After substitution of (15) into (13) we can extract |b|?> from the square of the matrix
element, d? from d®k; and introduce the thermal speed vr = hv/2T/m. As a result we
obtain

dky

N(ks) = Neg(ks)—== /T (16)
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where N, is given in (1), and g(ky) is

glky —3 kf /d3 /d3 I~k

p2 +k2
[ epsen (1L f)6<p,-+ki—p,—kf)6<k%+p§—kf—p?). )
Integration over d®p; gives
2 kf 3 p.f'i'k2 3L IP 2k,l 2
otk = Sk [ @pyos (252 ) [ eulE 2 2 sk, 19

where P = p; + k; is the total momentum of two pa.rticles.
With all these definitions in hands we can directly calculate the spectrum of scattered
neutrons

3.2 Analytical calculation of the integrals

First we calculate the integral

P — 2k;
Qkrpp) = [ @REZ 2508 157 — k7 - (P - k)

=2 [ L 8{ak, - Plo((ks — p,)? + (2K~ PY) )
After change of variables 2k; — P = u we obtain
1 d*u 2 2
Qlky,ps) = E/umd(u -q9), (20)
where ¢ = (ks — p;)>.

After representation ud®u = (u2du?/2)dpd cos 8, where polar axis is chosen along the
vector P, we can integrate over dy and d(u?). As a result we get

wq?d cosf
kepg) = .
Qlks.py) _[2\/q2+2chos()+P2 (21)
Integration over d cosf gives
Q(kspy) = o5(a+ P — g~ P|). (22)

2P

The last factor is equal to 2¢, if ¢ < P, and it is equal to 2P, if ¢ > P. Which one of these
inequalities is satisfied depends on the angle 8; between vectors k; and p;- Inequality
q < P is satisfied, when cosf; > 0, and inequality ¢ > P is satisfled, when cosé; < 0.
Therefore Eq. (22) is representable in the form

Qlky,ps) =mq (e(cos()f < 0) +O(cosby > 0)%) . (23)
where ©(z) is the step function equal to unity, when inequality in its argument is satisfied,

and to zero in the opposite case.
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3.3 The spectrum of neutrons, counted by a single detector

Substitution of (23) into (18) gives

glky) = [ Epruky,py), (24)
where o k2 2 | 2
5 |
(k) = 2yt o0 (Lt ) Qs (29

To obtain spectrum of neutrons counted by a single detector we represent d*p; = p?dp £d€ds,
and integrate Q(k, p) over dfs. As aresult we obtain (in the following we omit subscripts
f of variables)

0 1 k — p)2
1(k,p) =/Q(k,p)dQ=27r2 (/_ldcos()|k—p|+/0 dcos()(lk_l_';))l )

1 1 2 4 2
=27r2(/0 dcos()lk+pl+/0 dcos()[Z—(k—+‘zi-)-—|k+p|D

|k +p|
= %Lk)z(pz+k2)(p+k —VP* + k). (26)

Substitution of (26) into (25) and change of variables z = p/k, y = k/v/2T gives

o(ks) = ) = = exp(-y W2 a), (21)

where

J(y) = 2* /Ooo 2zdz exp(—z*y%) (1 + z7) [(1: +1) - V22 + ll . (28)

Integration by parts gives

J(y) = 2* /Ooo dzexp(—z%y?)(1 4 2z + 32 = 3zvVr2 + 1) = y/7 + J1 (), (29)

Ji(y) =2¢° /000 zdz exp(—z%y®) (2432 -3V + 1) = —1+3\2/—:{1—e"2[1—<1>(y)]}, (30)

: AN\
// \\
fy) 03
= /
02 \\
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Figure 2: Spectrum y2F(y)exp(—y?) of the neutrons detected by a single detector in
dimensionless units y = v/vr.
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where ®(y) = [¥ exp(—z?)2dz/+/7. Substitution of (30) into (29) gives

J@) =pF—1+ 3{5{1 1 - 3()]}. (31)

The momentum spectrum f(y) from Eq. (27) with account of (31) is shown in Fig. 2.
Numerical integration of this function gives F' = [§° f(y)dy = 0.705.

3.4 Time of flight spectrum of a single detector

In the experiment the time of flight (TOF) spectrum is measured. To transform (27) into
TOF spectrum we multiply it by unity

1= dté(t — L/vry), (32)

where L is the distance between scattering volume and the detector, and integrate over
dy. After that we obtain

R (0) = Lty = F ). (39)

4 Registration by two detectors in coincidence

Let’s consider the case, when neutrons are registered in coincidence by two detectors on
the opposite sides of the collision volume. It means that the angle between ky and p; is
approximately 180°. Since we register both neutrons, we should not integrate (23) over
d®py. Instead we should accept ksp; < 0, p; ~ —ky, and d*p; = p}dp;dQ with the same
dQ as in d®k;. Taking into account Eq. (16) (24) and (25) we can represent the number
of neutrons counted by two detectors as

2 Kidk, P+ k2
dN(kfapf) N, dQPf 2 (2T)7/2qpfdpfe Y ( f2T f) . (34)

After transformation to dimensionless variables y = k;/v/2T and z = py/v/2T we get
dN(ks,p;) = N.dG(y, 2)dydz, ' (35)

where G(y, 2) = exp(—y? — 2%)20%2%(y + z) /7?, and we replaced g by k; + p.

To get TOF spectrum in one detector and coincidence count in the second one with
coincidence window 7 we must multiply (35) by the unit 1 = dté(t — L/vry)dt's(t' —
L/vrz +1t) and integrate over dydz. As a result we obtain

L ar'L?
vt vp(t +¢) | vitA(t + 1)

N, = dN(ky,p,)/dt = Nod%,G ( (36)

After integration over dt’ in the range of the coincidence window 7 we can put z ~ y, and
finally get

N, = Non exp( 2y2)t12. (37)
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For comparison of TOF spectrum of two and single detectors it is useful to find ratio of
(37) to (33). This ratio is ]
N, T
W= 5 = % RG), (38)
where R(y) = ;;1}%—)exp(—,‘2y2)4_1;6/11'2 f(v) is shown in Fig. 3. Its integral [dyR(y) is
equal to 0.15. So we can tell that the ratio is approximately W = 0.1d€)r/t, as is said in
section 2.

013

01 \
o // \
R(y)
—vos
i
y N

Figure 3: Dependence of R(y) on y = k/v/2mT.

5 Conclusion

We have shown that the effect of n-n scattering experiment and spectrum of detected
neutrons in a single detector can be calculated analytically with the standard scattering
theory without transformation to center of mass system. Analytically calculated factor
F = 0.705 is close to that F = 0.83, calculated by Monte Carlo method. The difference can
be attributed to slightly different spectra of neutrons in the collision volume. In Monte
Carlo calculations spectrum contained Maxwellian part and epithermal tail, while for
analytical calculations we used only Maxwellian part. We did not calculated background
which is related to scattering of neutrons on gas molecules, but we claim that it also can
be calculated analytically. One of the main conclusions of this paper is that coincidence
scheme for this type of experiment is absolutely impractical, because the effect becomes
so low, that the level of the background is irrelevant.
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Abstract

This report is dedicated to the investigation of. radiative neutron decay. The theoretical
spectrum of radiative gamma quanta, calculated within the framework of the standard
electroweak interaction model, is compared with our experimental value of branching ratio (
B.R. ) for radiative neutron decay. It is noted that the study of radiative branches of
elementary particle decay occupies a central place in the fundamental problem of searching
for deviations from the standard electroweak model. Particular attention is paid to analyzing
the results of the experiment conducted at the FRMII reactor of the Technical University of
Munich [1] in 2005.

Introduction.

Characteristics of the ordinary decay mode are currently measured with precision of tenths
of a percentage point. Under these circumstances experimental data obtained by different
groups of experimentalists can be reconciled only by taking into account the corrections
calculated within the framework of the standard theory of electroweak interactions. This
means that experimental research of the ordinary mode of neutron decay has exhausted its
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 decay branch to the
next step, namely, to the experimental research of the radiative decay branch. '

The radiative decay branch, where an additional particle, the 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 o 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. Our
experiment conducted in 2005 at the FRMII reactor of Munich Technical University became
the first experiment to observe this elementary process [1]. We initially identified the events
of radiative neutron decay by the triple coincidence, when along with the two regular

particles, beta elect_ron and recoil proton, we registered an additional particle, the radiative
gamma quantum

n—op+e+v+y,

and so could measure the relative intensity of the radiative branch of neutron decay B.R.=
(3.2+-1.6) 103 ( 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 [2] ).

If we compare neutron decay with the well known radiative muon decay ( see ref. in [3] ),
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the research of radiative neutron decay gives signiﬁcant advantages. First, the presence of
intensive cold neutron beams with intensity of 10° -10'® n/s/cm? allows to research this rare
mode of neutron decay in flight, without the stop target. In the muon case, the research of this
rare decay mode requires the use of the stop target, the material of which creates a significant
background of the bremsstrahlung gamma quanta. This background becomes significant at
the low energies of the registered gamma-quanta, so at the present the muon B.R. is well
researched only for the high energy part of the spectrum, with the energy of the registered
gamma-quanta over several Mev. When researching the neutron decay on intensive beams,
the stop target is absent, which allows to study the radiative gamma quanta of exceptionally
low energies, up to the light photons. This, in turn, allows to experimentally test a
phenomenon well known in theory - the infrared convergence. Secondly, neutron life time is
several orders of magnitude longer than the longest-lived elementary particle of muon. This,
along with the presence of the intensive cold neutron beams, allows to research the
characteristics of the radiative neutron decay with much greater precision than it has been
done before, even for the muon. Thus, conducting a precise experiment on the radiative
neutron decay allows to hope to discover a deviation from the standard electroweak model.

The current status and perspectives for research of the neutron and muon radiative
decay modes will be discussed in detail in a separate work. In this report we will only mention
that while numerous experiments have been dedicated to the research of the radiative decay
mode over the past few decades, the radiative decay mode of neutron in particular has been
researched only recently and by only two experimental groups. Below we will analyze and
compare the results of our experiment on radiative neutron decay to the attempt to identify
radiative events in the decay of neutron by a NIST experimental group. We will also compare
the results of our experiment with the experiment conducted by emiT group in NIST in 2000
to measure the ordinary decay mode [4]. '

In the first experiment we conducted at ILL to identify radiative events we can
measure only upper limit on B.R. [2]. In the second experiment we conducted at FRMIII to
measure the relative intensity of the radiative branch of decay, we received an average value
for B.R. that exceeds the theoretical value we obtained within the framework of the
electroweak model [5]. However, due to the presence of a significant experimental error, we
cannot make any final conclusions about a deviation from the standard model. Thus, our next
step is to measure the characteristics of the radiative neutron decay, and especially the
B.R., with greater precision. Almost a year after we published our results on the internet [6]
and at JETP Letters [1], another experimental group announced the discovery of the radiative
neutron decay mode and cited its own value B.R. = (3.13:0.34)'10'3 with C.L.=68% and
gamma quanta energy from 15 to 340 keV [7]. However, as we demonstrated later [8] the use
of strong magnetic fields of several tesla prevents the identification not only of the radiative
decay events, but also the events of ordinary neutron decay.

To summarize the main distinctions of our experiment [1] and compare them with the
experiment conducted at NIST [7]. Both equipments are comparable in size and about 1
meter. The diagram of our equipment is given on Fig. 1. The size of our equipment is also
comparable to the equipment used by emiT group at NIST in 2000 to measure coefficient D
for the ordinary decay branch, an experiment to which we will also refer and with which we
will compare our results [4].

Our spectrum of double coincidences of electron and recoil protons is given on Fig. 2
and its main characteristics are similar to an analogous spectrum published by emiT group (
see Fig.11 in ref. [4] ). This is an important point and requires a detailed comparison of our
spectrum and the spectrum of the emiT group on double coincidences of electron and recoil
proton in neutron decay. As Fig 2 and Fig 11 reference [4] show, there are two distinct peaks
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Fig.1. Schematic layout of the experimental set-up. (1) detector vacuum chamber, (2)
~ spherical electrodes (at 18-20 kV) to focus the recoil protons on the proton detector (3) ( at
ground potential ), (4) grid for proton detector (at ground potential), (5) & (6) grids for time
of flight electrode, (7) time of flight electrode (at 18-20 kV), (8) plastic collimator (5 mm
thick, diameter 70 mm) for beta-electrons, (9) LiF diaphragms, (10) grid to tum the recoil
proton backward (at 22-26 kV), (11) six photomultiplier tubes for the CsI(TI) gamma
detectors, (12) lead cup, (13) photomultiplier tube for the plastic scintillator electron detector.

in the spectra. As we can see on Fig.2 and Fig. 11 in ref [4] two peaks are eliminated on both
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spectra. The first narrow peak is located in the middle of the time window where the electron
opens the two equal backward and forward time windows.

25000 -
Spectrum of double coincidences e-p

R to 1l k These two main peaks of double coinci-
ceponse to e pea \ /dences for ordinary heta decay were

200004 223':;:::::;'::5“11:“ observed multiple times by ‘our and emiT
; 8
prompt or zero group [4]a.1 NIST
Recoil proton peak or peak of

coincidences
beta decay events
15000

10000 WMJ ,
Py A v“ e
A

Minor noise peaks that were removed by 1‘
5000 the friple coincidences The ion background
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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 120 ( delay time is about 500 ns ). Minor noise peaks before
the peak of zero coincidences were not stable during statistics collection, disappearing at
nighttime and on weekends, when the noise in the electric circuits was minimal.

In essénce, this first peak is the response to the registration of beta electrons in the electron
detector channel. The second peak is located to the right of the first at about the same
distance in both our spectrum and the spectrum emiT group from NIST. This peak is created
by the decay protons which in turn were pulled out from the decay zone by the electric field.
Thus, the events that got into this peak are beta decay events: we first register the beta
electron in the electron channel and then after a slight delay register the recoil proton in the
proton channel. It is namely the number of events in this peak that determines the total
number of registered neutron beta-decays, necessary in our experiment to measure B.R.. In
our equipment protons traveling from the decay zone cross a distance several times
greater than in the emiT group equipment, but proton speed is also several times higher than
in emiT group experiment. From this we deducted that proton delay time in relation to
electrons in both experiments is comparable. The width of the proton peak in emiT group
experiment is also comparable to the width of the proton peak in our spectrum of double
coincidences, as this width is primarily determined by the size of the decay zone and proton
speeds. In our experiment the thickness of decay zone was 3 cm while the diameter of the
decay zone in the emiT experiment was slightly greater than 6 cm, which explains why the
peak width in their case is roughly twice the size of ours. Here it is important to emphasize
that initial speed of recoil protons is the same in both our the emiT group experiments and
that the maximum speed is determined by the maximum kinetic energy equal to 750 eV.
However, in our experiment protons leaving the decay zone immediately get picked up by the
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external electrostatic field and their final speed is determined by the difference of potentials
between the focusing electrodes and the grounded grid of the proton detector (see Fig. 1 to
compare it with Fig. 5 and 7 in ref. [4] ), which is why flight time to the proton detector was
approximately equal in both our and the emiT group experiments, even though in our case the
distance between the decay zone and the proton detector was several times greater than in the
emiT group experiment.

Our double coincidences spectrum and the results of the emiT group are also similar in
regard to the ion background. In both experiments the value of the background in the time
window opened backward and located to the left of the sharp response peak (on Fig. 11 ref.
[4] see value of background in window 1) is equal to the value of the ion background in the
window opened forward (see Fig. 11 in ref. [4] see value of background in window 2) and
located to the right of that peak. Most importantly, in both experiments the value of the
background was comparable to the value of the beta-decay peak itself, which in turn means
that in such experiments the background cannot be disregarded and that to determine the
number of double coincidences it is necessary to distinguish this peak from the background.

To measure B.R. of the radiative neutron decay ‘it is necessary to first identify the
events of ordinary neutron decay and determine the number of double coincidences of beta
electron with recoil proton Np and then to identify the events of radiative decay and determine
the number of triple coincidences of electron, recoil proton and gamma-quantum Nr. That is
exactly what we did in our experiment and obtained two spectra, the spectrum of triple
coincidences, used to identify events of radiative neutron decay distinguishing the radiative
peak from the background, and the double coincidences spectrum, used to identify events of
ordinary neutron decay distinguishing beta decay peak from the background. Unfortunately
the NIST team measuring B.R. for the radiative neutron decay did not publish the
experimental spectrum of double coincidences [7], which meant that they also did not present
the peak of ordinary neutron decay observed by both our team and the emiT group in the
double coincidences spectra. The absence of the peak is obvious as the experiment on
radiative decay conducted at NIST used strong magnetic fields with values of several tesla
(while the emiT group also used a magnctic ficld, its value was negligible and was just
several millitesla), and strong magnetic ficlds wash out the peak of ordinary decay so that it
practically fades into the ion background and it becomes impossible to distinguish. As we
noted above, both our group and the emiT group obtained a background value comparable to
the value of the beta decay peak ( scc Fig. 2 ), thus in principle it is possible to fit the
experimental result to the B.R. value wc calculated within the QED framework over 10 years
ago by simply cutting out a time window in the ion background. As shown on Fig. 3, such
manipulations with the ion background are absolutely unacceptable, as it is necessary to first
observe the beta decay peak against the jon background on the double coincidences spectrum
(see Fig. 2) and only then determine the number of ordinary beta decay events Np by
subtracting the ion background from the obtained double coincidence spectrum { 1 1.

Delays of recoil protons, published by the NIST group in [7] ( see Fig. 3 ) are greater
than 10 microseconds and are in sharp contradiction to the elementary estimates (see Fig. 4
and 5) and to the experimental spectra, obtained by us and by the emiT group [4] at NIST.
Thus, instead of identifying beta decay events, the NIST experiment on BR measurements
identified events of double coincidences of the background ions with beta electrons, while as
we pointed out earlier (see Fig. 3), experiment authors could use only the very long delay
times, characteristic for ions, but not for protons. Here it is necessary to note that ions could
be created inside the equipment (vacuum chamber, neutron guide) not only because of the
high intensity or a neutron beam, but also because of radioactive emissions, created due to
activation of media inside of the experimental set up as the gamma quanta energy of the
emission substantially exceeds the energy of ionization.
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Fig.3. The photon line shows the shape of pulses from the gamma detector of the NIST
experiment, built on avalanche diodes, and the electron line shows the shape of pulses from
the combined electron-proton detector ( see ref. [7] ) 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 and so cannot be registered by the combined electron-proton detector of NIST
experiment. The pulses that are delayed by longer than 1 microsecond are pulses not from
decay protons, as it was indicated in ref. [7], but rather from ions, formed in the decay zone (
see Fig. 2, which shows that the delay time between proton peak and the peak of prompt
events is about 500 ns, and the ion background is significant because it has the same value as
the proton peak ).
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Fig.5. . Relationship between the ratio of the trajectory length ! of charged particles moving in
the magnetic field to distance L between the point of decay and the detector and the angle
between the velocity of this particle and the direction of the magnetic field 6. In beta decay,
the beta-electrons and the protons can fly out under any angle 6, 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 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.

Now we’ll move to discuss the spectrum of triple coincidences, beta electron, recoil proton
and radiative gamma quantum, created by radiative neutron decay. Our spectrum of triple
coincidences is shown on Fig. 6, where the radiative peak is slightly shifted and located
before the response to the beta-electron peak. The problem is that we observed the radiative
peak not against a uniform horizontal background, but rather against a background of two
peaks, which in their turn are responses to the two peaks in the spectrum of double
coincidences in Fig. 2. Thus it is necessary to first distinguish the narrow radiative peak from
this heterogeneous background using the method of response function. The number of events
in this peak is what determines the number of radiative neutron decays, while the error arises
from statistic fluctuations of the background, which can be seen on the horizontal parts of the
spectrum of triple coincidences on Fig. 6. The final value of radiative events, namely the
value of triple coincidences Nr, in our experiment with an error of 3¢ was equal to Nt =
360£180 events. After we obtained the number of beta-decay events forming the beta decay
peak on the spectrum of double coincidences Np and calculated the geometric factor of the
experimental equipment k [1], we obtained the B.R. =k - Nt/ Np value of BR. = (3.2+-1.6)
- 10? (with C.L.=99.7% and gamma quanta energy over 35 keV ). It is necessary to note that
the average B.R. value is greater than the theoretical value, calculated within the framework
of electroweak interaction. However, due to the significant error we cannot conclude that we
observe a deviation from the standard model.
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Coming back to the comparison of our results to the findings of the NIST experimentalists
claiming to observe radiative decay events: as in the case with double coincidences, the NIST
group has not published the initial experimental spectrum of triple coincidences. Instead, they
demonstrate a single wide gamma peak, shifted by 1.25 microseconds before the beta-
electrons. This value deviates from the estimates and the value of the leftward shift of the
radiative peak from the response to the electron peak shown on our experimental spectra by
several orders of magnitude. The location of the radiative peak is determined by the distance
from the decay zone to detectors L and the speed of the registered articles. These distances in
both experiments are roughly the same at about 1 meter and the presence of strong magnetic
fields cannot lengthen spiral for the absolute majority of charged particles in this experiment
even twofold (see Fig. 4), and the speed of beta electrons is comparable to the speed of light
(see Fig. 5). Thus the radiative peak should be delayed by several tens of nanoseconds at
most and definitely should not be delayed by microseconds.

A delay of 1.25 microseconds is huge in comparison to this estimate, and to obtain such
a delay the size of the equipment should be hundreds of meters. Besides, during our
experiment we did not obtain such a peak before the arrival of beta electron, and as can be
seen from Fig. 6 the background before the peak responding to electron registration is
horizontal and against it only negligible statistical fluctuations are visible. We can reconcile
our spectra of triple coincidences with the one isolated peak observed at NIST [7] only if we
assume that at NIST, the gamma-quanta were registered after the beta-electron ( see Fig. 6 ).

4000
Spectrum of triple coincidences e-p-gamma
3500 1 These two peaks are the response to
the two main peaks of the double

3000 1 Radiative peak coincidences spectrum

or peak of the )
2500+ radiative beta Only this wide peak of delayed secondary

decay events gamma quanta can be compared with

single peak observed in NIST [7]
2000 1
1500 1
1000
Statistics fluctuations of the gamma
500 4 background with sigma=60 events
0

1 26 51 76 101 125 151 176 201 226 251
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
leftmost peak in 103 channel among these three main peaks is connected with the peak of
radiative decay events. This peak was always stable, it never "migrated” to a different channel
and it grew at a stable rate, regularly collecting the same number of events during the same
stretch of time.

In this case the huge shift of 1.25 microseconds obtained by the NIST experimentalists fully

corresponds to the shift of the wide peak we obtained in the spectrum of triple coincidences
located to the right of the peak responding to beta electron registration, as this peak is formed
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by gamma quanta delayed in relation to the beta electron. In comparing these peaks it is also
necessary to note that their widths are identical. A radiative peak, on the other hand, could not
be so wide as to be comparable to 1 microsecond, as the width is primarily determined by the
size of the observed decay zone and the speed of the gamma quanta, which are parts of a
nanosecond. Thus our radiative peak is very narrow and occupies one channel, the minimal
time interval accommodated by our electronic equipment. If we return to the double
coincidences spectrum, we will see that the second wide beta decay peak is quite wide in both
our experiment (see Fig. 2) and the emiT group experiment (see fig. 11 in reference {4]), and
that its width in both experiments corresponds well to the elementary estimate, arrived at by
simply dividing the size of the observed decay zone by the speed of the recoil proton. Even at
recoil proton speeds substantially below the speed of light — the speed of radiative gamma
quanta, the width of the proton peak of double coincidences [1, 4] is less than the width of the
radiative peak obtained in the NIST experiment [7].

It is necessary to note that both our Western collaborators and the authors of the radiative
decay experiment in NIST [9] perfectly understood that the only peak published in Nature, the
wide peak, corresponds primarily to our wide peak in the triple coincidences spectrum formed
by gamma quanta registered after the registration of beta electrons, as throughout our
experiment we never observed a wide peak before the registration of beta electrons. Namely
this understanding heightened the NIST experimentalists’ interest in explaining the wide peak
in our spectrum of triple coincidences. It is obvious both from the position and the width of
the peak that it is not the radiative peak [10]. Instead, it is formed by delayed secondary
gamma quanti cmitted by the media inside of experimental chamber activated by the detected
beta-clectron. According to our estimates, the value of the peak corresponds namely to the
cmission intensity of the secondary radioactive gamma quanta with energies above 35 keV,
created when the equipment environment is activated by beta electrons. The value of the peak
in the NIST experiment was greater namely because they selected the lower energy limit for
the registered gamma quanta, 15 keV.

Conclusions. From the arguments laid out above it follows that the authors of the NIST
cxperiment did not identify the peak of beta decay in the spectrum of double coincidences.
One reason for this is the use of strong magnetic fields in several tesla, as well as detectors
with resolution several orders of magnitude worse than those used in our experiment. On the
other hand, 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 Phys. Rev. [4] ( see Fig. 2 and Fig. 11 in ref. [4]).

Unfortunately we cannot say same for another experiment measuring the radiative
neutron decay conducted in NIST. Our results are in sharp contradiction to the results they
published in Nature [7]. Particularly vexing is the authors' unsubstantiated assertion that they
observe their only wide peak of gamma quanta before the registration of beta-electrons. Both
the position and thc width of this peak are located in sharp contradiction to both the
elementary estimates [8], and the results of our experiment [1]. In the course of our entire
experiment we did not observe such a wide gamma quanta peak in the triple coincidences
spectrum, located before the arrival of electrons at a huge distance of 1.25 microseconds ( see
Fig. 6 ). However, it is possible to reconcile our spectra of triple coincidences with the one
isolatcd peak observed at NIST [7] 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
channcl 163 ( see Fig. 6), both in terms of the huge delay of 1.25 microsecond and in terms of
its huge width. It is obvious that this peak is in no way related to the radiative peak, as the
gamma quanta are registered after the beta electrons. This peak is created by the delayed
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secondary radioactive gamma-quanta, arising from the activation of the media inside
experimental chamber, which was the real object of the NIST experimentalists’ observation.
From this it follows that the authors of the NIST experiment knowingly mislead the physics
community when they assert that the peak they observed is formed by the radiative gamma
quanta registered before the registration of beta electron, when in reality their peak, shifted by
1.25 microseconds and based on comparable with this shift width is formed by delayed
radioactive gamma quanta, the nature of which has nothing in common with the radiative
gama quanta formed in radiative neutron decay, which is the subject of our research.

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® ( 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 10% according to
estimates.
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E.P. Velikhov, Prof. Yu. V. Gaponov and V. P Martemyanov for their support of our work.
The research is conducted with the financial support of RFBR ( grant Ne 1a - 00517 ).
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DETERMINATION OF N-E SCATTERING LENGTH FROM NEUTRON
DIFFRACTION ON A TUNGSTEN ISOTOPIC MIXTURE IN MAGNETIC FIELD

Yu. A. Alexandrov, C. Oprea, A.IL. Oprea
JINR, Dubna, Russian Federation

Abstract. We would like to continue measurements n-¢ interactions begun in 70s

years [1], by the method of diffraction with neutrons of 1A (10"°m) on a sample-ball by a
diameter of 5 mm from a mixture of wolfram isotopes, having a very small nuclear scattering
length (of about 0.3 Fm). Owing to the smallness of nuclear scattering length, it is possible to
achieve an increasing of the measured n-e interaction till 20-30% (instead of the usual 1-
1.5%). The dependence of scattering length b = a + Z Fa,. determined in 1974 for two
isotopic mixtures of wolfram (b;>0 and b,<0) has shown, that there is an additional scattering
giving the contribution in Bragg peaks. The analysis of such scattering has shown, that the
scattering carries most likely magnetic character and it is caused by formation of clusters from
wolfram atoms around the impurities of cobalt atoms available in analysed samples. The
account of such magnetic scattering had as a result a,, = -1.60(5) x 10° Fm. Following this
value it is possible to receive the average square of electrical internal radius of the neutron
less than zero that is in the consent with the meson theory of Yukawa. Let’s notice that an
average square of electrical internal radius of the neutron >0 at |a.} < 1.468 x 10”7 Fm
,contradicts the theory of Yukawa, though on this fact why that do not pay usually attention. If
we’ll perform experiences of neutron diffraction on a sample in magnetic field in the

scattering plane, then it is possible to avoid or strongly reduce the magnetic scattering.

1. INTRODUCTION. The interaction of the thermal neutron with the electron in the
atoms is one of the important source of information about the structure of the neutron. At the
interaction of the thermal neutron with the atoms when the process can be considered elastic
the total scattering length has the form:

2 MR*
a@) =2 M%_ VZf(S"‘gJ W
3k
where: M =the reduced mass of the system, Vo =the depth of the well describing the
2
interaction, R =i2— = the radius of the well and equal to the classical radius of the
mc

sin@

electron, Z =the electric charge of the electrons, f ( ):the form factor of the electrons

known from the scattering of the X-rays on the atoms.
If we take into account only the n-e interaction we can write:

«®)=a, Zf(s‘"f’ ) @

where :q,, = the neutron — electron interaction length.

2. Experimental methods of the measurement of the neutron - electron
interaction. The differential cross section of the thermal neutron coherent scattering
scattering on the atoms [2]:
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o) = 3

a+ag +aMZf(¥)

Zu e’ T .
= 2‘}:;62 =Z-1468-10"cm = the Foldy term due to the relativistic interaction of the
c
anomal magnetic moment of the neutron with the electrostatic field of the nucleus Ze, a =the
length of the nuclear scattering (a ~ 1072 ) m.

ar

For heavy nuclei the ratio —= f (#) =~ 1% so it is possible in principle to measure this
a

ratio. There are a few methods for the measurement of neutron — electron scattering length

A. The first method is based on the measurement of the very small asymmetry of the
scattered neutrons due to the term. The asymmetry is conditioned by n-e interaction, by the
interaction of the magnetic fields generated by the electrons with the magnetic moment of the
neutron. To avoid the magnetic interaction were used atoms with full electronic shells
(monoatomic noble gases). The n-e scattering length is extracted from the following
experimental measured value

e= 1+47QR)*nf (¢,)

= , @, =45°, ¢, =135°, 4
1+47Q2R)’nf (@,) ? % @
R =radius of the atoms, n =density of the atoms
a, =(-1.3410.03)-10 " cm — V, = (-3720 £ 90)eV (5)

B. Another method for the measurement of the n-e scattering length is based on the
dependence of the total cross section of the scattered neutrons by the neutron wave length A .

Q

Were used neutrons with A =1A. The length of nuclear scattering is constant and the
modification of the cross section is given by the form factor f (il—nje—’) Were effectuated
measurements on Lead (Pb) and Bismuth (Bi).
a, =(-1.4910.05)-10"cm — V, = (4340 £ 140)eV ©)

C. A more reliable method for evaluation of the n-e scattering length is the method of
compensation of the nuclear length by reflection of the neutron on a mirror. It is known that
the refraction index for the neutrons depends of the neutron wave length A .

A . . =
n® = 1——Za,.N,. , a; =coherent scattering length on the i atom type, N; = number of
i

atoms of i type on cm?,

Were used two type of atoms (A and B) for precise measurements of the critical angle
0% =n? —n2,0, <<1.Forliquid oxygen and bismuth we have:

iTz‘ erzr = NBiaBi( Noto _ 1) - Nozoane(NBiZBi = l) )]
A 8ils; NoZ,
a,, = (~1.39£0.13)-10"°cm — V, = (3860 £ 370)eV ®

3. Measured experimental valus of the n-e scattering length. From different
experiment were obtained the following values for n-e scattering length [3], [4], [5]:
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a, =(-130£0.03)- 107 ¢em
a, = (-1.56£0.04)-10" cm ©)
a, =(-1.42710.023)- 107 em

In the 4,, the main contribution is given by the Foldy term related with the magnetic
momentum of the neutron. Until now it is not clear if there are also other contribution given
by the internal structure of the neutron, due to the electrical mean square radius.

One of the important problem of the measurement described in [3-5] is the smallness
of the effect due to the n-e scattering in comparison with the nuclear scattering (=1%).

In [3] and the references from [3] it is described a new method for the extraction of the
n-e scattering length a,,, by diffraction of the thermal neutrons on some mono crystals of
Wolfram 186 (Tungstem). Using this method the n-e effects will be increased from some
percents till tens of percents.

It is proposed to repeat the diffraction method at intense neutron sources.

4. The method of extraction of n-e scattering length by diffraction on 186
Wolfram mono crystals. The mixture of the Wolfram isotopes with negative scattering
amplitude can give a very small coherent amplitude. For the experiment were prepared two
small spheres from isotopes of Wolfram with diameter of 5 mm each. One sphere is prepared
from 90.7 % of '® W with coherent amplitude:

0
b, = (-0.0466 £ 0.0006) - 10 cnfor A=15A : (10)

The second sphere is prepared with '**W isotopes and /4% natural Wolfram with known
coherent amplitude

b, =(0.471£0.0013)- 10 cm. (an

0
The coherent amplitude for the second sphere is b,, =0.0267-10 2 cmfor A=15A.

Where  measured 8  integral  intensities of the following  reflections:
(110),(200),(220).(310),(400),(330),(420),(510). The n-e scattering length were extracted
from:

1,,Sin20 exp(2W 2
[iﬂ—ﬂg(——)—yzctgze(l— f)l] = a+Zfa,, =b- linear function on Zf (12)
AthK
L h 2z .
where: W =Debye — Waller factor, y:E i, Yo —h-——=parameter due to the Schwinger
¢ he

scattering, a,, = (=1.55£0.02)-10"cm

5. Discussions. As hypothesis was proposcd the presence of a supplementary
scattering giving his contribution in the Bragg pcaks. This supplementary scattering is a result
of the neutrons interaction with the existing ranges in the Wolfram probe with ordered
magnetic moments. Later this hypothesis was confirmed in the other experiments realized by
teams from Institute for Nuclear Physics from Leningrad (former USSR) and Prague.
Activation analysis realized in Dubna showed that the probes of Wolfram contain micro
impurities (part of percent) of Cobalt. Around these impurities is forming magnetic clusters
from some hundred of Wolfram atoms. In this way Wolfram can exist in hetero phases state
and in consequence to have the symmetry properties of two phases, the paramagnetic and
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ferromagnetic phases. Taking into account the formation of the magnetic clusters the relation
(12) is changing to:
[Ihk,SinZGexp(ZW)
A K
where: p? =parameter counting the ferromagnetic scattering.

The processing of the experimental data allow us to obtain the neutron — electron
scattering length @, =—1.55-10"°cmand also the p®parameter. It is possible to avoid or

z
—yictg?Od- f)* + p2:| =a+Zfa, =b (13)

to neglect the magnetic scattering using a method form [6]. The p® function contains

terms with sin® &z, where «is the angle between the scattering vector perpendicular to
the scattering surface and vector of magnetization. If the magnetic moments are
perpendicular on the reflecting surface then the angle =0 and consequently also
p? =0. In conclusion the measurements must be realized in an applied external magnetic
field of order of 0.1 T. The diffraction can be eliminated in these conditions using the
formula (12).
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Abstract,

We present results of a measurement of P-odd asymmetry ¢ of y-quanta emission in
the nuclear reaction '"B(n,o)’Li* — vy — 7Li(g.st.) with polarized cold neutrons. The
experiment was carried out using a new version of the integral measuring method. The
frequency of neutron spin-flip is higher in this method than the typical reactor power noise
frequency; this condition decreases experimental uncertainties. The result is o, = (0.8 &
3.9)-10%; the results of previous experiments and a “zero” experiment are taken into account.
Using this value, we constrain the neutral current coupling constant in the framework of the
cluster consideration for light nuclei fr < 2.4-107 (at 90% c.1.). This constraint does not
contradict the estimation obtained from the P-odd asymmetry in the reaction *Li(n,c)>H: f, <
1.1-107. However, both these constraints contradict the DDH “best value” of f= 4.6-107.

Introduction.

The main prediction of the standard model of electroweak interactions is the weak
neutral current. The parity violation in the nucleon-nucleon interaction in various processes
with few-nucleon systems and nuclei has to include both charged and neutral currents. The
weak neutral current however has not yet been observed in such interactions.

The nuclear reaction of light nuclei (A = 6-10) with polarized slow neutrons is
probably the most promising candidate for the study of weak neutral current properties in
nucleon-nucleon (NN) processes. Such nuclei could be described in the framework of cluster
‘and multi-cluster models [1, 2}, if the excitation energy is < 25-30 MeV. P-odd effects could
thus be estimated at least for the nuclear reactions with °B and SLi.

Using this method the authors of refs. (3, 4] have calculated the P-odd asymmetry of
y-quanta emission in the transition "Li* — "Li + ¥, Ey = 0478 MeV resulting from the
reaction 10B(n,(x)7Li with polarized cold neutrons (Fig. 1.). The P-odd asymmetry can be
presented in terms of the meson exchange constants [4]:

@, =0.16 f, —0.028h — 0.009k}, —0.014k; ~0.014k;, . 1)
Here f, corresponds to m-meson exchange, i.e. the weak neutral current. The calculation of
the asymmetry using expr. (1) and the “best values” of the meson exchange constants [5]
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Fig. 1. Scheme of the 1°B(n,or) Li reaction with slow neutrons.

yields the value: @, = 1.1-10”7. Note that it is dominated by f, and would be equal to & =

3-10°% if the weak neutral constant is zero. Two previous experiments (with a total measuring
time of 47 days [6, 7]) have provided a 'P-odd asymmetry value in the %B(n,0)'Li* — y —
"Li(g.st.) reaction equal to @, = (2.7 £ 3.8)-10°%,

The P-odd effect in the nuclear reaction 6Li(n,ot)’H has also been calculated [8] in
terms of the meson exchange constants

@, ~~0.45f, +0.061 )

and measured in ref. [9, 10]: & = (-8.6 + 2.0)-10°%. If the charged weak constant were equal to
the DDH “best value” of k,’ = -11.4-107, the weak neutral constant would be equal to f, =
(0.4 £ 0.4)-107, or, at 90% confidence level, to f < 1.1-107. However, this value is smaller
than the DDH “best value” f; = 4.6:107 [5]. This contradiction could be verified
independently if the asymmetry ¢, for 198 could be measured more precisely.

Experiment.

In the light of the above, we have carried out another experiment on the PF1B beam of
polarized cold neutrons [11] at the Institut Laue-Langevin (ILL) in Grenoble, France. A
typical scheme of experiment is shown in Fig. 2. The average neutron wavelength at the PF1B
was <A,> = 4.7 A. The neutron beam cross-section at the sample position was 80 x 80 mm.
The total neutron flux at the sample was equal to ~ 3-10" ¢!, The neutron polarization was P
= (92+2)%. The neutron spin &, , the y-quantum momentum p, , and the neutron momentum

B, were set as follows: G, ||, LB, . The P-odd effect could be observed in the asymmetry of

the angular distribution of the Y-quanta emission:

Ny 1+ cos6 3)
—_— coso ,
dQ Y

where @ is the angle between the neutron spin and the y-quantum momentum.
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Fig. 2. A typical scheme of experiment: 1-polarizer; 2-adiabatic spin-flipper; 3,6-
magnetic plates of guide field; 4-lead collimator; 5-concrete wall; 7-lead shield, 8-B4C-
shield; 9-Helmgoltz coils; 10-detectors; 11-sample; 12-Li beam stop

The magnetic field guiding the neutron spin and the y-quantum momentum was set
parallel to each other with an accuracy of 102 sr. This is sufficiently precise, as the left-right
asymmetry in the y- quantum emission is zero [12]; it does not therefore contribute to the P-
odd effect.

We used two detectors in the electric current mode and a method to compensate for
any possible false effects described in refs. [13]. The guiding magnetic field is produced by
Helmholtz coils; it is reversed periodically during the measurement

The sample was produced from an amorphous powder '°B; its isotopic purity was
85%. It was enclosed in an aluminium case measuring 160x180x5 mm. The sample was
covered with an aluminium foil 14 pm thick on the neutron entrance side. The total sample
weight was 50 g. The sample was installed in the centre of the neutron beam; the angle
between the neutron beam axis and the sample surface was 45°. Most of the neutrons were
absorbed by the sample; an absorption event results in the emission of an o-particle and -
quantum. The distance between the sample centre and the centre of each detector is 75 mm.

Each y-quanta detector consists of an Nal(Tl) crystal with a diameter of 200 mm and
thickness of 100 mm. "Hamamatsu" $3204-03 photodiodes sized 18x18 mm were used to
detect scintillation photons. The detectors were inserted into aluminium-alloy cases placed
symmetrically on two opposite sides of the sample. The setup was surrounded with lead
protection 15 cm thick. The internal surface of the lead shielding was covered with borated
rubber or a polyethylene cover. The polarizer and the spin-flippers were protected by boron
collimators. The detectors were protected with boron rubber We used boron for the
protection, but avoided °Li, as the B-decay asymmetry of ®Li (the energy of 12-14 MeV

results from a 10% admixture of L1) is as high as af,," oad ~ 3% [14]. This could compromise

the results with a false P-odd effect. Background scattering (with no sample) was found to be
as low as 5% compared to scattering by the sample. Neutron absorbtion in other-than-sample
materials does not produce P-odd asymmetry of y-quanta emission as the neutron scattering is
nearly completely incoherent.

A new version of the integral measuring method was first used to measure P-odd
asymmetry in ref. (15]: the frequency of neutron spin flip was higher than the typical
frequency of the reactor power noise.
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Fig. 3. SPD is a spectral density of the ILL reactor power fluctuations (inau)asa
function of frequency.

Fig. 3 shows the spectral density of the noise of the reactor power as a function of
frequency s measured during the experiment at PF1B. Analogous distributions have been

measured previously in experiments at other reactors [16]. It has been shown (ref. [16]) that
uncertainty in the asymmetry measurement is only due to frequencies higher than the
frequency of spin-flip. The spectral noise density decreases sharply at high frequency; so the
corresponding systematics could generally be suppressed.

A significant fraction of light is lost in y-detectors, as the photodiode sensitive area is
much smaller than the diameter of an Nal(Tl) crystal; we therefore had to enhance the
electronic signals significantly in order to measure them. This caused a “microphone effect”
in an electronic channel because of the mechanical vibration of the preamplifiers. The effect
varies with the different electronic channels. It is therefore not subtracted by the measuring
procedure described in refs. [13]. Spin-flipping with high frequency “cuts” the low-frequency
non-correlated frequency of two signals and therefore reduces the corresponding uncertainty.
In order to suppress the microphone effect, we built a new electronic system to measure
current. It is adapted to the neutron spin-flip frequency of 0.01-50 Hz. The uncertainty of
measurement of the P-off effect in the '®B(n,0)’Li* — y — 7Li(g.st.) is shown in Fig. 4 as a
function of neutron spin flip frequency. One can see that this method reduces uncertainties in
single channels as well as in the subtracted signal. The decrease in uncertainty is due to the
suppression of the “microphone effect”.

Additionally, new system were tested with a B¥cs v-source (Fig. 5.). It should give
homogeneous distribution of spectral density — “with noise”. However, Fig. 5. shows a
declination of spectral density for frequency more then ~ 50 Hz. The reason of it is that the
system detector + preamplifier is not ideal current to voltage converter, but it works as low
pass filter.

In main measurements the frequency of neutron spin flip was equal to 5 Hz. The
measurements were carried out in series of ~4 minutes. In order to reduce the effects of
apparatus asymmetry and radio noise, we reversed the direction of the guiding magnetic field
at the sample in every series using Helmholtz coils.
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Fig. 4. The uncertainty ¢ of the measurement of the P-odd effect in the reaction
1°B(n,0)"Li* — ¥ — "Li(g.st.) as a function of the frequency of the neutron spin flip:
det.1, det. 2 — the uncertainty of the asymmetry measurement for the detectors 1, 2;
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We measured an

equal number of series for two field directions in analogy to ref.

[91.This reversed the neutron spin and the sign of the measured asymmetry respectively. The

subtracted signal thus

contains double asymmetry; in contrast, apparatus-related false

asymmetries are subtracted. As the spin-flip frequency was not high enough to minimize the
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measurement uncertainty, we also used the scheme of compensation for reactor power
fluctuations.
After measuring the asymmetry for ~20 days we obtained the following result

@, =(3.1£3.8)-107.
It is corrected for the neutron beam polarization P and for the average cosine of the detection
angle 6: P<cos@> = 077. Table 1 shows the P-odd asymmetry values in the reaction
©B(n,)'Li" — y—"Li(g.s.) measured during two ILL runs (no cut for the data applied).

Table 1. a;‘f odd aSymmetry values measured during 2 runs at the ILL.

Run o B Ref.
P-odd

2001-2002 +(2.7+3.8)10° {6, 7]

2007 +(3.123.8)-107

Average +2.9+2.710°

Test experiments.

An appropriate “zero” experiment is described in [10] for measurements with °Li.
Aluminium foil was used to cover the sample, to prevent the charged particles penetrating
from the sample to the ionization chamber. We cannot carry out an analogous experiment in
the integral current mode with a '°B sample, as the y-quanta from the neutron reaction with
boron cannot be separated from those from other reactions with impurity nuclei. We therefore
performed two other kinds of test experiment.

One test consisted in performing measurements with an aluminium foil covering the
sample, or with no sample in the neutron beam. In these circumstances the neutrons interact
with the material behind the sample position and produces mainly y-quanta (in the main
experiment the neutrons are otherwise absorbed by the sample). This is not a true “zero” test,
but a chéck for false P-odd asymmetry related to the construction material of set-up. The
statistical accuracy of such measurements is not higher than in the main experiment. The
measurement with the aluminium foil provided the result:

ab, = (0.6 £4.0)}10%

The second test involves replacing the 1% sample with a different target sample which
has high neutron scattering cross section and low (n,y) cross section. The scattered neutrons
can be absorbed by the apparatus materials and emit y-quanta. If y-quanta emission in
impurities in the apparatus materials is P-odd asymmetric, the corresponding false P-odd
asymmetry is greatly enhanced (thanks to the highly enhanced flux of the scattered neutrons).
Graphite is an “ideal” scatterer. Its absorption cross-section is 6,y = 3.8:102 b; its scattering
cross-section is g, = 4.8 b. We used a target of natural graphite scattered ~43% neutrons;
these scattered neutrons were absorbed by the apparatus materials. The scattering is not
complete because the graphite scattering cross-section is not as large as the boron absorption
cross-section. The result of this test is

¥ =(1.7£1.9)-10°.

Using this value, and taking into account the cross-sections of absorption and scattering in
boron, as well as the values of the constant parts of the detector signals in the experiments
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with boron and graphite, we were able to calculate the contribution of false P-odd effect due
to neutron scattering in boron and the consequent absorption in the apparatus materials:
Aps = (2.7£3.0)-107:
As it is seen, the corresponding correction is small.
Besides, ~0.002 of neutrons scatters in the air in the vicinity of the sample. An
additional false effect, in analogy to the estimation for boron scatter, is equal to:
@y = (3.5£3.9)-107°.
This is the most significant possible admixture 1o the measured P-odd effect.
The estimation resulting from the “zero” experiment is:
oy =(2.1£2.8)-10°%.
The false P-odd effect caused by eventual impurities in the g sample is estimated at
as <10,

imp
The small size of this effect is e ?lamed by the large cross-section of neutron absorption, the
small fraction of impurities (~107), and the small asymmetry values of the reactions with the
impurities.

We also measured the possible false P-odd effect caused by parasite electromagnetic
signals. The effect was small in all measurements:

<1078,

nm.\'e

Results and discussion.

Finally, the coefficient of P-odd asymmetry is equal to:
a, =(0.8%£3.9)- 107,
taking into account the background/test measurements.

Using this value, eq. (1) and supposing that other weak coupling constants are equal to
the DDH “best values”, we estimated the weak m-meson constant in a fashion similar to our
estimations in ref. [10}:

fr=—(15£24)-107,
or, at 90% confidence level:
fr<24:107.

We intend to increase the accuracy in future experiments, taking advantage of the new
system of measurement of detector current, which provides experimental uncertainty close to
the best possible statistical value. However, the existing data is already sufficiently precise to
be able to state that the weak neutral current constant in the reaction '°B(n,0)’Li* — ¥ —

"Li(g.st.) is smaller than the DDH “best value”. As mentxoned above, the constraint for the
weak neutral constant obtained in the reaction with SLi [10] in the framework of the cluster
model [8] fr< 1.1-107 is also smaller than the DDH “best value”.

Finally, we can conclude that the two measured constraints (with 198 and SLi) for the
weak neutral constant agree with each other but contradict the DDH “best value” f= 4.6-107.

We are grateful for the support provided by the RFBR grant No 07-02-00138-a.
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Abstract

We present the development of a spectrometer based on full energy absorption
using liquid scintillator doped with enriched SLi. Of specific interest, the spec-
trometer is expected to have good pulse height resolution, estimated to lie in the
range (10~15)% for 14 MeV neutrons. It should be sensitive to fluence rates from
10™% cm~2 s~1 to 102 cm™2 s~! above a threshold of 500 keV in an uncorrelated ~-
background of up to 10? s~! (E, > 100 keV). The detector’s efficiency is determined
by the volume of the scintillator (~1.2 1) and is estimated to be (0.2-0.5)% for 3 MeV
neutrons. The good pulse height resolution is achieved by compensation of the non-
linear light-yield of the scintillator due to the use of optically separated segments,
which collect scintillations from each recoil proton separately. We have constructed
a pilot version of the detector using undoped liquid scintillator, and we demonstrate
here the response of the detector to neutrons from a Pu-o-Be source, whose energies
range up to 10 MeV and the response of the detector to 14.1 MeV neutrons from a
D-T source also. Initial testing indicates a low threshold (~600 keV) and good spec-
tral response after requiring a multiplicity of three segments. Such a spectrometer
has applications for low-background experiments in fundamental physics research,
characterizations of neutron fluence in space, and the health physics community.

1 Introduction

Because the neutron is a neutral particle, it does not produce direct ionization in matter,
and thus one cannot measure its energy as one does with charged particles. Neverthe-
less, it can scatter on nuclei and transfer some part of initial energy to recoil particles.

*Corresponding author: jna@inr.ru
Ye-mail: shikhin@inr.ru
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Those recoils, however, do produce significant ionization and are able to ionize a detector
medium. Therefore, in measuring the ionization of a medium irradiated with neutrons,
one is able to estimate its initial energy. In organic media a neutron with an energy in the
range of 1 MeV to 30 MeV loses its energy primarily through collisions with hydrogen.
Due to the simple kinematics of elastic scattering, it is the most common medium for look-
ing at recoil events. In recent decades, techniques based on full absorption of neutrons in
organic scintillators that have been doped or mixed with an isotope with a large neutron
capture cross section, such as SLi or 1°B, have undergone significant development [1, 2].
The detection of prompt scintillations from recoil protons in the medium followed by
delayed neutron capture ensures that the energy released by the recoils corresponds to
the full absorption of neutron. Such devices are referred to as capture gated fast neutron
spectrometers.

The most significant obstacle to obtaining good energy resolution in such a detector is
the poor pulse height resolution. The response to monoenergetic neutrons usually consists
of two clearly distinguishable peaks [2]. Moreover, it reveals some of the dynamics. In
particular, the relative intensities of the peaks change with the energy of incident neutrons.
This behavior has been explained from the point of view of the multiplicity of recoil
protons in combination with the nonlinear light-yield of the medium [3].

To illustrate the concept, consider the moderation of monoenergetic neutrons with an
energy E, in organic medium containing only hydrogen. Those neutrons transmit their
energy to recoil protons Ejp, by elastic scattering. If a neutron was captured, the condition

E,= Z(Ep,')

is satisfied. Due to the kinematics in each collision, the neutron loses on average half
of the energy that it had before the collision. The number of-recoil protons, as well as
distribution of their energy in each particular moderation event, differ in statistical weight
and depend on E, only. For example, 14.1 MeV neutrons decelerating to 0.5 MeV (the
detection threshold) will produce recoil protons with a multiplicity distribution that is on
average 4-5 recoils with FWHM ~100%.

Due to quenching effects, the specific light-yield in organic scintillators is not pro-
portional to the energy of a recoil proton. Therefore, from the point of view of total
light yield, the moderation process proceeds by two primary modes. In the first, multiple
recoils occur and the total light yield depends strongly on the how the energy of each
neutron was distributed among the recoil protons. The diffusion of the total light yield
corresponds to a multiplicity distribution with a broad asymmetric peak. In the second
mode, a neutron loses all (or almost all) its energy in a single collision. In this case the
light is emitted by single recoil proton. The total light yield is unambiguous because the
energy of that recoil is fixed; therefore, this mode of moderation will contribute to the
pulse height response as a separate and relatively narrow peak. This peak always appears
above the multiple one because in this mode the recoil proton has its highest energy.

Thus, capture-gated spectroscopy does not lend itself well to performing spectroscopy
with good resolution. The relationship between the intensities of the two peaks cor-
responds to relative probability of two modes of moderation. One can understand the
dynamics of the energy response also. For example, in a large detector all possible com-
binations of recoils and their energy will be realized. The multiplicity distribution will
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be wide, and the contribution of a single recoil mode will be small. In a sufficiently
small detector, the probability for neutron to lose all its energy in a single collision will
increase significantly in comparison to that of moderation with multiple recoils, but the
total probability for a neutron to be captured will decrease. If the neutron did not lose
all its energy in the first collision, it will most probably leave detector medium, i.e., in
a small detector there is little chance for the neutron to make a second collision before
capture.

Monte-Carlo simulations of this process are consistent with the explanation, and we
proposed a procedure for correcting the measurement of the total energy of a neutron {3].
It is necessary to measure amplitude of the scintillation from each recoil proton I(E,,).
Although the light-yield function I(E,) is nonlinear, it is still single-valued and is known
(or can be measured). The function E,(I) can be understood as the inverse, and the value
of Ey, can be calculated. Thus, the neutron energy can be expressed as

By =3 (B,(L).

The pulse height response using such an approach will have a single peak, and the en-
ergy resolution will be determined primarily by the photoelectron statistics and will be
significantly better.

2 Design of a Segmented
Spectrometer

2.1 Principle of Design

To achieve the goal of compensating for the nonlinear light yield, it is necessary to dis-
tinguish the individual contributions from a common signal into separate recoil protons.
Since neutron with an energy of a few MeV loses 90% of its energy within 10 ns in the
scintillator, a time that is comparable to characteristic time of scintillation light, identifi-
cation of these contributions using pulse shape of the signal from scintillator is practically
impossible. To circumvent that problem, we divided the volume scintillator into optically
independent segments, small enough that the probability of two scatters on hydrogen
in one segment will be small (<10%). With such a partition, the majority of stopping
neutrons create no more than one recoil proton in each segment. Using the amplitude of
the signal from each photomultiplier tube (PMT), the energy of a recoil proton E,([;) in
each hit segment is calculated, and summing Ej;, one obtains the initial energy of the
captured neutron. Note that more than 90% of the energy lost by a neutron occurs in
the first few collisions with protons.

2.2 Individual Section Design

The pilot version of the spectrometer consists of 16 single segments. Each segment consists
of a 3-cm diameter quartz tube with a 2-mm thick wall. The tubes are 15 cm in length
with 1.2-cm quartz light guides glued at both ends of the tube. It is filled with 80 ml of
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whitespirit-based scintillator with a light-yield about 40% of anthracene and a hydrogen-
to-carbon ratio of ~1.8. In this pilot version of the detector, there is no Li added to the
scintillator. Instead of capture on Li, a special mode of operation is used (and discussed
below). The outer surface of each tube is carefully polished, so the light is collected
at the ends is due to internal reflection. Each segment is viewed by two PMTs at the
end of the tube. The PMTs are FEU-85 produced by the MELZ company (Moscow,
Russia) and have 15% of quantum efficiency at 420 nm. Each PMT is supplied with high
voltage produced by bases (cells) from the HV-System company (Dubna, Russia) [4]. The
nonuniformity of light collection along the tube was measured to be within £5%. In order
to optically isolate the segments, each tube is wrapped with aluminized mylar.

2.3 Data Acquisition System

The design of the data acquisition system (DAQ) depends on the logic of neutron event
selection in a background of +-events. We consider a typical fast neutron event in the
sectioned spectrometer with full deceleration in the scintillator and its capture on 6Li.

PMT signals that are characteristic of proton recoil appear in sections simultaneously
with a spread of less than 10 ns. Signals that are the result of slow neutron capture in the
reaction n+5Li — a+3H + 4.8 MeV will occur later in a single section; the capture time
depends on 5Li concentration and is in the range (20-30) us for our case. The amplitude of
the signal is approxiinately 450 keV on the electron scale. The signals from both capture
events and recoil events have large slow components and can be distinguished from each
other and from <y-events by using of the pulse shape analysis (discrimination factor is
~10%).

Thus, the neutron event in the sectioned spectrometer has an unique signature. The
selection criteria of neutron events are 1) the number of triggered sections is greater than
one; 2) the presence of two events in a time interval of 30 us; 3) the slow component in the
first and second signals corresponds to heavy particles; and 4) the amplitude of the second
signal corresponds to energy release of a neutron capture on °Li. The joint application
of these criteria allows one to achieve discrimination factor of >10® at y-background of
10% s,

The electronics and logic diagram that incorporates these criteria is shown in Figure 1.
All channels function identically, and therefore one channel only is shown. The system
is composed of commercial NIM and CAMAC equipment and a computer-based digital
oscilloscope card. The PMT anode signals enter a low-noise mixer through matched 50-
ohm coaxial cables. The impedance of the mixer inputs is 50-ohm DC, and its gain is
unity. The output of the mixer enters the input of a fast buffer voltage amplifier with
variable gain, which is necessary for gain matching the individual channels..

One output of the buffer amplifier enters a fast integral discriminator; the second
output enters the input of a fast linear gate through a broadband coaxial 40 ns delay line
in order to record of the initial slope of the waveform. The gate together with a delay line,
discriminator, level translator (LT), and fast 16-channel mixer forms a linear multiplexer
permitting a reduction in the electronic noise by a factor of v/n, where n is the number
of sections of the detector. The linear gate is controlled by a signal from a discriminator.
Thus, the linear gate is open only when there is a control signal. The duration of the
signal is 130 ns, corresponding to the pulse width and a time to compensate for the
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Figure 1: The functional diagram of the data acquisition system.

non-simultaneity of the signals from different sections. »

From a linear gate, one output enters the input of the digital oscilloscope (DO) via a
fast mixer, and a second output enters a multichannel integrating (charge-sensitive) QDC,
which has 12-bit resolution. A conversion for all 16 channels in the QDC is produced by
a gate signal from the OR operation of LT pulses in a logic unit.

The duration of the gate signal sets limits on the integration of the input signal.
Of course, the duration of control signals for the linear gate and QDC are equal and
exceed the duration of the PMT signals. The start of the DO is performed by the leading
edge of a trigger produced by a MALU (Majority Logic Unit) from its MDO (Majority
Discriminated Qutput) socket over an ECL/NIM level translator. The DO is set to a
32 kB frame size of the buffer memory; hence, a 1 ns of digitizing period corresponds to
a time interval about 32 ps. In addition, another output of the discriminator enters a
fast scaler, and paraphase pulses of ECL levels are input to the MALU unit. A real time
counter with 1 us resolution is used for precise system dead time measurement.

2.4 Acquisition Algorithm

In the initial state of the DAQ, operation of the scaler is inhibited by a logic 1 level,
and the QDC is ready for conversion. The MALU, which operates in the memory enable
mode, is already put in an open state by the logic 1 level on its gate input from the
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inverted output of a gate and delay generator, which operates here as a NIM/ECL level
translator for the trigger signal from the OR. of a logic unit. The gate closes over a very
short time interval, typically a few nanoseconds after accepting signals to its data inputs.
This time interval is caused by the difference in cable delays. During the time when
the gate is open, the internal register of the MALU collects signals from the appropriate
inputs. After the gate closes, the data in this register are frozen, and an MDO level can
be generated depending on the setting of the majority threshold Mp,. This threshold is
adjustable and usually is set to a value greater than one for true neutron detection. The
reset input of the MALU is controlled by the same trigger signal from the logic unit after
being delayed by another gate and delay generator, which operates in the delay mode and
uses the ECL output. The same signal from its NIM output enters to the clear inputs of
the scaler and QDC through an active signal splitter module.

As a fast neutron decelerates in the scintillator, some number of discriminators cor-
responding to the detector sections will trigger simultaneously. For the detection of a
gamma ray, however, typically one section will fire. PMT signals from triggered sections
enter only the appropriate inputs of the QDC, and their sum is input to the DO. The
QDC begins the conversion process immediately after the gate signal, thus latching the
gate input.

In the case of y-ray detection, the number of hits in the MALU register is one. An
MDO level is not generated, and after 100 ns all the units (scaler, QDC and MALU) receive
and external fast clear from a delayed trigger signal that is active at their appropriate
inputs. The acquisition continues without software participation, and dead time is very
small.

In the case of fast neutron detection, the number of hits in the MALU register is more
than one. The MDO level is generated after a few tens of nanoseconds, starts the record at
the DO, and inhibits the operation of the gate and delay generators, which is responsible
for the generation of the reset and gate signals for the MALU and the generation the clear
signal for the scaler and QDC. The third gate and delay starts with an MDO signal and
enables operation of the scaler for =30 ps. If the slow neutron capture occurs during this
interval, the scaler will increment one, which is one more selection criterion. The digitizing
process at the QDC and the record at the DO will continue to the end. The acquisition
software checks the LAM signal from the MALU, after which it waits for readiness of the
QDC and DO, saves the data, and clears MDO output. Upon completion of the sequence,
the system is reset to the initial state and acquisition continues. Obviously, the amplitude
of all signals in the event, except for initial one, can be only defined by the record of the
oscilloscope. This is not a problem because with the capture of a neutron, the correlation
between the light yield and energy of the particles (3H and *He) is unambiguous.

The DAQ system is ready for the full operation of the detector, but without 5Li doped
scintillator in the segments, the application of the DO is superfluous. In the current
operation for fast neutron detection, the My,, is set greater than one and the operation
of the scaler is not inhibited. The total dead time of the acquisition is significantly lower
in this mode.
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2.5 Principle of Operation

There are two main modes of operation. First, in the case of My, = 1, the system is
triggered by any hit segment, so one measures the scintillation in segments independently.
The response of the detector looks like the response of an individual segment that is simply
80 ml of organic scintillator. Each section is designed so that both background -rays and
neutrons of an intermediate energy range undergo, on average, a single scattering in a
single segment. Thus, the response of the detector gives a Compton scattering distribution
for monoenergetic y-rays interaction and a flat step for monoenergetic neutrons. In the
second mode, the system is triggered by three or more segments hit (My,, = 3) within a
few tens of nanoseconds. In this case the probability of the interaction being due to 7-
rays is drastically decreased in comparison to that a fast neutron interaction. In addition,
since the neutron loses on average about 90% of its initial energy after three collisions, it
is a close approximation to the detector’s operation when the scintillator is doped with
SLi and requires the neutron capture. In this mode the neutron energy is obtained as a
sum of recoil energies. Those energies are derived from the individual QDC values of each
segment that fired and corrected by the electron-equivalent energy scale and the light-
yield function. This is the main mode of operation for the pilot version of the detector
for fast neutron measurements.

3 Response Function and
Pulse Height Resolution

3.1 Calibration Sources

To measure the response of the detector on v-rays, we used a "Il source with a single
1.46 McV line. The activity of the source was 10 Bq, and the distance between the
detector and the source was 15 cm. The Compton edge of the liue appears at 1.24 MeV,
thus giving the electron equivalent energy scale.

The response to fast neutrons was measured with a Pu-a-Be source. It emits neutrons
with a wide distribution of energies up to 10 MeV. In addition, 60% of neutron emission
is accompanied by 4.44 MeV ~y-rays (with a Compton edge at 4.2 MeV), so a sheet of
3-cm tungsten was used to shield the detector. The shield decreased the gamma intensity
by a factor of 20 but does not distort the neutron spectrum significantly. The neutron
cinission rate of the source was 107 571, and the distance between the detector and source
was 80 cm.

The response function of the detector was measured using monoenergetic 14.1 MeV
nentrons from a D-T source (commercial model UNG-1, Russia). Its principle of operation
is based on fusion reaction *H{d,n)*He. The emission rate of source was about 10% 571,
the distances were 0.2 m from the source to the detector and ~1 m to the wall of room.

3.2 Pu-a-Be source: Response and Resolution

Irradiation of the detector in My, = 1 mode by the *°K v-source shows a clear Compton
edge at 1.24 MeV (sce Figure 2) at approximately channel 700 of the QDC. The resolution
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of the step is estimated to be (10-15)% and is a result of the dispersion in the response
of an individual segment and the photoelectron statistics.

0K + background, Trigger: MALU >0

10 T
o (1| = K-40 Source
= = Background |

Counts per 50 QDC bin

i L i
1500 2000 2500 3000 3500 4000
Energy, QDC bin

1 L
0 500 1000

Figure 2: Detector response to 1.46 MeV ~-rays. The response is a sum of 16 individual
responses from each segment.

When irradiated with Pu-a-Be source in the same mode without the shield, the re-
sponse reveals a weak Compton edge of 4.44 MeV <-rays also. In Figure 3 ones sees a
small excess in the proper 4.2 MeV location (upper curve) in comparison with shielded
response (middle curve). Another feature of the response is a threshold of individual
segments for recoil protons. It occurs around 100 keV in the electron-equivalent energy
scale, corresponding to 600 keV of recoil energy.

In the mode of My, = 3, there is essentially no evidence of a “°K y-source. When
irradiated with the Pu-a-Be source, the neutron energy is obtained as the sum of the
recoil energies derived from the individual QDC value of each hit segment. Without the
tungsten shielding, occasionally a random coincidence can occur from one segment hit
by the 4.44 MeV q-ray and two segments hit by a single neutron. The QDC value of
the segment hit by the y-rays obviously distorts the final neutron energy. This is why
the response of the unshielded source looks flat in the energy range of 2 MeV to 8 MeV,
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Figure 3: Detector response to a Pu-a-Be source, My, = 1.

ag seen in the upper curve of Figure 4. The tungsten shielding strongly suppresses the
contribution of the accompanying <-rays, and one can see the undiluted response to
neutrons (middle curve).

The effective neutron threshold in the My,, = 3 mode differs from that of 600 keV in
the My, = 1 mode. The minimal neutron energy that can be detected is 3 x 600 keV =
1.8 MeV. The probability that the energy will be uniformly distributed among three
recoils is rather small. It is much more probable to encounter, for example, recoils with
energies of 600 keV, 1200 keV, and 2400 keV producing 4.2 MeV of neutron energy.
Hence, one would expect that an effective neutron threshold should exist somewhere in
the middle of those values. The measured response in Figure 4 indicates that the threshold
lies around 3 MeV, which is in agreement with this consideration.
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Figure 4: Detector response to a Pu-a-Be source, My, = 3.

3.3 14.1 MeV neutrons source: the Response Function mea-
surement

There were made four measurements. Their statistical data are shown in Table 1, where
Run — data file number, M;;,, — MALU threshold, Thr — hardware threshold, N,,
— number of events in the run, Rate — average rate of events in the run and Rate,
— summary scaler rate for all sections. The details of the measurements are described
below.

First, we measured response of single sections (My,, = 1) that gave us the encrgy scale.
Before the measurements we decreased the gain to set the step in 3/4 of full QDC scale
and increased the hardware threshold at five times to record the step in more detail. The
middle of the step appears at 2900 QDC bin (Figure 5), and it corresponds to 8.0 MeV of
electron energy scale due to light-yield curve, which is given in [5] and can be expressed
as (1):

Fee = 0.95 B, — 8.0 {1 — exp(—0.1E07)] (1

where E. and E, are in MeV for energies of electrons and protons accordingly. This
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Table 1: Response Function measurement: statistical data

Run M, Source, Thr, Live Time, N, Rate, Rate,,
hits  MeV mV s s~! 571
094303 1 - 100 1157 27215 23.5 30
101459 1 14.1 100 167 89835 538 542
104231 3 14.1 20 2481 11305 4.6 865
114105 3 - 20 9260 18676 2.0 114

equation yields negative light yield for E, < 0.2 MeV, but it is not a problem in our case
because a 20 mV threshold for individual segments corresponds to 0.8-1.0 MeV of recoil

energy.

Counts per 50 bins
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Figure 5: Step response for 14.1 MeV neutrons. My, =1

The resolution of the step is mainly due to dispersion of each PMT, which is follows

from comparison of the step responses from all sixteen sections and the single section of
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the detector in Figure 5. The main reason of dispersion is obviously that they are not
proper glued to lightguides. Another reason is that HV-cells have poor resolution in set
values.

Second, we measured the pulse height response of the detector on 14.1 MeV neutrons
with My = 3. It appeared to be like clear peak even on wide muon background distri-
bution (Figure 6). With application of the correction curve for energy determination of
recoil protons, which was obtained according to procedure described in Section 1, we have
got the response at neutron energy scale.

14.1 MeV neutrons + background, Trigger: MALU>2
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Figure 6: 14.1 MeV neutrons energy distribution on cosmic muons background

Clear distribution of cosmic muon background was obtained at the measurement with
same conditions, but without neutron irradiation of the detector. It is shown in Figure 6
by the bold dots.

The pulse height resolution looks rather poor (FWHM ~30%), but definitely it can
be greatly improved. The effective neutron threshold is 3 MeV, which corresponds to our
estimations for these conditions.
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4 Conclusions

The first test of the pilot version of the segmented fast neutron spectrometer has demon-
strated that it operates in accordance with expectations. Its response to neutrons over a
broad energy range shows no unexpected behavior. The response function of the detector
on 14.1 MeV neutrons from D-T fusion is obtained and is presented at first time. The
measured pulse height resolution is about 30%. One of the reasons for the relatively poor
resolution is the absence of 5Li as an effective capture material.

The effective neutron threshold is about 3 MeV. There are several things which deter-
mine the threshold. First, it is obviously an apparatus threshold of single section. Right
now it is 20 mV and it corresponds to 0.8-1.0 MeV of recoil energy. It can be easily
decreased twice but it requires some improvement in discriminator module. Now it looks
to be not so stable and at low level signals with noise it may produce several consequent
gates. Second, an improved PMT and HV-cell combination as well as an improved seg-
ment design will allow one to make the sections much more uniform. It will improve
the resolution of the step (and pulse height resolution of the detector response function
also) and as a result will allow one to put the middle of step in 4/5 of QDC full scale
(instead of 3/4 now). Obviously it will decrease threshold. Another reason here is the
noise of PMT — now it looks not so good. Last, one should remember that the threshold
of single section is not direct threshold just because of that a normal MALU threshold is
now 3 or more hits. It increases the effective threshold according to average lose of 1/2
of intitial neutron energy in each collision up to 3-4 MeV that we see at real spectrum.
Thus, introducing ®Li or other capturer in the detector we may trigger with 2 or even 1
hits, drastically decreasing the effective threshold.

Acknowledgments
This research was made possible by Award No. RP2-2277 of the U.S. Civilian Research &
Development Foundation for the Independent States of the Former Soviet Union (CRDF).

References

[1) Kamykowski et al, NIM A 317 (1992) 559.
[2] Aoyama et al, NIM A 333 (1993) 492.

[3] Abdurashitov et al, NIM A 476 (2002) 318.
[4] Mailto: astakhov@sunhe.jinr.ru

(5] Scintillators for the physical sciences. Brochure No. 126P, Nuclear Enterprises Inc.,
Feb. 1980.

103



THE INVESTIGATION OF THE RESONANCE STRUCTURE OF THE NEUTRON
CROSS-SECTIONS WITH THE TIME-OF-FLIGHT SPECTROMETERS AT THE
MOSCOW MESON FACTORY

Yu.V. Grigoriev, O.N. Pavlova, B.V. Zhuravlev
Institute of Physics and Power Engineering , Obninsk, Russia

A.A. Alekseev, AL Berlev, E.A. Koptelov, D.V. Khlustin
Institute for Nuclear Research RAN, Troitsk, Russia

Zh.V. Mezentseva
Joint Institute for Nuclear Research, Dubna, Russia

Abstract In 2007-2008 measurements of the tlme of-flight spectra of different multiplicities coincidences of
the gamma-rays have been carried out for *Mn, ° Nb Mo, In, "“*Sm, '*Ho, "¥'Ta, W and **U. For these
measurements the 8-section liquid (n, y)-detector and *He neutron detector have been installed at 50 m flight
path of the REPS setup of the Moscow Meson Factory (MMF). They have revealed 5 new resonances in the
neutron radioactive capture cross-section of W at the energies of 4 eV and 18 eV and of **Mn at the energies of
228 eV, 3594 eV and 3752 eV.

On the basis of the 12 m proton ion guide and of the Rb target of the isotope complex of the MMF an
original time-of-flight neutron spectrometer has been designed placed at the 18 m flight path. It allows to
investigate the neutron cross-sections resonance structure and some fundamental neutron characteristics in the
broad energy range.

To investigate the resonance structure of the neutron cross-sections the time-of-flight

spectra measurements have been carried out at 50 m flight path of the REPS setup shown in
Fig 1. [1] and at 18 m flight path of the radiochemical complex (RCC) of the MMF (see Fig.
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Fig.1. A schematic view of the time-of-flight neutron spectrometer: 1- brick wall, 2- tungsten target with a water
moderator, 3- concrete biological shielding of the neutron source RADEKS , 4 — cast-lron shielding form
neutrons and gamma-rays, 5 — neutron guide in the form of steel vacuum tube, 7- *He neutron detector, 8 ~
multisectional liquid (n,y) — detector, 9 — multiangular setup to investigate an ncutron scattering, 10 - concrete
shielding of the neutron spectrometer, 11- gate of a neutron beam, 12 — 3He counter (SNM-18)

The measurements were performed by means of the 8-section liquid (n, y)-detector and
neutron detectors with *He counters. The metal targets made from a natural tungsten with a
thickness of 7 cm were used as the pulse neutron sources (at the RADEKS setup) [2]. At the
RCC the metal targets made from a natural Rb with a thickness of 6 cm were in use with the
same purpose [3]. Targets were illuminated by a proton beam with an energy of 209 MeV at
the RADEKS setup and with an energy of 160 MeV at the RCC. The operated parameters
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were the following: the average pulse current I = 5 — 10 mA and an proton bursts repetition
frequency f = 1-50 Hz with a duration of At =1 — 200 ps.
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Fig. 2. A schematic view of the neutron setup with a Rb target: 1 — proton ion guide with equipments for a beam
control, 2 — cast-iron cube shielding for a target placement, 3- equipment for a target movement, 4..12 -
functional elements of the RCC, 13 — entrance into a target hall. A detailed view of the target construction is
shown on the right.

The radiator-samples and filter-samples were served metal and oxide disks made from **Mn,
9Nb, Mo, In, 145Sm, 150, "¥'Ta, W and *®U with a diameter from 50 mm to 80 mm of
different thickness. An intensity level of a neutron beam at the REPS setup was controlled by
a *He counter (SNM-18) installed at 114 m flight path before a tungsten target of the
RADEKS source. At the RCC a '°B counter (SNM-13) was in use before a Rb target. The
data acquisition was realized by means of measurement modules on the basis of PC with two
analog software at 1 us time channel width (author T.G. Petukhova FLNP JINR) and 0.01 ps
(development of INR Troitsk and JINR, [4]). The main feature of these measurements is the
usage of ion guide as neutron guide. This allowed to perform new experiments requiring more
time measurement and higher energy resolution.

In 2007-2008 measurements of the time-of-flight spectra of different multiplicities
coincidences of the gamma-rays have been carried out at a radioactive neutron capture by
nuclei of Mn, Nb, Mo, In, *¥Sm, '*Ho, '®'Ta, W and *®U. For these measurements the 8-
section liquid (n, y)-detector with o total volume of 40 | and *He neutron detector have been
installed at 50 m flight path of the REPS setup of the Moscow Meson Factory (MMF). A
duration of analog pulses was 35 ns and 1 ps from the (n, y)-detector and from the “He
neutron counter respectively. The registration efficiency of the (n, y)-detector was determined
using y-lines of Co source and was equal to 30 % at the energy resolution of 30 %. The
registration efficiency of thermal neutrons of *He neutron counter was approximately 95 %.
The experimental time-of-flight spectra are shown in Fig. 3, 4, 5, 6, and 7 (x-axis corresponds
to the energy). The background components in time-of-flight spectra are the result of the
gamma-rays and neutrons scattered in the experimental hall. These components were
measured by resonance filters which have so-called deep “black resonances™ like Al (35 keV),
Mn (2.4 keV and 336 ¢V) and W(20 eV). It should be stressed that protons falling to the
target cause neutrons which have a broad energy spectrum with a 15 % fraction of fast
neutrons in the energy range from 15 MeV to 209 MeV after moderation. These neutrons fly
from the target mainly forward where detectors of the REPS setup are located and result in
background increase and in overload of spectrometric electronic equipment. At 18 m and 114
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m flight paths, where proton ion guides were used as neutron guides, the fraction of
background neutrons less because these neutrons fly towards the proton beam.
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Fig. 3 Time-of-flight spectrum of the neutron radioactive capture by **Mn sample (d=2 mm),
- measured by the liquid (n,y)-detector at49.3 m flight path. Parameters of proton beam are
E,=209 MeV, I,;=5 mA, =50 Hz, At=1 Ys, dts=1 [s

As one can see from the Fig.3, a more complicated resonance structure is observed in
the radioactive capture cross-section of a natural Mn for the first time. So instead of one
resonance 3 resonances are observed at the energy of 336 eV with Eo=228 eV, 359.4 eV and
375.2 eV. Also two resonances instead one are observed around 2375 eV. Moreover, the
resonance structure with several weak resonances exists in the energy region from 20 eV to
80 eV. In the previous measurements at the REPS setup new resonances of a natural W have
been observed at the energy of 7 ¢V and 18 eV. These results are very interesting in respect to
the nucleus theory and its practical applications.

4000 7 Ho MM-L=49.3m,t=60", 1=0.SmkA
MnMM-L=49.3m,1=60", I=0.5 mkA
30004  ----- Mo MM-L=49.3m, 1=60", [=0.5mkA
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[ T Y T T
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Fig. 4 Time-of-flight spectra of **Mn (d=2 mm), “’Ho (d=5 mm) and Mo (d=0.4 mm) transmissions, measured
by the liquid (n,y)-detector at 49.3 m flight path. Parameters of proton beam are E;=209 MeV, [;=5 mA, =50
Hz, At=1.5 s, dtg=1 .
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To obtain resonance parameters of new mentioned resonances of Mn one needs to
repeat such measurements with better statistical precision and with higher energy resolution.

e Nb MM-L=49.3m, t=60", I=0.5mkA
1400 1 = = = In MM-L=49.3m, t=60', I=0.5mkA
Ta MM-L=49.3m, t=60}, I=0.5mkA

Fig. 5. Time-of-flight spectra of *Nb (d=2 mm),In(d=0.5mm),"®'Ta(d=0.2 mm) transmissions, measured by the
liquid (n,y)-detector at49.3 m flight path. Parameters of proton beam are E;=209 MeV, ;=5 mA, f=50 Hz,
At=1.5 Us, dtg=1 Ys.

It should be mentioned that new resonances for other materials except Mn and W were
not observed in the energy range from 1 eV to 3 keV. )

To determine fluxes from thermal neutrons time-of-flight spectra measurements were
carried out at 20 m, 50 m and 114 m flight paths of the neutron source RADEKS and at 18 m
flight path of the isotope complex by means of 3He counter at a neutron burst duration of At =
65 ps and 200 ps and at a frequency repetition of f = 1 Hz and 50 Hz.

In Fig. 6-8 time-of-flight spectra, measured at 50 m and 114 m flight paths of the
neutron source RADEKS and at 18 m flight path of the isotope complex, are presented.
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Fig. 6 Time-of-flight spectra of W (d=0.4 mm) transmissions, measured by the *He counter at 51 m flight path of
the REPS setup. Parameters of proton beam are E,;=209 MeV, 1,=5 mA, f=1 Hz, At=65 Us, dtg=16 s, tmes = 60
min

As one can see from the Fig. 6 a maximum peak of thermal neutrons is situated at the
energy of 0.062 eV and a spectrum of thermal neutrons is located in the energy range from
0.0032 to 0.25 eV. It is important that a thin W sample installed in the neutron beam
practically did not decrease the ncutron beam intensity. It allowed to estimate the background
components in this energy region using W resonances with a precision of 3 %.

Since the registration efficiency of thermal neutrons by *He counter was approximately
95 % and an illuminated detector surface came to 30 cm? that an averaged flux of thermal
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neutrons will be ®pmay = 3000 n/cm? at 51 m flight path of the REPS setup at the proton beam
parameters E;=209 MeV, I,= 10 mA, f = 50 Hz, At = 200 ps. This flux corresponds
approximately to the thermal neutrons flux at the IBR-30 reactor and about 100 times less
than at the IBR-2 reactor at JINR, Dubna [5].

The test measurements were performed using the *He counter at 18 m flight path of the
isotope complex with the Rb target (see Fig.2). The neutron counter was placed by a flank to
the neutron ﬂux to achieve the registration efficiency of thermal neutrons of 94 % at a flank
surface of 7 cm®. Because of copper plates with a thickness of 3 cm located behind the ion
guide in the neutron beam the neutron flux decreased by an order of magnitude 10. In this
case the thermal neutrons flux was 600 n/cm®s. That is why the neutron detector should be
well shielded from neutrons and gamma-rays at 27-degree turn of the ion guide and precisely
adjusted along the neutron beam rigidly collimated by the ion guide.

5000 -j Time-of-flight spectrum , measured by the 3He counter
] Time measurement 300 s
4000 -
- The isotope complex
] filght path 18 m
= 3000 4 dt= ~ 200 yus
z p 2 Ep= 160 MeV
N g Ip= 11 mA.
2000 - S
114 i~
1000 — i e
o—‘ : 1 T L) L) R T ¥ LJ
0 500 1000 1500 2000 2500 3000 3500 4000
t,4u s

Fig. 7 Timé-of-ﬂight spectrum of an opened beam, measured by the *He counter at 18 m flight path of the
isotope complex at E,=160 MeV, I,=11 mA, {=50 Hz, At=200 s, dts,=16 WS, tpes = 5 min.

If we suppose that thermal neutrons are emltted in *He counter direction installed at a
distance of 18 m from the target surface of 3 cm than the thermal neutrons flux at the source
surface should be approximately 10" n/em’s. Evidently the thermal neutrons flux will be
3%10*n/sm®s at a distance of 3 m from the neutron source where the ring monitor detector was
placed.

It would be possible to carry out investigations of the (n,n) and (n,p) scattering by the
method of incoming beams and overtaking neutrons (6] using of W and U targets to increase
the neutron beam intensity.

Conclusion

During the last two years 2007-2008 several experiments on the resonance structure
investigation of neutron cross-sections at time-of-flight spectrometers of the MMF were
carried out. Time-of-flight spectra of Mn, Cr, Nb, Mo, In, Ta, W and U metaI samples were
measured at the REPS setup using the 8-section liquid (n.y)-detector and *He counter. The
averaged group total transmissions and cross-sections were extracted from the experimental
spectra in the energy range from 1 eV to 10 keV.
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Two new resonances in the radioactive capture for natural W were revealed at the
energies of 4 eV and 17 eV and three new resonances for **Mn at the energies of 228 eV, 359.4
eVand3752eV.

The new time-of-flight neutron spectrometer was constructed on the basis of 12 m ion
guide of the radioisotope complex of the MMF. Test measurements were carried out to
determine its characteristics. Similar test measurements were also carried out at the 114 m ion
guide before the neutron source RADEKS. These original spectrometers allow to increase
time measurement of nuclear-physical values in the thermal and resonance neutron energy
region.

Authors thank the director of INR RAS academician V.A. Matveev, vice-director L.V.
Kravchuk for their support and also leader of linear proton accelerator of the MMF A.V.
Feshchenko, V.L. Serov, M.L. Grachev for their help. Authors also express ‘thanks to A.A.
Bergman, B.I. Fursov, V.M. Kochanyuk and other colleagues for help and assistance.
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Abstract

Independent and cumulative production cross-sections of the ™‘Cd(p,x)'®&!1814m,  and
"*pd(p,x)'®Rh nuclear processes have been reported from 40 MeV down to their threshold
energy by using a stacked-foil activation technique combined with high purity germanium y-
ray spectrometry. Measured data were compared with the available literature data and the
theoretical data from the model calculations by the TALYS and ALICE-IPPE codes. Integral
yields were also deduced for all the measured radionuclides. The measured cross-sections
have a significance for various practical applications; nuclear medicine, nuclear technology,
radioactive waste handling etc.

Keywords: Indium and Rhodium radionuclides, natural cadmium and palladium targets; 42
MeV proton; stacked-foil technique; excitation functions; medical applications.

1. Introduction

The study of light ion-induced nuclear reactions leading to the production of various
radionuclides is finding increasing importance for medical and technological applications.
The versatile ion-accelerating machine cyclotrons are employed to produce these
radionuclides. The physical basis of a radionuclide production could be optimized by using
data on nuclear cross-sections. Therefore, excitation functions and/or nuclear cross-sections
have great significance in the production and the quality control of desired radionuclides for
various practical applications, especially in nuclear medicine [1].

Cadmium (Cd) and Palladium (Pd) are ideal target materials for the production of
medically important radionuclides, such as 109.1LI4mE,  and  1%°Rh, respectively. The
radionuclide '"'In is widely used in diagnostic nuclear medicine [2]. The radionuclide '®In is
used for diagnostic purposes using PET. It is interesting to note that, '"™In and its daughter
radionuclide '"*In are usually regarded as undesirable long-lived impurities in '"In -labeled
radiopharmaceuticals for a diagnostic use. However, there is increasing interest in studying
1M4mry 1o determine the long-term stability and bio kinetics of indium-labeled pharmaceuticals
as well as for radionuclide therapy at a low-energy [3-4]. On the other hand, the '“Rh
radionuclide is a promising candidate for targeted radiotherapy [5-6]. The emission of beta
(Eg- =570 keV 70%, 250 keV 30%) and y-ray (318.9 keV 19%) with a moderate energy, and
medium half-life (1.44 days) make this radionuclide attractive for the dosimetry and the
pharmacokinetic perspective [6]. Currently, a large amount and a high specific activity 1%Rh
radionuclide is produced bz' a nuclear reactor using an enriched %“Ru target through the
indirect 'MRu(n,y)losRuél *Rh process. But, an unsolved problem with the current
production methods is the high level of Ru impurity associated with the radiochemical
separation method used [7]. It is also possible to obtain very large quantities of '“Rh as a
fission product, if required [8]. But, the radiochemical work involved in the separation of
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fission products is rather cumbersome. However, alternatively this 1%Rh radionuclide can be
produced in a no carrier added (NCA) form by a using medium energy cyclotron through the
proton irradiations on a palladium target.

A general survey of the literature [1, 9-12] revealed that only a few earlier
investigations have been carried out for the production of medically and technologically
important radionuclides from a proton bombardment on natural and/or enriched Cd (or Pd)
targets but considerable discrepancies are found among them. Therefore, new experimental
data is required to reduce these discrepancies and also to prepare a recommended database for
an optimal production of important radionuclides. Hence, we have measured the production
cross-sections of residual radionuclides from the ™Cd(p,x)'®&""'#!“ [n  and ™Pd(p,x)'*Rh
nuclear processes up to 40 MeV by using a stacked-foil activation technique and using an
Azimuthally Field Varying (AVF) MC-50 cyclotron at the Korea Institute of Radiological and
Medical Sciences (KIRAMS).

2. Experimental procedure

The irradiation technique, the activity determination and the data evaluation procedures
were similar to our previous works [13]. Some important features relevant to this work are
discussed as follows. A well established stacked-foil activation technique combined with a
- high-resolution y-ray spectrometer was employed to determine the excitation functions of the
mCd(p,x) BBy and "Pd(p,x)'®Rh nuclear processes. High purity Cd ((>99.98%, 50
pm thick) and Pd (>99.99%, 50 pm thick) foils with natural isotopic composition was used as
the targets for the irradiation. Several foils of copper (100 um thick) and aluminum (100 pm
thick) were also assembled in the stack to monitor the beam intensity and to degrade the beam
energy, respectively. The stacked-foils were irradiated for 60 minutes by a proton energy of
42.1 MeV with a beam current of about 100 nA from an external beam line of the MC-50
cyclotron at the KIRAMS. The spectrum analysis was done using the Gamma Vision 5.0
(EG&G Ortec) program. The photo peak efficiency curve of the gamma spectrometer was
calibrated with a set of standard point sources. The proton beam intensity was determined by
using the monitoring reaction of “‘“Cu(p,x)GZZn with known cross. sections from the ref, [14].
The proton energy degradation along the stacked foils was calculated by using the computer
program SRIM-2003 [15]. The activation cross-sections for the "*Cd(p,x) and ™'Pd(p,x)
processes were determined using a well-known activation formula [13]. The decay data of the
radioactive products were taken from the NUDAT database [16], and presented in Table 1.

The uncertainty of the proton energy for each point were estimated from the
uncertainty of the incident beam energy, the target thickness, and the beam straggling. On the
other hand, the uncertainty of the cross-sections were estimated using the uncertainty
propagation formula by considering the following uncertainties; statistical uncertainty of the
y-ray counting (~10 %), uncertainty in the monitor flux (~7 %), uncertainty in the detector
efficiency (~4 %), and so on. The overall uncertainties of the measured cross-sections were in
the range of §8-15 %.

3. Theoretical calculations

The excitation functions of the "Cd(p,x)'*%¢-'"'&1™[n and ™'Pd(p,x)'™Rh nuclear
processes at proton energies up to 100 MeV were theoretically calculated using the model
calculations by the TALYS [17] and ALICE-IPPE [18] codes. In the case of the TALYS code,
the present results were mostly evaluated using the default values of various models, but the
very important inputs like the optical model parameters, discrete energy levels and level
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densities of the nuclides involved in the calculations have been taken care of in a proper way |
during the calculations. Furthermore, the data of the ALICE-IPPE code were taken from the |
TAEA (www-nds.iaea.org), where it is compiled as the MENDL-2P database. i

Table 1 Decay data for the "*Cd(p,x) and "Pd(p,x) nuclear processes

Nuclei(Half-lifef Decay E, I, | Contributing Q-value Threshold
Tin |mode (%) (keV) | (%) reactions (MeV) (MeV)
%n | 42h | EC 2035 | 73.5 | ™Cd(p,2n) | -12.718 12.8347
(100) }42625 | 4.12 | MCd(p, 3n) | -19.693 19.8729
6237 (5.5 [ '"2Cd(p,4n) |-29.092 29.3542
1149.1 |43 | "PCd(p, 5n) | -35.632 35.9505
e [2.81 [ EC 17128 190 [™Cdp,ny |-1.6477 1.66276
d (100) | 24539 |94 ”sz(p, 2n) |-11.046 11.1454
3Cd(p, 3n) | -17.586 17.7432
4cd(p, 4n) | -26.629 26.8646
T®In | 49.51 | IT+EC | 190.29 | 14.74 "*Cd(p,n) | -2.2342 225401
d (100) | 558.46 "Cd(p, 3n) | -17.075 17.2238
™Rh [ 147 [p 3189 | 19.1 | "™Pd(p,2p) | -9.3470 9.4360
d (100) 1%pd(p, o) | 3.18925 0.0
1%q(p, 2nay | -11.781 11.889

4. Results and discussion

4.1 The™ Cd(p,x)'”%In processes

+  Kormalictal,"76 [11}
*+  Nortieret al,, ‘90 (9]
-~ ®  Tarkanyi et al, 061}
=2 165 ® Thiswork
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Fig. 1 Excitation function for the "*Cd(p,x)'*®In processes

1%In has one long-lived ground state radionuclide "®&In (Tj,= 4.20 h), and two short- -
lived excited state radioisomers '®"In (Tiz= 1.34 m) and '™"In (T12= 0.21 ). Both of the
isomers completely decay to their ground state "®2n through a 100% IT decay process. As
the y-ray counting process was started after a cooling time of about 1.5 h,.the measured
production cross-sections of the l()“”;In radionuclide are considered as cumulatlve ones. The
measured excitation function of the '*In is shown in Fig. 1 in companson*\wnh the available
literature data and the theoretical data by the model code calculations. The first maximum
obtained at around 25 MeV signifies the direct contribution of the (p, 2n) and (p, 3n) reactions.
The measured data revealed a very good agreement with the data reported by Kormali et al.
[11]. However, a good overall agreement, especially for the shape of the excitation function is -
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obtained with the Nortier et al. [9], Tarkanyi et al. [1], and also with the theoretical data from
the TALYS code for the whole investigated energy region. The ALICE-IPPE code predicted
data with a similar shape for the measured excitation function, but overestimated the absolute
values by about 20%.

4.2 The "™ Cd(p,x)""In processes

"y has a long-lived ground state radionuclide ''"8In (Ty;,=2.80 d) and a short-lived
isomer !™n (T,,=7.70 m), whereas the isomeric state radionuclide completely decays to its
ground state by an IT process. Therefore, the measured cross-sections of the '''2In
radionuclide is a cumulative one. The measured excitation function of ''®In is shown in Fig.
2 together with the available literature values and the data from the model calculations. The
formation of the ''"2In radionuclide is also contributed to by the direct reactions collectedin
Table 1. The contribution of the (p,n), (p,2n) and (p,3n) reactions formed a sharp maximum at
around 24 MeV, whereas the second maximum at around 40 MeV is from the contribution of
the '"*Cd(p,4n) reaction. The present results are in good agreement with the measured data
reported by Tarkanyi et al. [1], Nortier et al. [9], and the deduced normalized values from the
TAEA recommended data [19]. However, the data reported by Zaitseva et al. [10] is different
from any other measurements. The data calculated by the TALYS and ALICE-IPPE codes

revealed a good agreement for both the shape and magnitude with the measured data.
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Fig. 2 Excitation function for the "'Cd(p,x)'""®In processes

4.3 The " Cd(p,x)""*"In processes
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Fig. 3 Excitation function for the "*Cd(p,x)'"*™In processes
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Except for the short-lived ground state radionuclide g (T12= 1.20 m), *In has
two isomeric states '"™In (Tip= 49.51 d) and "™ In (Tyz= 0.0431 s). Under the present
experimental conditions, we could only measure the ''*™In radionuclide. The measured data is
shown in Fig. 3 together with the available literature data and the theoretical data from the
model code calculations. The two maximums at around 12 MeV and 29 MeV are from the
independent contributions of the Cd(p, n) and '"Cd(p, 3n) reactions, respectively. We
found a good overall agreement with the Tarkanyi et al. [1] and Nortier et al, [9] reported data
but the data reported by Zaitseva et al. [10] revealed a discrepancy due to a significant energy
shift. The TALYS code reproduced a nicely fitted excitation function with the measured ones,
whereas the ALICE-IPPE code produced a similar shape but overestimated the magnitudes.

4.4 The "™Pd(p,x)"’Rh processes
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Fig. 4 Excitation function for the "Pd(p,x)'®*Rh processes

The long-lived radionuclide 05Rh (T1p=1.47 d) has a short-lived meta-stable state
1%™Rh (T12=40.0 s), which completely decays to its ground state by an IT process before
starting our measurement. Therefore, the formation of the '®Rh radionuclide follows a
cumulative process. The radionuclide '®Rh was identified using its strong and independent
gamma line, E;=318.9 keV (I,=19.1%). The direct contributing channels for the formation of
this radionuclide are the 106Pd(p, 2p), the 1°8Pd(p, a) and the ”°Pd(p, 2no) reactions, We
couldn’t compare the present results with any previous measurements due to the lack of
available literature data. The measured excitation function of this radionuclide formation is
shown in Fig. 4 and compared with the value predicted from the TALYS and the ALICE-
IPPE codes, and we found a partial agreement with the TALYS prediction above 30 MeV
whereas ALICE-IPPE overestimates it in this energy region.

5. Integral yield

The integral yields were deduced using the measured cross-sections of the
radionuclides over the energy range from their threshold to 40 MeV by taking into account
that the total energy is absorbed in the targets. The deduced yields are expressed as MBg-pA
", and are presented in Fig. 5.
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6. Conclusions

Production cross-sections for the "'Cd(p,x)'®&!"'&'"™[  and ™Pd(p,x)'®Rh nuclear
processes have been reported from 40 MeV down to their threshold energy with an overall
uncertainty of about 15%. Standardization and validation of the measured data were done
using the available literature data, and the theoretical data from the TALYS and ALICE-IPPE
codes. The present measured cross-sections of Mn from a natural cadmium target could be
used for a validation of the JAEA recommended data. But, the production of this radionuclide
from a natural cadmium target is not suitable due to a contamination from a simultaneously
Produced 14mpy radionuclide in our investigated energy range. However, highly enriched """

12 targets could be used to obtain a suitable production of the M1 radionuclide with a
minimum impurity level. On the other hand, the deduced thick target yield showed that a low
energy (<20 MeV) medical cyclotron and highly enriched 108.110pd targets could be used for a
profitable production of 1%Rh with a minimum impurity from 10Imph, even though under the
above conditions the production of & '®"™Rh impurity is not possible, energetically. Above all,
the present investigation is the first report on a cyclotron production of a carrier free '“Rh
radionuclide as an alternative route to the currently used neutron activation process by a
nuclear reactor. In addition, the present-experimental results will play an important role in the
enrichment of the literature data base for the ™'Cd(p,x)'®®'"'#!"*"n and ™'Pd(p,x)'®Rh
nuclear processes leading to various applications.
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Fig. 5 Integral yields for the '®Rh and '®&""#Mm, mdionuclides
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Abstract

Excitation functions for the production of various radioisotopes from proton
bombardment on ™Mo, "W, and "™Zn were measured using the stacked-foil activation
technique for proton energies up to 40 MeV. A new data set has been given for the formation
of the investigated radioisotopes. The present results were compared with the earlier reported
experimental data and theoretical data taken from the ALICE-IPPE code, and found good
agreement with some well measured literature values in the overlapping energy region. The
thick target integral yields were also deduced from the measured cross sections. The deduced
yield values compared with the directly measured thick target yield values, and found
acceptable agreement. The measured cross sections of the investigated radioactive products
have much importance in the field of a nuclear medicine, a thin layer activation analysis, and

a trace element analysis.

1. Introduction

Radioisotopes with a variety of half-lives (few seconds ~ few years) are widely used
in medical, agricultural, and industrial research and applications. The charged particle
accelerators, especially the medium energy cyclotrons are used to produce these radioisotopes.
In principle, charged particle activation experiments are carried out leading to the production
of high specific activity radioisotopes, reduction of impurities, and effective use of start-up
materials.

Natural molybdenum (Mo), tungsten (W), and zinc (Zn) can be used as the ideal target
materials for the production of medically important radioisotopes PMo/ 9"‘Tc, 18(’Re, and (’7Ga,
respectively. The radionuclide **™Tc from *’Mo/**™Tc generator is used extensively in radio-
diagnostics due to its moderate half life, suitable y-energy, absence of B~ activity, and its
ability to form various complexes which have specific affinity to different organs of the
human system. About 80% of the diagnostic nuclear medicine procedures are performed using
Pmre labeled compounds [1]. The parent radionuclide %Mo can be produced in principle in

! Corresponding author: Tel.: +82-53-950-5320, e-mail: gnkim@knu.ac.kr.
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various ways. Currently, the dominant route is neutron fission of natural or isotopically
enriched °U (so-called “‘fission-moly’’), while the activation of natural or isotopically-
enriched Mo is the second important route. Recent survey has shown that '®Re is an ideal
candidate for radioimmunotherapy [2-4] of its moderate B~ particle energies at 1.07 and 0.933
MeV, low- abundance (9%) y emission at 137 keV, which allows for in vivo tracking of the
radiolabeled biomolecules and estimation of dosimetry calculation. The suitable 3.7-day half-
life allows sufficient time for the synthesis and shipment of potential radiopharmaceuticals.
On the other hand, the metallic radionuclide ’Ga forms strong metal complex and is of
considerable interest in diagnostic nuclear medicine, particularly for tumor localization.

Several investigations [5-15] were carried out for the determination of reaction cross-
sections leading to radionuclide production; but large discrepancies are found among these
data set. On a practical level, it is very difficult to estimate the causes of discrepancies among
the data sets. These inconsistencies severely limit the reliability of data evaluations. However,
nowadays only a few groups are engaged with the systematic investigations by using modern
experimental techniques and methods. Until now, no recommended data are available for the
mentioned radionuclides in the literature. We therefore, investigated the production cross
sections of the medically important radionuclides **Tc, '®Re, and “’Ga from the proton
bombardment of natural Mo, W, and Zn, respectively, by using the MC-50 cyclotron at the
Korea Institute of Radiological and Medical Sciences (KIRAMS). The integral yields were
also obtained from the respective threshold for the produced radionuclides by using the
measured excitation functions as a function of proton energy.

2. Experimental Procedure
2.1. Targets and Irradiations

Excitation functions for the proton-induced reactions on natural target elements (Mo, W,
Zn) were measured by using the well established stacked foil activation technique. High
purity metallic form of molybdenum (>99.99%), tungsten (99.99%), zinc (99.98%), copper
(>99.98%) and aluminum (99.999%) foils with natural isotopic compositions were assembled
in stacks. Al and Cu foils were used as monitor as well as energy degraders. An Al foil (200
pm thickness) was placed as the front foil of each stack (where the beam energy is well
defined) to accurately measure the beam flux.

Special care was taken in preparation of uniform targets with known thickness,
determination of proton energy and intensity along the stacks, and also in determination of the
activities of the samples. The thickness of Mo, Zn, Cu, and Al foils was 100 pm but that of W
was 200 pm. Several and individual stacks of natural Mo, Zn, and W with monitors were
assembled and separately irradiated by 42 MeV collimated proton beam of 10 mm diameter
from the external beam line of the MC-50 cyclotron at KIRAMS. The beam intensity was
kept constant during irradiation. It was necessary to ensure that equal areas of monitor and
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target foils intercepted the beam. The irradiation geometry was kept in a position so that the
foils get the maximum beam line. To avoid errors in the determination of the beam intensity
and energy, excitation functions of the monitor reactions were measured simultaneously with
the reactions induced on natural molybdenum.
2.2. Measurement of Radioactivity

After the irradiations and appropriate waiting time the samples were taken off, and
the induced gamma activities emitted from the activation foils were measured by using a
gamma spectrometer. The gamma spectrometer was an n-type coaxial ORTEC (PopTop,
Gmx20) high-purity germanium (HPGe) detector. The HPGe detector was coupled with a
4096 multi-channel analyzer (MCA) with the associated electronics to determine the photo
peak area of the gamma-ray spectrum. The spectrum analysis was done using the program
Gamma Vision 5.0 (EG&G Ortec). The energy resolution of the detector was 1.90 keV full
width at half maximum (FWHM) at the 1332.5-keV peak of *°Co. The photopeak efficiency
curve of the gamma spectrometer was calibrated with a set of standard sources: '®Cd (88.03
keV), 'Co (122.06 keV and 136:47 keV), *’Cs (661.65 keV), *Mn (834.85 keV), 2Na
(511.01 keV and 1274.54 keV), ®°Co (1173.24 keV and 1332.50 keV), and '**Ba (80.99 keV,
276.39 keV, 302.85 keV, 356.02 keV, and 383.82 keV). The measured detection efficiencies
were fitted by using the following function: ‘

7
Ine = ZanlnE”, n where ¢ isthe
=0

detection efficiency, a,represents the fitting parameters, and E is the energy of the photo
peak. The detection efficiencies as a function of the photon energy were measured at 10 cm
and 20 cm distances from the end-cap of the detector. Since most of the sources '*>Ba, *°Co,
3Co and ZNa emit more than one gamma ray; there is a certain probability of coincidence
losses of cascade gamma rays when the sources are put closer to the detector [16]. For this
reason, all samples were counted at distances of 10 cm and 20 cm from the end-cap of the
detector to avoid coincidence losses, to assure low dead time (<10%) and point like geometry.

The proton beam intensity was determined from the measured activities induced in
aluminum and copper monitor foils at the front position of each stack using the reactions
2 Al(p,x)**Na and "Cu(p,x)**Zn, respectively. The use of the multiple monitor foils decreases
the probability of introducing unknown systematic errors in activity determination. It was
considered that the loss of proton flux was very small and very hard to deduce practically. The
beam intensity was considered constant to deduce cross sections for each foil in the stack. The
loss of proton beam energy for each foil in the stack was calculated by using the computer
program SRIM-2003 [17].

The excitation functions for the *™Tc, '®Re, and ®’Ga radionuclides were determined
in the proton energy range 2.5~42 MeV by using the well-known activation formula [18].
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Most of the decay data regarding induced radioactivity, such as the half-life (T.), the y-ray
energy (E,) and the y-ray emission probability (Iy), were taken from the Table of Radioactive
Isotopes [19], and are furnished in Table 1. The threshold energies given in Table 1 were
taken from the Los Alamos National Laboratory, T-2 Nuclear Information Service on the
internet [20]. The standard cross section data for the monitors were taken from internet
service [21].

Table 1 Decay data of the produced radioisotopes.

Nuclei Half-life Decay E,, Intensity(l,) Contributing reactions Q-value
Tin mode  (keV) (%) (MeV)
Mo 274d B 140511 4.52 %Mo(p, pn) -8.29
181.0 6.07 ®Mo(p, d) -6.07
739.5 12.13 1®Mo(p, 2p)°Nb>*Mo  -11.14
“m"Te  6.02h IT+ 1405 89.06 1%Mo(p, 2n) -1.71
B 1®Mo(p, pn)®Mo>*"Tc  -8.29
®Mo(p, d)°Mo>""Tc  -6.06
®Re 3.72d 137.16 __ 9.42 W(p,n) -1.36
“Ga 326d EC 1846 212 7Zn(p, n) -1.81
300.2 16.8 “Zn(p, 2n) -12.16
Zn(p, 4n) -28.08
~ %zn  9.186h EC 54835 152 -$Cu(p, 2n) -13.27
596.7 25.7 “Cu(p, 4n) -31.09
©Zn 244264 EC_ 11155 506 “Cu(p, n) . 213
%Na 1496h [ 1368.598 100 ZTA)(p,p+'He) 23.71
ZAl(p, 2p+d) -29.20
2" Al(p, 3p+n) -31.43
~ ®Na 260y EC 127453 99.94 TAN(p, d+X) -20.29
7T Al(p,(t+pn) -22.51

The theoretical data were taken from the MENDL-2P database [22] calculated by using
the ALICE-IPPE code. It is an ‘a-priori’ model calculation. The calculation of cross-section
usiﬁg this code was based on the evaporation Weisskopf-Ewing model and geomefry
dependent hybrid exciton model [23]. Pre-equilibrium cluster emission calculation is included
in this code. The lack of angular momentum and parity treatments in the Weisskopf~Ewing
formalism used in these codes makes independent treatment of isomeric states impossible,
only total production cross-sections were calculated.

In the present experiment, all the errors were considered as independent.
Consequently, they were quadratically added according to the laws of error propagation to
obtain total errors. However, some of the sources of errors are common to all data, while
others individually affect each reaction. The estimated major sources of errors considered in
deduction of cross-sections are as follows; statistical error (1-13%), error of the monitor cross
sections (2~ 4%), error due to the beam flux (2~ 4%), error due to the beam energy (0.5-1 %),
error due to the detector efficiency (0.5~3%), and error due to the gamma ray intensity
(1~2%). The overall uncertainty of the cross-section measurements is around 12%. The total
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uncertainties of the measured cross-sections were calculated by combining the statistical
uncertainties (J,,, ) and other uncertainties (&, ).

sts

3. Results and Discussion

The stable isotopes of molybdenum, tungsten, and zinc transmute to the corresponding
#mTe, "®Re, and “'Ga radioisotopes through the (p, xn) process, respectively. In some cases,
two or more y-rays were used for the measurement of each reaction cross-section, and the
average value is presented. The detailed situations of the individually studied nuclides are
discussed in the following section. The excitation functions of the investigated radioactive
products are presented together with the available literature data and ALICE-IPPE prediction
[22]. The numerical data with errors are collected in Table 1. The integral yields were
deduced using the measured cross-sections taking into account that the total energy is
absorbed in the targets.

3.1. Production of "Tc

The production cross-section of medically important radionuclide **™Tc is determined
through the analysis of 140.51 keV gamma-ray peak. Basically, this radionuclide can be
produced in two processes. One is direct process through the reaction loOMo(p, 2n)”*™Tc and
the other is indirect process via moMo(p, pn)”Mo—)gg"‘Tc reaction. Also theoretically, the
reaction *Mo(p, v)**™Tc has little contribution in the production cross section of **™Tc. The
present result of *™Tc radionuclide formation is shown in Fig. 1. We didn’t find agreement
with the data reported by Lagunas-Solar [7]. In the lower energy region (<28 MeV) the trend
of peak formation agrees with our data, but at higher energy it seems to us that he didn’t
separate the contribution of ?Mo and *Nb radionuclides from 140.5 keV gamma-ray peak. At
higher energy (>28 MeV), the radionuclides **Mo and **Nb have more contribution than
PmTe at 140.5 keV gamma line. This may be the possible reason to get the complete
disagreement compare to our data in the higher energy region. The data reported by Scholten
et al. {6] show general good agreement with our data. In their experiment, they worked with
the 97.4% and 99.5% enriched '®Mo and **Mo sample, respectively, but we performed the
present experiment using natural molybdenum target and normalized the data for 1%\o. The
data reported by Levkovskji [24] showed agreement at 20-30 MeV proton energy but at lower
energy (<20 MeV), a clear disagreement exists not only with our data but also with the other
literature values. The present measurement showed very good agreement with the recent
literature data reported by Takacs et al. [25] up to 27 MeV but after then an acceptable
disagreement is found, and we could not determine any possible reason. Our previous data
[26] were consistent with the present data except one point around 17 MeV. Although the

?™T¢ radionuclide has great practical importance, the production cross-sections measured by
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several groups showed considerable discrepancies. An accurate experimental data base is thus

crucial to consider the feasibility of this reaction for a possible production of #0Tc at a
cyclotron.

600

5 Scholten et al. '99 [6] | - .
500 + Lagunas-Solar et al. '91 [7] Mo(p,2n) "Te
—_ [ * Levkovskji '91 [24] + ++ :
= 0 Takacs et al. '03 [25] o
E 400 + Khandaker et al. '06 [26] + te,
E ® This work +
S 300} *¥ *
2 T =
* o +
@ 200 G . + 1
7] * % ] +
[ a ’%a'
G 1ot * ¥ . .
+ .' ; +
-
0 i 6..* L E‘?&H‘ﬁmm;mm.z; & _p A
0 10 20 30 40 50
Proton energy (MeV)

Fig. 1. Excitation function of the "*Mo(p, xn)**™Tc reaction.

3.2, Production of "Re

The most suitable reaction path for the production of '®Re from the proton
bombardment on natural tungsten is '*W(p, n)'®Re (Q= -1.069 MeV). The measured
excitation function for the production of neutron rich therapeutic radionuclide 1%Re has
shown in Fig. 2 together with the available experimental values and theoretical data taken
from ALICE-IPPE code [22]. We found a very good agreement with the data reported by Lapi
et al. [11], Tarkanyi et al. [27], Szelecsenyi et al. [28], and Shigeta et al. {10] in the
investigated energy region. The data reported by Zhang et al. [12] and ALICE-IPPE
prediction [22] showed lower values in the peak formation region at 6-13 MeV.
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Fig. 2 Excitation function of the "*W(p, xn)'*Re reaction

3.3. Production of Ga

The radionuclide ®’Ga is formed via the (p,2n) reactions on %7n. Targetry and
chemical processing problems have been well studied. For the production on a small scale the
(p,n) reaction on ¥Zn has also been utilized. The 'Ga nuclei emitted several strong gamma-
rays with different energies (184, 300, 393 keV), the activities were evaluated separately by
using all these gamma-lines and the average of the individual values were taken. In the case of
the "“'Zn(p,xn)67Ga process three reactions, 67Zn(p,n)(ﬂGa (Q=-1.8MeV), 68Zn(p,2n)67Ga (Q=-
12.15 MeV) and 7OZn(p,4n)'57Ga (Q=-27.7 MeV) contribute to the formation of Ga over
the investigated proton energy range. The cross section values for the “Zn(p,xn)*’Ga process
measured in this work from 4 to 40 MeV are shown in Fig. 3 compared with the results of the
previous works [13-15, 29-33] and the theoretical calculation using the ALICE-IPPE code
[22]. The maximum cross section for the "Zn(p,xn)*’Ga process was found. at around 20
MeV. The “Zn(p,Zn)(’"Ga process has a large contribution to the ’Ga nuclide formation in
peak region at about 20 MeV. Due to the low isotopic abundance of ©’Zn in the natural zinc
target, the Zn(p,n)*’Ga process has lower contribution than 68Zn(p,2n)67Ga. Comparing the
present results with the available previous works it can be concluded that the values of
Hermanne et al. [14, 29] are systematically higher than the present ones as well as the other
investigators [15, 30, 31] above 15 MeV, but their results are in excellent agreement both with
this work and Kopecky [30] below 15 MeV. The present measurement for the natZn(p,xn)‘s"Ga
process agrees well with the measurements of Tarkanyi et al. [15], Kopecky [30], and Nortier
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et al. {31]. The theoretical calculation using the ALICE-IPPE code [22] and this work agrees
well except three points in maxima.

*  Szelecsenyi et al.(2005) [13]
T T + Hermanne et al.(1997) [14]
180 pat 67 a  Tarkanyi et al.(2005) [15]
Zn(p,xn) Ga © Hermanne et al.(1999) [29]
~_ | X Kopecky (1990) [30]
_E 150 ;é} ++ & Nortier (1991) [31]
= R % X0 v Little et al.(1983) [32}
@ 120 + 12 ¥ o  Barrandon et al.(1975) [33]
=) < Vo ® This work
E 90 X% —— ALICE-IPPE [22]
© 7
z)) 60 X N ‘
[=] XV gv «
B v ;
O 30t »ﬂgf 1 |
0 1 1 1 1 :
0 10 20 30 40 50 g
Proton Energy (MeV)
{
Fig. 3 Excitation function of the "*Zn(p, xn)*’Ga reaction.
4. Integral yield

The integral yield of the radionuclides from a nuclear process was deduced using the
excitation function and stopping power of "*Mo, "W, and "Zn over the energy range from
threshold upto 40 MeV. It is expressed as MBq uA'h, i.e. for an irradiation at beam current
of 1 uA for 1 hour. The obtained results are shown in Figs. 4-5 as a function of proton energy.
Dmitriev et al. [34] reported thick target yields of the Ga radionuclide measured by
irradiating thick natural zinc target with 22 MeV proton beam. The used target was thick
enough to cover the energy range from threshold to 22 MeV. Our results as shown in Fig. 5
are consistent with the directly measured values of Dmitriev et al. [34]. We couldn’t compare
the yield of *™Tc and 18Re due to the lack of available literature values.
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Fig. 5 Integral yields for the production of '*Re and *’Ga radionuclides

5. Conclusions

A new cross sections data set for the formation of 99"‘Tc, IE‘6Rc, and 9Ga
radionuclides have been rcported in the energy range 2.5 - 40 MeV using the stacked-foil
activation technique with an overall uncertainty of about 12%. The present experimental data
were compared with the availablc litcrature values in order to select the most reliable data sets

for optimization of production routes. A considerable discrepancies still exists among the
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available literature data for the production of medically (SPECT) important PmTe
radionuclide, which demands more and more experimental data to obtain a recommended data
set, and the present data is important in this regard. Rhenium-186 (**Re) is one of the most
useful radionuclide for internal radiotherapy in nuclear medicine. The measured production
cross sections data of this radionuclide will help effectively to optimize the production
conditions. Significant amount of ¥Ga can be produced at low energy accelerators using
natural zinc as a target, but the possibility to involve impurity of gamma emitting
radionuclides is very high.The present experiment reported a reliable data set for these
radionuclides in the whole investigated energy region, and these data could help in the
prediction, optimization and evaluation of the radiochemical purity.

The thick target integral yields for each radionuclide were deduced using the
respective measured cross-sections data. We could not compare the present values of *™Tc
and '*Re radionuclides due to the lack of available directly measured thick target yield (TTY)
values in the literature. It should be mentioned that our calculated yield values can be used for
the optimization of production yields of corresponding radionuclide with minimum impurity
contamination. Above all, the present experimental results will play an important role in
enrichment of literature data set for all of the investigated radio radionuclides.
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Abstract—In this work, the energy shift of X-ray photons at two-photon
transition, depending on conversion (either at transition between the second
and first excited states or at transition from the first to the ground level), is
studied. It is possible to very precisely determine the energy shift of an X-
ray photon (on the order of 1 eV) by registering the X-ray photon in
coincidence with an X-ray photon of another transition with high resolution
detectors; this allows one to determine the change of the mean square radius
of the nucleus in the excited state. ’

The electrostatic monopole interaction, depending on the mean square radius of
the nucleus and electron density in the region of the nucleus, changes the binding energy of
the system nucleus—electrons; therefore, it influences the energy of atomic and nuclear
transitions. The result is the isotopic shift in optical spectra and isomeric energy shift of
optical and nuclear transitions [1, 2]. Many works are devoted to investigation of these
effects giving information on the nuclei properties. Methods of laser spectroscopy allow
one to obtain vast information on the difference of charge radii of high-spin isomers [3].
Experimental studies of chemical shifts of neutron resonances were performed at the
Laboratory of Neutron Physics of the Joint Institute for Nuclear Research in the 1970s—
1980s. The values of the measured chemical shifts of neutron resonances turned out to be

5 4
equal to (10 -10 )eV [4, 5].

One of the consequences of electrostatic monopole interaction is the isomeric shift
of X-ray photon energy arising when the hole is filled in the X shell, which is formed as a
result of internal conversion of gamma ray photon [6). Since the hole is filled much faster for

heavy nuclei (within 10 7 s [7]) than the lifetime of the nuclear level (10'12—10 10 s), the
energy of atomic levels corresponds to the mean square radius of the nucleus in the final
state. If the nucleus still remains in-the excited state after internal conversion of the photon,
the energy of the X-ray photon depends on the instantaneous size of the nucleus at this level.
Thus, the energy of the X-ray photon is lincarly related to the mean square radius of the
nucleus. In order to investigate the difference of mean square radii of the nucleus in the
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ground and excited states, it is-necessary to compare the energy of X-ray photons at
transition, for example, from the second to the first excited state (E,,) with the energy of the
similar photon formed at transition from the first level to the ground state (E ;).

In this work, methods for experimentally studying in order to obtain data on
variations of mean square radius of the nucleus in excited states are proposed. The
difference is related to the deformation of the nucleus.

The difference of energies E,, and E  can be represented in the form

5(R’)
o = AL M
(%)

where AE is the energy shift of the X-ray line due to the finite size of the nucleus

AE = %;zezzp}' )’ (r?) @)

In [6] the values of AE were calculated depending on Coulomb charges of some
relatively heavy nuclei. Figure 1 shows the basic result of this work in the graphic form.

Taking into account the data presented above and expecting that the mean square
radius is changed by several percent, we obtain an estimate of the energy shift of X-ray
lines on the order of several electronvolt.

If, as a result of transition from one excited state to another one (or to the ground
state), the time it takes nucleons to reorganize in the nucleus is comparable with the short
life time of the K vacancy, this process influences the peak shape. The peak broadens, and
its symmetry can be violated.
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Fig. 1. AE as a function of nuclei charge Z [6]. Calculations were performed using the
following methods: Hartree~ Fock-Slater; relativistic Hartree-Fock—Slater;
nonrelativistic Hartree—Fock; and nonrelativistic hydrogen-like atom.
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The screening influence of the remaining electrons of the atom on AE for the K shell

was calculated in [8]. The obtained results showed that this influence can be neglected.

The motion of conversion electrons through electron shells of the atom excites them
and causes some “smearing” of isomeric shifts. Therefore, the velocity of knocked out
electrons should be such that they leave the L and even M layers earlier than the X-ray
photons are emitted. Otherwise, the peak shape will be changed under the action of the atom.

When measuring the relative variations of superfine effects, it is  necessary to
perform measurements in such a way that the sought effect and the reference (in this case,
the centroid of the X-ray peak in the ground state of the nucleus) are measured
simultaneously. If this is impossible, these measurements should be performed in turn and
with as little change in the equipment load intensity and geometry of experiment as possible.
Figure 2 illustrates this principle. The two-cascade decay of an excited nucleus is considered.
The photon initiating the process knocks out the electron from the K shell of the atom, and
the nucleus transits to the first excited level. The X-ray photon produced as a result of
internal conversion is registered by the thin HP Ge detector only under the condition that it
coincides with the momentum of the secondary photon registered by the large volume HP Ge
detector. In the second case, this detector also registers the primary photon coinciding with
the X-ray photon of the converted transition to the ground state of the nucleus. Thus, the

two-dimensional amplitude spectrum of photons and X-quanta in the coincidence scheme is

accumulated: the photons are related to the primary y transition and reflect <R2> for the

excited state, and the X-quanta are related to characteristic X-ray spectrum of the atom in

which the nucleus is in the ground state. The data processing consists of determining the

centers of X-ray peaks of these two transitions. The value of 6<R2>. is determined by the

experimentally measured isomeric shift 8E of X-ray photons using (1).
The absolute values of isomeric shifts of X-ray photons are very small even for heavy

nuclei. Modern spectrometers based on bent crystals provide an energy resolution of 0.3 eV

for a photon energy of about 100 keV;
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Gamma—-quanta detection

!

Fig. 2. Schematic diagram of experiment with two-cascade decay of excited nucleus.

however, this detection method is not used here for the following reasons:

(i) its extremely small event registration efficiency and

(ii) the geometry of the experimental setup makes this approach practically inapplicable for
the measurement method proposed in this work.

In [9] experimental data on the natural widths of X-ray transitions to the X shell of
actinide and transuranic atoms were presented. In particular, for =~ U, for KL, and KL,

transitions these widths are equal, respectively, to 94.656 and 98.435 eV. The conclusion can
be made from these data that the natural width of X line for U atoms is comparable with the

energy resolution of high quality HP Ge detectors of X-ray photons.

The precision of measuring the centroid of the peak in the amplitude spectrum was
estimated. Let there exists a spectrum corresponding to the peak which consists of the set of
counts &, in the channel with the number i and the error AN, Then the peak center is

determined by the formula

> N

V=55 ®

The error of determining the centroid of the peak can be calculated using the known
formula to determine the error of a function of many variables:

—_/ N \v e
AN = Z(aNiAN‘) @

Calculating derivatives, we obtain
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where S is the peak area, § = ZN,. .

i=imin

If it is assumed that AN, = /N, , we obtain:

fz (i-N)'N,
B
6)

The table presents the calculated accuracies of determining the centroids of the peaks
under the following conditions:

6 6
(i) the number of registered events (peak area) is equal to 10 and 2 x 10,
respectively; '

(ii) the peak shape is symmetric Gaussian;

(iii) the X-ray photon energy is 100 keV; channel division of amplitude analyzer
corresponds to 0.1 keV;

(iv) the calculations were performed for different energy resolutions of the detector

of X-ray photons (0.3, 0.5, 0.7, and 1.0 keV).

An analysis of the data obtained from the table allows one to come to the
conclusion that applying the X-ray detector with medium energy resolution can solve the
problem of measuring isomeric shifts of the X-ray X transitions of atomic shells.

In [10] the results of the precise determination of the position of the centroid of the
peak of photon with an energy of about 100 keV, measured using a high resolution Ge
detector, were presented. The weighted mean precision of the determination of the centroid

was 0.5 eV.
Table 1.

Peak area 10° Peak area 2x10° events
events
The detector|{ 1.0 1075 {05 |03 1.0 1075 105 0.3
resolution,

keV
The peak 073 [0.5 |03 0.64 | 052 1035 (0.21
accuracy,eV | 0.9
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The further development of formulating experiments assumes an increase in the

number of studied excited levels of separate nuclei by including into consideration y

cascades which follow electron capture processes, B+, B— (and possibly, a) emission of

radioactive nuclei, and decays of high spin isomeric states.

The measurement of superfine effects (which corresponds to this type of
experiments) is often accompanied by the requirement of extremely thorough account of
the background. For this reason it is necessary to perform multidimensional analysis and
record information on the maximum number of parameters using specific equipment
developed specially for these experiments. The example of this formulation is shown in
Fig. 3.

First of all, it is necessary to develop and manufacture a pair of compound HP Ge
spectrometers, each of which consisting of an independently operating thin detector (for
the X-ray photon spectrometry) and a large volume detector for the spectrometry of

cascade photons.

Information from each X-ray detector is recorded by separate amplitude analyzers
(ADCs) in the presence of the enabling signal from the coincidence scheme,
which is triggered by the discriminated pulses from this X-ray detector and from any other
v detector. Pulses from y detectors are processed in a similar way, but these pulses are also
applied to the linear summing unit; from this unit they are applied to the separéte ADC.
The objective of this operation is to obtain peaks from any combinations of the total
energies of the cascade with maximum efficiency. The absence of energy of a certain
transition in the peak of the total summarized energy of the cascade means that it is highly
probable that it has undergone internal conversion.

Uncorrelated background of X-ray peaks results from accidental coincidences of
the external photoeffect on target atoms with the pulses from y-channels. Further, this
background contains a part which may be considered with high accuracy as a constant
within the peak region, i.e., this part is approximated as a straight line. The most important
is to provide exact normalizations of the background area under the peak and the area of
the spectrum near the X-ray peaks.

A precise determination of the contribution of correlated background is a
complicated problem. The life time of a y cascade is 107-10™ s; therefore, applying the

method of delayed coincidences is unacceptable. Figures 4 and 5 show the diagrams of
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180m 192 . . . .. .
radioactive decay of two heavy nuclei Hf and Ir whose investigation is interesting
and promising. Problems of correlated background can be demonstrated using the decay of

these nuclei as an example.

Or

Lin.SuEI" ADC i) PC

| Cfr.Disc. -

Pre-A in.Ampl. DC
' e Lin.Ampl] Al f ‘_”

Fig. 3. Experimental setup with maximum efficiency and capability of identifying particular
cascade transitions
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The measurement of X-ray line shift in experiments with fissionable nuclei is of
special interest. Figure 6 shows all four channels via which the excitation energy of the
nucleus can be dissipated after neutron capture: (i) radiation capture; (ii) instantaneous
fission; (iii) (n, yf ) process: an excited nucleus emits soft photon and undergoes fission
after that; (iv) isomeric fission: the nucleus emits the cascade of photons and turns out to

be in the ground state at the bottom of the second potential well after that delayed fission

-4

takes place. The probability of this process is 10 of the total fission probability. In the
last two channels, photons preceding to fission can be converted and give information on
the deformation of highly excited states of nuclei. These measurements can answer the

question whether the process of delayed fission is the shape isomerism effect. In [11]

measurements of variation of the mean square radius 5<R2> for spontaneously fissionable

240
isomer Am with respect to <R2> in the ground state of Am nuclei were performed. The

method of optical pumping using a laser with a variable wavelength was used in the

experiment (laser induced nuclear polarization).

Prompt Fission -
r.Gonma-f-process

Isomeric_Fission

Spontaneus Fission

DeForma tion

o AT
%." Sample 235-U
HP -

) p
Ge

Plostic Scinthator

PC

Fig. 6. Schematic diagram of experiment with fissionable nuclei. Two-hump barrier and
nuclear fission channels are shown in the upper part.
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In this work it is proposed that 6<R2> be measured using the method of isomeric

shifts of X-ray photons. This method can be applied for nanosecond half-lives and can be
complimentary to laser methods of investigation.

Figure 6 shows the proposed schematic diagram of experimental setup. The fission is
registered by the thin plastic scintillator, and the X-ray photon is registered by HP Ge
detector. Signals from both detectors are sent to the time-amplitude converter, where the
signal from the HP Ge detector serves as the start signal and the delayed pulse from the
scintillator serves as the stop signal. This is necessary due to the fact that there are much

more fission acts than X-ray photons. Measurements can be performed using a beam of
235 : . . o
thermal neutrons with a U target. It is known that isomeric fission takes place in this

-4 36
case with a probability of 10 . The lifetime of 2 U* in the second well is 165 ns [12].

ACKNOWLEDGMENTS We thank G. G. Bunatyan for stimulating this work.

REFERENCES

1 G. Kopfermann, Nuclear Moments (Academic Press, New York, 1958; Inostr.
Liter., Moscow, 1960).

2 N. N. Delyagin et al., Hyperfine Interactions and Nuclear Radiations (Mosk. Gos.
Univ., Moscow, 1985) [in Russian].

3 Yu. P. Gangrskii, Pis’ma Fiz. Elem. Chastits At. Yadra 4, 518 (2007) [Phys. Part.
Nucl. Lett. 4, 304 (2007)].

4 V. K. Ignatovich, Yu. M. Ostanevich, and L. Cher, Soobshch. OI'Yal R4-7296
(Dubna, 1973).

5 A: Meister, D. Pabst, L. B. Pikelner, and K. Seidel, Nucl. Phys. A 362, 18 (1981).

6 V. K. Ignatovich, Yu. M. Ostanevich, and Ts. Panteleev, Soobshch. OI'Yal R4-7695
(Dubna, 1974),

7 E. E. Berlovich, S. S. Vasilenko, and Yu. N. Novikov, Lifetime of Excited States of
Atomic Nuclei (Nauka, Leningrad, 1972).

8 E. E. Fradkin, Zh. Eksp. Teor. Fiz. 42, 777788 (1962) [Sov. Phys. JETP 15, 543
(1962)].

9 G. Barreau et al., Z. Phys. A 308, 209-213 (1982).

10 C. E. Bemis et al., Phys. Rev. Lett. 43, 1854 (1979).

11 0. A. Shcherbakov, Fiz. Elem. Chastits At. Yadra 21, 419 (1990) {Sov. J. Part. Nucl.
21, 177 (1990)].

138



COMPILATION OF NEUTRON RESONANCE PARAMETERS NRF-3
Z.N. Soroko, S.I. Sukhoruchkin, D.S. Sukhoruchkin
Petersburg Nuclear Physics Institute, Gatchina, Russia

Abstract
This compilation LB 1/24 is a continuation of the previous publication LB 1/16B,I/16C. The
largest part of it is formed by the recent data. Special chapters of the Introduction are
prepared by V.Pronyaev and F.Gunsing on the reactor based transmutation and on the
numerous measurements at CERN n-TOF, correspondingly. A great number of new resonance
parameters comes from measurements at RPI-linac and GELINA as well as from BNL-325 and
ENDF/B-VIIL A special chapter is devoted to the study of the nonstatistical effects.

1 Introduction

Three years ago we described [1] motivation for production of compilation of neutron res-
onance parameters needed for nuclear models development and for better understanding
of nuclear reactors dynamics: reactions which take place in the reactor components and
in its fuel after the compaign. Recently published BNL-325 used in the Evaluated Nuclear
Data File ENDF/B-VII [2] contains performed by S. Mughabghab revisions of old data,
his own recalculations of neutron widths, new spin assignments. But the presence of large
effects from capture of scattered neutrons in y-ray detectors, the so-called high neutron
sensitivity of used eatlier capture detectors {discussed by F. Corvi in Introduction to the
previous compilation NRF-2 [3]) prevented the production of high-quality capture cross
section. First at GELINA, later at CERN n-TOF facility and at ORELA, new results
were obtained which were not included in the last BNL-325. The NRF-3 file published as
vol.I/24 in Springer Landoldt-Bdernstain Library contains many new results from CERN
n-TOF in addition to data from other facilities and files from ENDF /B-VIL Special chap-
ters devoted to CERN n-TOF, capture detectors and R-matrix analysis were written by F.
Gunsing and a special chapter about reactor-based transmutation method is written by V.
Pronyaev. In the separate chapter ”Few-nucleon effects in neutron resonance positions”
the following topics are considered in subchapters:

1) Nonstatistical effects in nuclel around N=82 (Z=58) and N=50.

2) Observation of nonstatistical effects in 2**Pb resonances by G.Rohr.

3) Door-way states at high-energy excitations of 2*3Th.

- 4) Correlations in positions of neutron resonances of As, 1?3Sb and other heavy nuclei
- observed by K.Ideno, M.Ohkubo and F.Belyaev. The introduction to this separate chapter
- and two last subchapters 3) and 4) are reproduced below.

The contents of NRF-3 is presented in Table 1. Only new data are included in the
book, the ratios of numbers of resonances in the book N; to the total numbers of all
. known resonances in the electronic Supplement N, are given in Table as a ratio Np/N;.

The NRF-3 file together with the files of proton/alpha resonances (LB vol. 1/19A1,2)
and nuclear bound states excitations (CRF, Combined Reaction File, LB vols. 1/19BC)
were used in a study of stable nuclear energy intervals coinciding with (or rational to) the
electromagnetic mass ‘differences of the nucleon (D,=6n=mn.-m,=1293 keV), the pion
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(6:=4.595 keVm9m,.=4.599 keV) and the electron (2m.=c,=1022 keV). For example,
nucleon spin-flip effects in the light near-magic nuclei 1°B and N (splitting between
J™=0%",T=1 and J"=1%,T=0 levels) have values D=1021.8(2) keV (coincides with ¢,)
and D=2312.80 keV (close to ¢,4+D,=2315.3 keV). This so-called tuning eflect in nuclear
excitations and nuclear binding energies, was considered [4-8] as the manifestation of an
influence of the nucleon structure in accurately known nuclear data. This is in accordance
with the suggested by S.Devons [9] analogy between fine effects in nuclear data and well-
known empirical spectroscopic systematics resulted in the quantum atomic physics.

Table 1. Contents of neutron resonance parameters compilation NRF-3.

Isotope Ng/Ng Isotope Np/Ns Isotope Np/Ns Isotope Np/Ns

°Be 11/11 HK 6/283 ™As  23/247¢ | 'YRu  3/91
log 4/16 ©Ca  2/257* ®Se  5/22 1Ry 4/174
1p 17/35 2Ca  2/95* Se  2/58 102Ry  4/146
12C 6/60 BSe 237199 %e  2/21 4Ry 4/107
13¢ 1/38 T 37113 80Ge  3/15 1BRh  26/294
1N 34/62 A7) 4/118 8Ge  2/19 104pd 17326
15N 26/47 By 9/87 Br  19/341* | 19°Pd  3/322
180 60/92 WP 5)79 81Br  21/330 106pq 17320
70 2/6 TV 2734 BKr  5/27 07pq 17133
180 1/21 sty 6/1073 8Kr  5/32 108pq 17243
R 23/77 ®Cr  2/382 82Kr  2/176 1opg /231
®Ne  3/102 2Cr 2341 8Kr 17207 WAg 47439
“Ne  2/39 BCr 3/130 BKr  2/817 10940 3/459*
2Ne  3/26 SMCr 345/345 8%Rb  21/348 1uecqd  3/103
BNa  4/250 5Mn 23175 Rb  19/100 | 1Cd  3/156
HUMg . 23/42 MFe  3/894 86Gr  7/74 ncq 47121
Mg 12/35 %Fe  2/1242 8G8r  3/116 Bcd  2/514*
Mg 5/12 SFe  2/127 88Gr  20/444 med  5/86
®AL 7T BFe  20/83 89y 2/693 U6Cd  4/53

Al 1/378 ¥Co  218/774 | ®Zr _ 45/250* | ¥In  3/76
8Gi 52/261 BNi 371991 7r  157/530 | °In  3/259
29Gj 30/34 SNi o 4/15 ¥27Zr  3/148 165 3/218
308i 26/31 NP 2/2601 BZr 3/141 178n  2/103
31p 23/375% | ®INi  181/1693 | %Zr  7/276 Usgn  4/86

3123 3/105 ®2Ni  1/80 %Zr  8/30 USn  3/30
33 2/58 ®INi  24/56 ®Nb 217240 1205n 37348
313 6/82 83Cu  23/548 Mo  30/60 1228 3/361
BCL 268/274 | °Cu  14/450 %Mo  59/109 1245 4/192
(1 17/17 54Zn  2/402 %Mo  75/75 1215h  9/300*
¥Cl 140/144 | %Zn 27400 Mo  107/107 | '3Sb  9/260*
Ar  4/4 67Zn  7/505 %Mo  159/159 | *Te  15/396
VAr  6/313 8Zn  17/292 10Mo  102/125 | Te  3/361
3K 4/207 WZn  5/192 ®Tc  22/693 124Te  4/442
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Table 1. (continued) Asterisks mark the data considered in this work.

Isotope Ng/Ns Isotope Np/Ns Isotope Np/Ns Isotope Np/Ns
ST,  6/297 | MSNd  12/160 | Y°Tm  0/13 wsp,  3/129
16T, 5/321 | ONd  11/92 | '®Yb  7/7 098;  35/134
8T, 5/40 Wpm  920/42 | 1%9Yb  2/22 2R, 1/41
180T 4/23 MSm  129/207 | OYb  92/24 29Th 1/31
1271 729/729 M78m  144/222 17yhL  2/170 0Th 1/30
9] 406/406 | “SSm  26/26 | ®Yb 2/101 | *Th  920/1260*
24Xe /5 19gm  3/160 | '@Yb 2/167 | ®'Pa  3/138
126Xe /5 1505m  3/25 1ayL  9/79 wp, 1733
8Ye  15/15 | %'Sm  525/526 | °Yb  2/69 23p,  93/93
9Ye  9/71 1529m (/92 Ly 3/449 | 22U 0/44
180Xe 19/19 | "Sm  0/36 "Ly 2/59 WY 0/770*
B1Xe 94/48 | ™Eu  2/106 | YHf 11/11 | U 2/144
182X 1/7 2Ry 2/25 TeHf  7/128 | %BU 0/3184*
181X 1/7 S8Ry /77 7Re  5/309 | WU 12/297
135%e  1/1 1By 3/20 1860s  4/133* BTy 0/36
136Xe  1/36 BSEy  7/7 18705 2/311 | PBU  3302/3606*
13305 324/327 | ''Gd  20/129 | '%%0s 2/115 | ®Np  1/41
1B4Cs  1/8 13Gd  3/10 1905 1/713 | ®'Np  2/1214
0y 27 14Gd  20/162 1900s  1/24 B8Np  1/17
108, 9/41 15Gd  96/122 | '20s  1/20 26py  9/2
1928, 3/18 16Gd  10/87 | ®'Ir  3/63 | ®%Pu  1/64
138, 6/6 7Gd 58/89 | Ir  2/11 8Py 4/1040*
181, 21/311 | 8Gd  5/96 1] 9/54 20py /430
1582 90/156 | '©Gd  2/58 1Py 156/156 | 1Py 35/243
1368 3/295 19Th  3/504 194pg /8 M2py /255
17Ba  2/82 160}, 4/4 1Py 3/45 Mipy  0/35*
188, 3/147 | Dy  4/20 1Pt 6/6 MiAm  35/195
138 2/11 18Dy 7/7 18Py 5/5 22Am™ 47106
9L, 86/181 | ™Dy 5/114 | Au  265/265 | *®Am  16/241
196Ce  1/10 1Dy 9/256 | ®Hg 1/73 M0m  0/13
MoCe  1/199% | 1Dy §/142 | 199 9/88 2Cm  0/105
HMiGe 0/7 1Dy 3/131 W0Hg  3/45 Cm  0/68
wCe  1/77 4Dy 6/117 | ®'Hg  2/86 25Cm  1/91
Wipr  16/350 | Ho 4/374 | Mg 2/38 250m  1/17
43pr  3/6 1826 2/18 Mg 1/23 HCm  1/44
MZNd  95/98 1 2/19 203T] 6/139 28Cm  1/51
3N 15/151 1Er  2/175 W4T 2/2 9Bk 2/40
HMiING - 102/102 167y 6/277 2057 6/445 9Cf 1/63
MSNd  24/213 | Er /130 24pL  540/829 | BOCf  4/4
M5Nd  2/119 Fr  0/125 6Py 321/772 | BICf 4/4
"N 1/12 189Pm  1/431 07pL  29/950 | ®2Cf  22/37
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2 Few-nucleon effects in neutron resonance positions

Neutron resonances correspond to the highly excited nuclear states. At the first approx-
imation the statistical model provides the description of general properties of measured
neutron resonance spectra, but there are numerous observation of the presence of nonsta-
tistical effects in such complex spectra. To understand these effects a look at the dynamics
of the interaction of an incoming neutron with the target nucleus is needed. In Fig.1 [10]
a sequential series of nucleon interaction during the neutron capture are shown schemat-
ically. Direct radiative capture and +-transitions in the compound nucleus are shown in
the bottom part. The first interaction of the incoming neutron with nucleons of the target
nucleus shown in the upper part of Fig.1 results in formation of particle-hole excitation
which serves as the "doorway state” mechanism considered by Feshbach. Complicated
structures shown at right is the first steps of the compound nucleus formation.

N

Fig. 1. Formation of the doorway state of the type two particle-one hole with its radiative
decay (below) or transformation into a more complex state (three particle-two holes).

The parameters for description of doorway state effects can be estimated from the
known splitting of low-energy states in near-magic nuclei. According to the doorway state
model even at high-energy excitation one can see intervals due to quasi-particle excitation.
They can be noticed in shift of strong resonances relative to the neutron binding energy or
as the stable splitting between resonances. Quasi-particle excitation can be observed also
as stable spacing in spectra of bound levels. The combined analysis of these effects could
be useful for the development of microscopic models. For example, during the neutron
cross section measurement of 14°Ce (isotope with the magic neutron number N=82 and
closed proton subshell Z=>58) it was noticed by Ohkubo [11] that an exact rational relation
9:4 exists between positions of strongest neutron resonances 21.4 keV/(9.5 keV=4’). The
first interval was found also in spacing of all s-resonances of the same #!Ce [1,4] (seen
as maxima at 21.7, 43 and 86 keV=94" in D-distribution). The few-nucleon origin of this
effect is supported by the fact that the real residual interaction of three valence neutrons
above the closed-shell core Z=58,N=82 derived from the observed small splitting of *3Ce
ground state, namely, E;=18.9(1) keV=2¢" and 42.3(1) keV are exactly twice the positions
of resonances considered by Ohkubo (intervals D=né’ were found also in other nuclei).
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3 Door-way states at high-energy excitations of *Th

Ohkubo, Weigman and Rohr directly connected nonstatistical effects in neutron resonance
data with the doorway states mechanism which was considered also by several authors for
explaining nonstatistical character of PNC-effect in 23?Th resonances [3]. Correlations of
signs in PNC parameters P; in **Th was clearly seen: all ten the first resonances had the
same sign of the parameter P, and the occasional probability of such situation was found to
be very small, Correlation in P;-signs was considered as an example of an influence of few-
nucleon doorway states effect [3] due to the fact that in the thorium (Z=90) a subshell
2fz/2 is filled up with 8 protons above the core Z,=82 and hence few-nucleon effects
might be directly seen even in the resonance spectrum. Really, nonstatistical character
of D;-distribution was discussed by Havens. Results of the analysis of the recent data
on s-resonances of 22Th are shown in Fig.2 (left). Maximum at 22 eV corresponds to
the effect found by Havens but here all spacing (D; ;) are considered (not only spacing
between neighbor resonances D;;11). In such distributions long-range correlations could
be observed. By selection of the relatively strong resonances (I, > lmeV) the long-
range correlation with D=570.eV appears (Fig.2 right). Analogous effects were found
in 288b (Fig.2 bottom), ™Br, #Sr, ¥Cs [1]. The ratios between observed D, namely,
748:594:571:373:22 eV=34.0 : 27.0 : 26.0 : 16.95 : 1 are close to integers of the 22 eV.
Grouping effects in resonance spacing with similar parameters D=748-749 eV and two-fold
values 1495-1497 eV were found [1] in the neighbor compound nuclei **Rh and *°°Pd.
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Fig.2 top: Spacing distribution in all and in strong resonances of 23Th. ‘
bottom: Spacing distribution in all resonances of 123Sb and distribution of intervals DA™ ad-
justed to fixed D=373 eV {a maximum in D-distribution); the appearance of maxima at multiple
values 745 eV=2x373 eV and 1501 eV=4x373 eV shows the stable character of D=373 eV.
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4 Correlations in positions of resonances of As, 12Sb,
other nuclei observed by Ideno, Ohkubo, Belyaev

The discussed value 22 eV, its threefold value 66 eV and 5.5 eV=22 eV/4 were found
earlier as parameters of grouping effects in positions of resonances in all nuclei [12,13]
(see Fig.3). For example Ohkubo noticed nonstatistical character of resonance positions
in '%*W [14], while in the neighbour *7Os all four first resonances (with E, <130 eV) are
situated at integers of the period 26"=22 eV (FE,=22.4, 44.7, 66.3, 89.7 eV).
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Fig.3. Distribution of neutron resonance positions (known in 70-ties) by selection of one reso-
nance (max ') in intervals 10 eV, 100 eV; n=1,12,13,17 of the period 5.5 eV are marked.

It was suggested by Izumo [15] that results of the study of D-distribution performed
by Ideno, Ohkubo and Belyaev [16,17] can be summarized as the existence of the com-
mon period of 5.5 eV (or Poincare cycle 7.5%107!% s) in the 1%8Ag, 124Gh, 128] 134(g,
139] 5, 144146Nd compound nuclei, the period of 11 eV=2x5.5 eV=4¢" (3.7x1071¢ 5) in the
145,149N(, 1535 m, 161Gd, !67Sr, " Er, 2*°U compound nuclei, the period of 37 eV=143 eV /4
(1.12x10716 5) in the 28], 1°Nd, !%3Sm, 1671"1Er, 178Yb, 19Pt. The Poincare cycles are
mainly determined in terms of the elementary interactions among the nucleons inside the
nucleus rather than the nuclear size. The cycle is proportional to the number of two-body
interactions, that is t, &~ (1/2)n(n—1)t, where ¢, is the parameter given by the two-body
interaction g & 1072% s [15,18] (§”=11 eV - a common fundamental parameter).

The correlation program ”Period” was developed by Ideno and Ohkubo to study a
recurrence in spacing distributions in neutron resonances. Response function for each
period ”x” and multiplicity ”k” in it reflects a deviation from statistical expectation for
varying value of the interval ”x” or integers of ” n x ¢ ” (Muradyan noticed that standard
deviations ¢ are unapplicable here due to the lack of independence of values n x z).

Results of application of ”Period”-program to resonances of "®As are shown in Fig.4,
top. Distribution of spacing in all resonances in the energy region of 1.8-6.2 keV (multi-
plicity k=1) given at left is usual histogram with the step of 1 eV and averaging interval
9 eV. At right the response function with k=10 is shown, see also [19] where a periodical
disposition of 12 resonances with a period 2x143 eV=13x22 eV=286 eV was found to
have an occasional probability less then 1%. The intervals D=572 eV in 22Th and !%3Sb
(Fig.2) and grouping in positions of strong resonances in all nuclei with Z=33-56 at the
same energy 572 eV [1] correspond to four-fold value of the period D=143 eV=134".
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It was noticed [16] that in several cases strong resonances are divided by intervals
nx143 eV formed by spacing between weak resonances (Fig.4 center). The intervals
D=143 eV in ®As and D=213 eV in *!'Pu (see Fig. 4 bottom) form the ratio 2:3 [20].

Systematic character of the E, disposition as the recurrence of intervals 55 eV and
88 eV found in 12*Sb [11,16] is shown in Fig.5, top. From this picture one can conclude
that strong resonances are located at energies E, represented as integers n=9-13-17 of
the period of 88 e€V/2=44 eV=4¢". Numbers n=13 and 17 correspond to maxima in
D-distribution in the same nucleus at D=570 eV and 2x373 eV=745 eV (Fig.2 bottom).
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Fig. 4 (from [16]). Top:  Results of application of " Period”-program to positions of "As
resonances with multiplicity factors k=1 (left) and k=10 (scc correct estimates in [21]).
Center: Correlation in positions of ™ As resonances and reduced neutron widths.

Bottom: Application of the "Period”-program to 21’y resonances in two energy regions.
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Fig. 5. Top: Positions and reduced widths of neutron resonances in 1235b with respect to the
periods of 55 eV=58" and 88 eV=86" considered by Ohkubo [11,16].

Center and bottom: Results of application of different correlation programs developed by Ideno:
[22-24,16) to different files of neutron resonance data:

center: Differences between resonance positions in 123Sb and integers of 5.5 eV=6"/2.

bottom left: Correlations in positions of resonances ''3Cd and !*!Pr; spectra of resonances in
these nuclei are summarized after one of them is shifted on the variable value (displayed along
the horizontal axis);

bottom right: Period 33 eV=36" in resonances of 2] and dependence of correlation effect
in positions of 1?7 resonances on the multiplicity parameter in the program ”Period”. The
maximum at n=9 corresponds to D=9x33 eV=297 eV found independently by Belyaev [17].
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Three methods of correlation analysis of nonstatistical effects in neutron resonance
positions were developed by Ideno [22-25,17].

1). In Fig.5 (center) a search for the grouping effect around the period (with the
varying value x) is demonstrated in case of 1**Sb-resonances (period x=11 eV=2x¢g=4").

2). A study of the combined data with positions of resonances belonging to differ-
ent isotopes (11*Cd and '?Pr in the case shown in Fig.5 bottom left) resulted in the
determination of common stable interval of 55 eV=54".

3). The complex study of data on resonances of 33U-target [25] and the selection of
multiplicity factor k in the ?Period”-program (here 33 eV=34" period in '?*I presented in
Fig.4 bottom right) are explained in the original works.

The general idea in the analysis of superfine-structure effects (stable intervals of the
scale of tens or hundreds of eV, period 11 eV=4" [18]) as well as fine-structure effects
(stable intervals of the scale of tens or hundreds of keV, period 9.5 keV=4' [11] discussed
earlier) is a check of relations between interval’s values. Izumo-Ohkubo phenomenology
in the description of common effects in different nuclei is the first step in this direction.

The great number of new resonance parameters collected in NRF-3 permits expansion
of the above discussed data analysis. We describe first results obtained for heavy deformed
nuclei (Table 2, Fig.6), after that we consider briefly results for resonances in '14Cd, '%Ag,
122,124Gh and finally, for resonances in 32P. Correspondingly, in three separate sections of
Table.3 positions of maxima in D-distributions for these nuclei are displayed.

5 Analysis of data from NRF-3 compilation

Heavy deformed nuclei have many common excitations in their spectra. In Table 2 a stable
character of excitations E*(2%) and E*(8%) in ground state bands of Z=90-94 isotopes
can be seen and similar stable intervals I} were found in spacings [8]. The ratio 1:12
between boxed E*=42.5 keV and 510 keV corresponds to a constant inertial parameter
7.2 keV=6¢' (expected ratio J3(J® + 1)/J2(J? + 1)=72/6=12 in J*-dependence).

Table 2. Excitations in heavy nuclei close to 42.5 keV=¢,/24 and m(85 keV=¢,/12).

Nucleus 229Th 230Th 230Th 231Th 232U 234U 236U
J:’Jiﬂ §+’Z+ 0+,8+ D §+’Z+ 0+’2+ 0+,12+ 9% 8t 12t 0+,2+ 8+
E* keV 594 594 476 1111 435 1024 45.2
m 1/2 7 71/2 (1/2) 13 1/2 6 12 1/2 12
m85 keV 425 595 595 425 425 1112 425 511 1022 425 511
Nucleus 236U 237U 238U 239U 240U
JrJr D D ;5FFo0*2t 8 D I+ D D D 0f2%
E*keV 512 1022 44.9 512 43 87 170 45(1)

m 6 12 6 1/2 6 6 172 12 1 2 (1/2)
m-85 keV 511 1022 511 425 511 511 425 42.5 85 170 42.5
Nucleus #¥Pu 26py 240py ulpy  #2py 2ipy

JrJE oY 8F of2t gt of2f gt FIF of2f gF o gt
E*keV 446 [516| 44.1 [514] [42.8] 497 [42.0] 445 44.2 535

m 1/2 6 1/2 6 /2 6 1/2 1/2 6 1/2 6
m-85keV 42.5 511 425 511 425 511 425 425 -511 425 511
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Table 3. Representation of parameters of tuning effect in particle masses (upper part) and
stable mass/energy intervals in nuclear data by expression (nx16m,(a/27)%) x m with the
parameter o = 137~! [26]. Boxed are the values interconnected by the same factor with the
parameter az = 1297! for the short distances [4-8]. Asterisk marks stable nuclear fine
structure intervals seen at low energy excitations and in resonances of Ca,Zr and Ce [1,4,27].
Results obtained with data from NRF-3 compilation are given in four bottom sections:

1) stable intervals shown in Figures 2-5 of this work and in [27); 2) preliminary results on
intervals in heavy nuclei; 3) the same for some near-magic nuclei; 4) the bottom section
contains results of the correlation analysis of resonance positions in 32P obtained with data by
Rohr at GELINA. The selection of the relatively strong resonances (with the threshold values
of widths 2%, given at right) was found to be necessary for observation of the groupings in D.

z mn:% n=] n=13 n=16 n=17 n=18 A7, 2g1%,
.11 Mz=91.2 My=115

GeV 3 l?mt=348

0 1 g 6=16m, m,=105.7 I my —m, 147=AMa

MeV1 147=AEg
3 Ml'=m,[2 M,=441
3 441=AEp
1 1 & 6=95° 123 152% 161F  1707=¢,/6
keV 2 19* 246* 324* 341* 143Ca
3 368 455 481*
8 9.5* 76 984* 1212%  1293=D,* 017, 97pd
9 85* 110
2 1 =11  144(4)  176(2)  187(1) T6As, 8¢, 297
eV 2 22(1) 286 233Th, " As
4 55 572(1)  704(2) 750, 749 232Th (1 meV), ®Br
6 G6(1) $E,, Fig.3
8 111 83 1500, 1497 124G}, 104R}y, 105pq
9 99(2) Py, Fig.6
2 22.3(2) B, >0.2 meV
eV 3 523(2) 595(2) 291, >3 meV
45.6(2) 791(2) Y, >3 meV
6 1185(1) 1Py n=425
8 1501(1) B9, >5 meV
2 1 198(2) 1243 n=259
eV 2 396(2) 10Ag >1 meV
2 350(1) 1404 n=481
8 87(1) 1503(1) 140d n=481
9 97(1) - 11404 n=481
10 1446(3) 1228}, >1 meV
10 1432(1) - 1Cd n=481
12 132(1)  1722(1) ; 1404 n=481
114 2314= %P EXFOR (o,)
keV 16 9584=2D, D,+e, 3P =485
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Results of the analysis of spacing of neutron resonances in heavy nuclei [8] and in
80Br are shown in Fig.6. Stable intervals D=né"=n-11 eV with n=3,17,28 in compound
nucleus °U (top right), n=48,59 in strong J=0% resonances of °Pu and n=1,3,2 in
267 (center) as well as n=9 in 241#43:245Py (bottom) can be compared with the structure
observed in resonance positions (Fig.3, period 5.5 €V) and discussed by Izumo and others.

The second step in such a common approach to the nonstatistical effects in resonances
consists in comparison of their values with the known stable excitations and intervals in
low-lying levels. The factor 1.16-1072 close to 1/(32x27) and to QED radiative correction
a/2m was found in {26,28]. Within such a model the superfine effect in resonances could
be used for a check of the tuning effect in nuclear excitations and binding energies. By
the later extrapolation we come to the observed long-range correlation in nuclear binding
energies AMa of the scale tens and hundreds of MeV (shown in Table 3 top) and to the
tuning effect in particle masses discussed in [4-8]. The suggestion by Devons [9] that in fine
nuclear effects one can see the hadronic structure is in line with the proposal by Nambu
[29] to search for correlations in particle masses needed for Standard Model development.
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STUDY OF NEUTRON EMISSION IN HIGH-ENERGY
REACTIONS WITH LEAD NUCLEI

V.1 Yurevich
Laboratory of High Energy Physics, JINR,
Joliot Curie 6, 141980 Dubna, Russia

During last two decades many experiments were dedicated to investigation of neutron
production in proton-nucleus and nucleus-nucleus collisions in energy range above 100 MeV
per nucleon. The interest is explained by (i) importance of these results for understanding of
particle emission process in high-energy reaction, (ii) a key role of neutrons in various
applications of accelerators in science and technology, (iii) importance of the neutron data for
space research and development of theoretical codes for particle emission process simulation.

Investigation of the very hot nuclei is currently one of the most challenging topics of
nuclear physics. An effective way to produce the hot nuclei with minimum excitation of
collective modes is collisions of energetic hadrons and light nuclei with heavy nuclei.

Reactions with lead nuclei were studied in different laboratories with proton beam in
energy range up to several GeV. In JINR/RI experiment [1,2], the neutron emission in p, d, ‘He,
C+Pb collisions at 1-2 GeV/nucleon was investigated in TOF measurements with scintillation
detectors in angular interval between 30° and 150°. The measurements of neutron energy
spectra and yields for lead target are presented in table 1.

The aim of this neutron data analysis included
Description of neutron emission process with a phenomenological model,

Model fitting of neutron production double differential cross sections,
Dependence of neutron multiplicity on projectile energy,

Beam energy fraction coming to neutron production,

Selection and study of neutrons emitted by hot nuclei,

Determination of hot nucleus temperature.

Table 1. Experiments studied neutron production with lead target.
|

Laboratory Beam Energy (GeV) Year Data Ref.
ITEP (Russia) P 04-8.1 1983 ES [3]
PSI/K{K (Germany) p 0.6 1987 ES [4]
LANL (USA) P 0.1-0.8 1989-1993 ES [5-10]
MRTI (Russia) P 04-32 1995 Y [11]
KEK (Japan) P 08,1.5,3 1995 ES [12,13]
CERN (Switzerland) p 1.2-4.1 1997-1998 Y [14,15]
Saclay (France) p 08,12,1.6 1999 ES [16,17]
Julich (Germany) P 0.4-25 2000, 2006 Y [18,19]
ITEP (Russia) P 08,1,1.6 2003 ES [20,21]
JINR/RI (Russia) p.d,He,C | 2,2,4,24 2006 ES {1,2]

ES — energy spectra of neutrons, Y — neutron yield.
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The dependences of neutron multiplicity and energy coming to neutron production on
projectile energy were estimated for p+Pb reaction by integration of the TOF results, listed
above in the table, over energy and solid angle. Also the direct measurements of neutron yield
were added. The found experimental values are shown in fig. 1 together with fit curves. The
multiplicity data are good described by a fit expression

M =39(1 - exp(-0.22E,))**, )

where E, is the proton energy in GeV. This dependence is close to the Cugnon’s formula [22]
shown as dashed curve. Also the mean multiplicity of neutrons with energies above 20 MeV is
given in fig.1. As one can see, a saturation of the mean neutron multiplicity value with the
proton energy is observed above 1 GeV.

35+
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Fig.1. Energy dependences of (left) the mean neutron multiplicity for all neutrons and neutrons
with 520 MeV (Msg) and (right) the neutron production energy forthe reaction p+Pb:
m —[1,2], o [5-10], o [12,13], ® [20,21], A [16,17], A [11] (corrected on high-energy neutron
leakage), O [18,19], the solid curves — the fits, the dashed curve — the formula from [22].

The total kinetic energy of emitted neutrons is approximately proportional to energy of
incident protons, and it takes about 31% of the proton energy in GeV range. The main
contribution of ~27% is given by neutrons with energies above 20 MeV. The neutron
production energy can be found by adding the neutron separation energy, and it is estimated as
W.~ 0.4E,. Thus, the neutron emission plays important role in the reaction energy balance.

In high-energy collisions two processes, change-exchange reaction and projectile nucleus
fragmentation, lead to emission of very energetic neutrons in forward direction, along beam
trajectory, and form high-energy part of neutron spectra at small angles.

The neutron spectra in large angle region, above 30°, are formed by target nucleus decay.
Here the traditional cascade-preequilibrium-evaporation approach is usually applied for
experimental neutron data analysis. The fission is included to the evaporation mode. This idea
was used for development of a phenomenological model with corresponding three moving
sources, and the model was applied for neutron spectra fitting in reactions with protons at
energies up to 3 GeV [23].

At the same time, recent investigations of light charged particle (LCP) and intermediate
mass fragment (IMF) emission from hot nuclei, formed in central collisions of hadron and light
nucleus with heavy nucleus at GeV energies, showed existence of new fast decay modes: hot
non-equilibrium stage and thermal multifragmentation. Naturally, one can expect a multiple
emission of neutrons at these both decay stages. It became a motivation to revise the neutron
emission model and to add the new mechanisms to the modified moving source model (MSM).
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A scheme of the nuclear system decay in central and peripheral collisions with emission of
neutrons is shown in fig.2. This picture demonstrates the model conception where four neutron
sourccs correspond to the main decay modes: (1) cascade, (2) hot source (fireball) decay,
(3) fragmentation or multifragmentation, and (4) evaporation. It was made the assumption that
the pre-equilibrium emission, taking place before the evaporation stage, is the second order
process and gives a negligible contribution in comparison with the other four sources.

Central Collisions  Peripheral Cfllisions

Source 1 L Nucleon-nuclasn collisions ]
v
Source 2 ow E*
(hot) fi ] LovE
Sourca 3 Target spectator decay
(thermaf) YHighE*  Medium E*{ Low E*

TR

Source4 | De:excitation of remnant by evaperation v
Time

Fig.2. A scheme of the nuclear system evolution in central and peripheral collisions with heavy
nuclei in GeV energy range.

The MSM is based on the traditional assumption that in a source frame the neutron
emission is isotropic and the spectrum is described by Maxwellian-like distribution. The
Lorentz transformation to the lab. frame gives the following formula for the model with four
independent sources

do
dEdQ

E+m- pp, cost
a-pH'

= P4, exp{~( -m)IT}, @

where the neutron momentum is calculated as p=(E? +2Em)"/?, E — the kinetic energy of
neutron in lab. frame (MeV), m — the neutron rest mass (MeV), @ — the angle of emitted
neutron in lab. frame. There are three parameters for each the source: the amplitude 4, the
temperature 7; and the velocity f=Vi/c. In accordance with the picture of the decay processes
(Fig.2), one can expect the following relations between the temperature and velocity
parameters: T1>T>15>Ty and ﬂ|>ﬂz>/}3>/f4. '

The model formula (2) was applied for fitting to the experimental neutron production
double differential cross sections with sclection of the source contributions. The fit curves and
the neutron energy spectra measured with proton beam in KEK (1.5 and 3.0 GeV) {12,13] and
in Dubna (2.0 GeV) {1,2] at angles of 30°, 90°, and 150° are presented in fig.3. The
contributions of the different sources to the neutron spectra in reactions *He+Pb and '2C+Pb [1]
are shown in fig4.

It is clearly seen that the MSM approach perfectly describes the experimental data
considered in this analysis. The contributions of hot nucleus decay modes (sources 2 and 3)
dominate in the middle part of the neutron spectra, in intervals 5-25 MeV and 25-70 MeV
respectively.
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Fig. 3. Neutron energy spectra for reaction Pb(p,nx) at proton energies1.5, 2.0, and 3.0 GeV:
the points — the KEK [12,13] and JINR/RI [1,2] data, the curves — the fit (2).
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Fig.4. Contributions of the different sources to the neutron energy spectra measured in [1]
with 1-AGeV *He (m-30° 0-60° (a) and 2-AGeV '>C (53°) (b). The curve numbers —

the source numbers.
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The energy dependences of the source parameters are shown in fig.5 and fig.6. The
temperatures weakly depend on energy and type of the projectile, and the values are practically
constant in GeV region. The temperature decreases with the source number, or with a time of
the nuclear system decay and de-excitation. The amplitude parameters monotonically increase
with the beam energy and the source number. The velocity of source 1 is about 0.2, the 3™
source moves with the velocity of 0.005+0.002, and it is about zero for the 4™ source. The hot
source velocity goes down with proton energy, but in a case of the carbon projectile the value
is somewhat higher of the magnitudes shown in fig.6 for the incident protons.

Thus, practically only 5 parameters (four source amplitudes and /) have essential energy
dependence and the approximations, shown in the figures, can be used for prediction of the
neutron distributions. Here, it is important to note that the hot and fragmentation sources
appear only if the proton energy exceeds ~0.5 GeV. Its contribution to the neutron production
increase with energy and in GeV-energy range it reaches ~40% of total mean yield of neutrons
in the reactions with lead nuclei.
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Fig, 5. Energy dependence of the source temperatures: the points — the found parameter values
(the black symbols — the proton beam, the open symbols — the He and C beams), the curves
the fits.
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Fig.6. Energy dependences for the source amplitudes (left) and velocities (right): the points —
the found parameter values, the curves ~ the fits.
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The mean multiplicities of neutrons in collisions of 4-GeV *He and 24-GeV C with Pb
nuclei, obtained as a sum of the source contributions, are 22.5+3.5 and 29.134.5
neutron/reaction respectively. These magnitudes are close to the predicted ones with
the formula (1) for p+Pb reaction.

A comparison of the neutron production cross sections for the different decay modes-
sources is shown in fig.7. The right figure presents the values for 1-GeV protons and
1-GeV/nucleon “He, and the left one gives the results for 2-GeV protons and 2-GeV/nucleon C.
In the both cases the nuclear beams produce the neutrons with higher cross sections than
the incident protons.
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) 1 2 3 4 o 1 2 3 4

Source Number

Fig. 7. Neutron production cross sections for the different decay modes, neutron sources, in
reactions 1-AGeV p, “He + Pb (left) and 2-AGeV p, C + Pb (right).

The observed good agreement of the temperatures and the velocities for the neutron sources
and the LCP and IMF sources proves the same particle origin. This is important conclusion
because it demonstrates that the MSM is adequate to space-time picture of the high-energy
reactions that was mainly investigated via study of charged particle and fragment emission.

Table 3. The estimations of the freeze-out temperature made with the different nuclear
thermometers for the collisions of GeV light nuclei with heavy nuclei.

Year Thermometer Tr (MeV) Ref.

1998 Thent 47104 EOS [24]

1998 Taope(Z=2) 4.540.3 Saclay [25]

2004 Thent 5.040.5 ISiS [26]

2007 TeLi 4.940.2 CHICSi [27]
Neutron thermomelter | 4.65+0.15

The multifragmentation phenomenon is often considered in terms of liquid-gas phase
transition characterized by a freeze-out temperature 7. This temperature corresponds to
a moment when the decayed nuclear system becomes a system of independent nucleons and
fragments. The estimation of the third neutron source temperature on slopes of the neutron
energy spectra is effective direct method for determination of the 7y magnitude. By this mettiod
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we measure the value averaged over events with different excitation energies of the residues.
Nowadays, several different nuclear thermometers based on (1) double ratios of isotopic yields,
(2) slopes of kinetic-energy spectra of LCPs and thermal bremsstrahlung photons, (3) relative
populations of excited states, and (4) isospin thermometer are widely used for this purpose.
The numerical values of Ty estimated with the Neutron thermometer and with the other
methods in the EOS, ISiS, CHICSI, and Saclay experiments are listed in table 2 for comparison.

The first conclusion — the results very good agree with the magnitude 7y=4.7 MeV. The
second conclusion is a large potential of the Neutron thermometer method. Certainly, the
potential of the Neutron thermometer method will be higher in measurements with selection of
the central collisions by a special trigger. In this case the neutron yield from the hot and
fragmentation sources will essentially exceed the contributions of the cascade and evaporation
neutrons.
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The search for the singlet deuteron in the radiative capture

of the thermal neutrons by protons

S.B. Borzakov, N.A. Gundorin, L.B. Pikelner, N.V. Rebrova, K.V. Zhdanova
Frank Laboratory of Neutron Physics, JINR, Dubna, Russia

The first attempt to search for the singlet deuteron in the radiative capture of the
thermal neutrons by protons with two gamma quanta emitted is described. The measurements
have been made on IBR-2 reactor with help of HpGe detector. The obtained value of the

upper limit of the cross-section is equal to 50 ub.

The nucleon-nucleon interaction at low energy is possible in two different spin-isospin
states: J=0,1=1andJ=1,1=0, where J is the total momentum of the system and I is the
isotopic spin. The singlet and triplet spin states are possible in the case of np-interaction only.
The scattering lengths are known with high accuracy for both states. The unusually big value
of singlet scattering length (-23.7 Fm) can be explained with help of idea about existing of
metastable state with isotope spin I = 1 and total spin J = 0 [1-4]. These ideas contradict to the
traditional description of the singlet interaction with the help of the virtual level which was
obtained as a consequence of the effective range model [S]. But this model describes the
scattering only and does not give the possibility to determine in a experiment the position of
the virtual level. This feature is the considerable shortcoming of this model.

So, according to number of works, the quasistationary state which consists from the
neutron and the proton with the isotope spin I = 1 and total spin J =0 (the singlet deuteron),
can exist. The mass of this quasistationary state is little less than to the sum of neutron and
proton masses. If the singlet quasistationary exists the radiative capture of the thermal
neutrons by protons with two gamma quanta is possible p(n,2y)d. The first gamma quantum
corresponds to the M1 transition from the continuous spectrum (*S;) to the metastable singlet
state ('Sp) and second gamma quantum - to the M1 transition from exited level to the ground

state of the deuteron >S;. The main line in the reaction p(ng,y)d is the M1 transition with the
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energy 2223.3 keV which is practically equal to the deuteron binding energy: E,, = B, - AE,

where By is the deuteron binding energy and AE is the recoil energy (approximately 1 keV).
The cross-section value of this reaction is known with the excellent accuracy:

0, =3342£0.5mb [6]. For the investigated reaction the energy of first quantum is equal to the

difference between deuteron binding energy and energy of exited level (66-90 keV [3], 66
keV [4]). The cnérgy of the second quantum approximately is equal to 2134-2158 keV [3] or
2157 keV [4]. The sum of energies for two gamma-quanta is equal to the deuteron binding
energy. According to the calculations made by R. Hackenburg the cross-section of the
reaction p(ny,2y)d s equal to 27 pb [4]. This value less than cross-section with the main
transition in 1.2x10* times.

The task of this work is the search for the two gamma-quanta channel of the radiative
capture of the neutrons by hydrogen and the determination of the probability of this process.
The solving of this task allows us to receive the experimental confirmation for the metastable
state of nuclear system neutron and proton with the zero total momentum (so named singlet
deuteron) or to determine the value of the high level of the cross-section for this process. The
compton scattered gamma quanta from the main transition give us the background which is
the base difficulty to solve this problem. The number of lines which have arisen as a result of
the neutron radiative capture by elements surrounding the detector and the target (Al, Mn, Fe
et al.) create the difficulties to solve this problem also.

The principal scheme of used combined correlative gamma spectrometer COCOS is
shown on the Fig. 1. The neutron flux after the collimator with the diameter 15 mm falls in
the target. The semiconductor HpGe detector with relative efficiency 34% and energy
resolution 2.5 keV (for energy 1333 keV) was used to select and identify lines from exited
levels of compound nuclei which have arisen after radiative neutron capture. Crystal BGO-
scintillators which surround the target and HpGe detector have energy resolution 15-20% (for
energy S11 keV) and absolute efficiency about 50%. They allow us to detect the cascade
gamma-quanta and Compton scattered gamma-quanta from HpGe detector. The gamma
spectrometer can work in coincidence regime and in the anticompton regime.

The measurements have been carried out at the neutron channel of the IBR-2 pulsed
reactor (Dubna). The neutron flux density was equal to the value of 5%10° n/sm? sec. The
sample which was made from polyethylene was used for these measurements. The length of

the sample was 40 mm and the diameter was 10 mm. The aluminium container which
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COmbined COrrelative

Fig. 1. The correlative gamma-spectrometer COCOS scheme.

contains the hydrogen sample have been placed at the distance of 15 cm from the HpGe
detector. The detector was shielded from scattered neutrons by the 2 cm thick °LiF filter. The
lead and polyethylene with boron (it is ndt shown in the Fig. 1) were used as the shield from
background gamma-quanta. and neutrons. The measurement time was 68 hours. The
measurement of the background with the graphite sample was carried out. The graphite
sample which scatters the neutrons approximately as the main sample was used. It had the
length 38 mm and the diameter 13 mm. The measurement time was 93 hours. The computer
program writes the codes from the HpGe detector and BGO-detectors for each event. The
integral spectra for the control were obtained in the on-line regime. The final analysis was
cérried ouf in the off-line regime. The events which correspond to the thermal neutron capture
have been selected. ;

The part of the spectrum from the HpGe detector is shown on the Fig. 2. The most
intensive line in the picture is the hydrogen line 2223.3 keV with the peak area 1.8x10°, The

number of the gamma lines from another elements have been observed. These lines are arisen
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as the result of the prompt radiative capture or from activation of the elements surrounding

the sample (see the table 1).
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Fig. 2. The gamma quanta spectrum from the radiative capture of neutrons by the

polyethylene sample.
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Fig. 3. The part of the gamma- quanta spectrum with the polyethylene and graphite (low

histogram) samples.

The identification of the lines was carried out according to the photon energy and
relative intensity of different transitions for one isotope. The data about these characteristics
were taken from IAEA site [7] for thermal neutrons and from [8] for activation lines. The

lines which are the result of activation are signed by the letter A in the table. We are searching
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for the lines which exist in the spectrum with polyethylene sample but which don’t arise in the

background spectrum with the graphite sample.

The part of the spectrum where one can expect the line which we search for according

to [3,4] is shown in the Fig. 3. The background lines (see the Table 1) are shown in this

figure. The gamma energy predicted in the work [4] is shown also. One can see that

statisiically meaningful peak is absent. Consequently one can obtain the high level for the

value of the cross-section for the O(n+ p —>d +2¥) reaction.

The table 1.
The number of | The gamma The peak area The isotope Comment
amplitude energy, keV and its statistical
channel. error

621 511.0 Annigilation

7185 595.4 30321 + 716 Ge

1006 844 14472 +/-434 56Mn A
1163.5 984.0 1541+/-255 27Al, F?)

1296 1099 12939 +/-354 S9Fe

1384 1171.5 1015+/-740 60Co A
1417 1201.3 24211+4/-419 DE(H)

1567 1332 1091+/-257 60Co
1902.4 1622.5 2117+/-188 27Al
2005.4 17123 SE(H)
2083 1778.9 53176+/-485 Al A
2120 1810.6 1894+/-340 | 56Mn A
2470 2112.8 600 +/- 200 56Mn A
2501 2140 610 +/- 170 27Al
2598.6 22233 1817211 +/- 5278 1H

This evaluation have been made according to the formula: &,, =

N

W
14
1

4
62

’

where N; — is the peak area which corresponds to the main transition, Nz — is the area in the

interval near hypothetical line with the energy 2134-2158 keV (interval width is equal to
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three values of the detector resolution), g, — is the cross-section for main transition, &, &2 — are
the efficiencies of the gamma-quanta. Because transition energies are approximately equal
the difference of the efficiencies can be neglected. The obtained value of the high limit of the
cross-section is equal to 50 ub.

We show in this work that the search for the singlet deuteron in the reaction p(n,2y)d
does not need big neutron flux. The new experiments with the samples which contain the
hydrogen are needed. The level of the sensitivity to the investigated line can be improved in
several times with help of the methods of suppressing of Comptén scattered gamma quanta.

The authors are grateful to D-r Yu.N. Pokotilovsky for the stimulated discussions of

this problem.
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Abstract

The independent analysis of the published data on the intensities of the primary
~4-quanta following resonance neutron capture in 226U has been performed. Distribu-
tion of these intensities about the mean value was approximated in different cnergy
intervals of the primary gamma-transitions and neutrons. Extrapolation of the ob-
tained functions to the zcro registration threshold of the primary gamma-transition
intensity allowed us to cstimate (independently on the other experimental methods)
expected level number of both parities for spin values J=1/2, 3/2 and sum of radia-
tive widths for both clectric and magnetic dipole gamma-transitions to levels with
cxcitation cnergy up to & 2.3 McV. Level densitics and sums of radiative strength
functions determined in this way confirm characteristic behavior of analogous data
derived from intensities of the two-step cascades following thermal neutron radiac-
tive capture in nuclei from the mass-region 40 < A < 200. Besides, this permits one
to cstimate sign and magnitude of systematic uncertaintics for their model predict-
cd values, at least, below onc half of the neutron binding encrgy. Comparison with
the model notions of level density testifics to super-liquid phase of this nucleus for
the main part of excited levels, at least, below 2.3 McV.

PACS: 21.10.Ma, 23.20.Lv, 27.90.+b

1 Introduction

Precise models of level density p and radiative strength functions k =T’/ (E:?DAAQ/"*)
of the populated them primary dipole gamma-transitions at the neutron radiative capture
are necessary for estimation of experimental neutron cross-sections and their calculation
at lack of experimental data. First of all, it is necessary for actinides.

Available [1] models, most probably, do not satisfy modern requirements to these data
[2]. Their insufficient quality is conditioned by clearly small volume of reliable experimen-
tal data on level density and emission probability, for example, of gamma-quanta. This
results from significant errors of experiments performed up to now. Underestimation of
uncertainties is largely caused by the use of obsolete notions of a nucleus for analysis of
experiment.

An increase of reliability level of the experimental data on p and k demands one to
develop new methods for their determination at obliged minimization of number of any
assumptions and hypotheses of mechanism of used nuclear reaction.
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This condition is in high cxtent satisfied in analysis of the two-step gamma-cascade
intensities following thermal neutron capture [3]. By means of this analysis it was observed
for the first time the clearly expressed step-wise structure with a width of ~ 2 MeV in
the level density p below =~ 0.5B, in a large sct of nuclei. Further development of this
method [4] brought to an additional determination of unknown fact of strong dependence
of partial widths T';s of not only primary but also following gamma-transitions on the
cnergy of the cxcited levels f in the region of the structurc mentioned above.

Intensities I, were measurcd up to now only for the case of thermal ncutron capture.
Accumulated experimental data allowed one to determine the p and k values for 42 nuclei
[3] (in the framework of standard hypothesis [5, 6] on independence of radiative strength
functions on nuclear excitation cnergy). For two tens of them these data were obtained
at relatively realistic accounting for function k(E., E..), experimentally estimated below
excitation energy Ee, ~ 3 — 5 McV [4].

It should be noted that the observed in [4] considerable dtviation of relation

R = k(E,, Ee)/k(Ey, Eee = By,) = 1 indirectly and rclatively weckly influences the
determined parameters of the cascade gamma-decay. This conclusion is true for the
analysis of the intensities of the two-step gamma-cascades to the final levels with excitation
energy E., < 1 MeV. In this case, the maximum change in the calculated total radiative
width of cascade intermediate level (with accounting for function k(E.,, Ee) derived from
experiment) brings to decrease in the obtained according to [4] value of p in region of
step-wise structure by a factor not more than 2 as compared with [3]. Thercfore, method
(4] provides the p and k values with the least at present systematic errors {7].

Nevertheless, obviously observed dependence of cascade intensity on the structure of
all three levels included initial compound-state [8] stipulates for necessity to get new
experimental data on p and k from the other experiments devoted to investigation of
gamma-decay. In addition, the methods [3, 4] belong to class of reverse problems (deter-
mination of unknown parameters of functions measured in experiment) and, that is why,
they require maximum possible verification and revealing all sources of systematic errors.
In practice, this condition stipulates for ncecssity to get additional set of data on p and
k from the maximum number of independent experiments. It is necessary also to solve
the problem of estimating possible dependence of found according to [3, 4] gamma-decay
paramcters of high-lying levels on energy of ncutron resonances A and probable influence
of their structures on the process under study. On the whole, analysis of the tenden-
cics in determining p and k from solution of reverse tasks points to necessity in further
investigations aimed to:

o cstimation of adequacy of model notions of gamma-decay process to experiment and

¢ dircct accounting for the coexistence and strong intcraction between Fermi- and
Bosc-systems in the radiative strength function models. This must be done also in
more details and more preeisely in the level density models for nuclei of any mass
and typc.
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2 Experimental data from the (m,7) reaction and
method of their analysis

Both solution of the problem of correctness of model notions and necessity to study influ-
cnce of the structure of the initial compound-states on the cascade gamma-dccay process
is up to now the primary aim of experiment. At present, this can be donc in analysis of
cxperimental intensities of the primary gamma-transitions following capture of “filtered”
neutrons with energy 2 and 24 keV (or by any averaging over resolved resonances).

The most complete sct of these data among actinides is accumulated for compound
nucleus 27U, Unfortunately, authors of corresponding experiments [9] used their data
practically only for determination of spin and parity of excited levels on the base of
notions of the limited “statistics” theory of gamma-dccay. 1.c., in the framework of the
hypotheses:

e on independence of k(E1) and k(M1) on structure of decaying ()) and excited (f)
nuclear levels and

e applicability of the Porter-Thomas distribution [10] for describing random deviations
of the gamma-transition partial widths in any interval of their energy from mean
values.

There are no cxperimental evidences of hypothesis [5, 6, 10] for the data like [9]
(concrete nucleus, given sct of gamma-transition intensities). Thercfore, the method of
analysis must take into account possibility of non-execution of assumptions mentioned
above.

2.1 Algorithm of analysis

The analysis is based on the following statements:

¢ the number of the primary dipole transitions observed in the (7, ) reaction is less
than or equal to the value p x AFE for any excitation energy interval AE and spin
window determined by the selection rule on multipolarity;

e the sum of widths of the observed transitions is less than or equal to the summed
width of all the possible primary gamma-transitions;

o the likelihood function of approximation of distribution of random intensity decvia-
tions from the mean value has the only maximum;

e the experimental values of pAE and sum Ty can be determined with acceptable
uncertainty from extrapolation by curve which approximates distribution of the
random gamma-transition intensities to zero threshold of their registration;
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o the averaging of random fluctuations of the primary gamma-transition widths over
the initial compound states decreases dispersion of their distribution independently
on reliability of hypothesis [10]. L c., any set of gamma-transition intensities from
the (7, ) reaction can be approximately described by the x2-distribution with un-
known number of degrees of freedom v. (In practice this distribution is close to
normal one with dispersion o* &~ 2/v.)

This means that the number of the primary gamma-transitions from reaction (7, )
with intensity lying below detection threshold of experiment [9] in any case considerably
decreases as compared with analogous data obtained for decay of the only compound-
state. In this case, determination of the primary gamma-transition intensity distribution
parameters provides maximum possible precision for extrapolation of function of intensi-
ties random values distribution into the region below the detection threshold.

Thercfore, precision in estimating the number of unobserved gamma-transitions and
sum of their partial widths from the data [9] must be much higher than it can be reached
by analysis of intensities of primary gamma-transitions following thermal neutron capture.
Corresponding technique was developed earlier and tested on large set of the data on the
two-step cascade intensities in [11].

The problem of principle importance in the analysis of such kind is really unknown law
of distribution of dispersion of random widths about mean value. The fact of discrepancy
between dispersion of random intensities of primary gamma-transitions and expected for
a given nucleus valuc of v at the capture of 2 keV neutrons was first pointed out in [12).
But up to now attempts to solve this problem were undertaken up to now.

The Porter-Thomas distribution correctly describes distribution of the random partial
widths of the tested gamma-transitions only when their amplitudes have normal distribu-
tion with zero mean value. Therefore, they must be the sum of large number of items of
different signs and the same order of magnitude. This condition must be fulfilled if wave-
functions.of the levels connected by gamma-transition contain a large amount of items
with different signs and comparable magnitudes. Just these components are contained in
matrix element for amplitude of gamma-transition.

2.2 Some aspects of modern theoretic ideas of gamma-transition
probability '

On the whole, existing theoretic developments, for cxample, quasiparticle-phonon nu-
clear model (QPNM) [13, 14] call some doubts about applicability of mentioned above .
primitive ideas of gamma-decay. In particular, the regularitics of fragmentation of the
different complicated states studied in the frameworks of QPNM [15] directly point to
presence of items with considerable component of wave functions in the primary tran-
sition amplitudes. First of all, this concerns wave functions of cxcited levels {16}, but
it is not excluded that the wave-functions of decaying compound states (neutron reso-
nances) also have large components [13]. This dircctly results in potential possibility of
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rather considerable violation of the Porter-Thomas distribution. These violations can ap-
pear themselves in limited [15] energy intervals of final levels and change dispersion of real
distribution as compared with [10]. Correlation between absolute values of items in ampli-
tude of any gamma-transition and their signs for the data like [9] are unknown. Thercfore,
the suggested below analysis of available experimental data must take into account pos-
sibility of strong dependence of the primary transition partial widths on structure and,
correspondingly, cnergy of excited levels and cover all spectrum of their random devia-
tions from the mean value. At least, it must guaranty obtaining the minimum possible
estimation for p and the maximum possible — for k. Just this sign of deviation of their
experimental values from the practically used [1] model ideas is provided by the analysis
3, 4].

According to theorctical notions of QPNM, the amplitude of gamma-transition from
high-excited nuclear state (neutron resonance) is a sum of different in structure elements
[13]. Schematically [17] they consist from a number of itcms which correspond to the
following componcnts of wave-functions of decaying and excited levels connected by the
gamma-transition:

(a) n-quasiparticle,
(b) n-quasiparticle ® phonon,
(¢) n-quasiparticle ® two phonons and so on.

I. c., amplitude of given gamma-transition can be determined by some components
of physically different types. In common case they can have considerably different scale.
And concrete values arc determined by degree of fragmentation of the nuclear states
cnumerated above. The types of dominant components in the wave-functions of final
levels excited by primary gamma-transitions can be different in principle, espccially at
low excitation cnergy of levels [16].

The first part of amplitude (sce, for example, [17]) for many rather high-lying levels
is dctermined by a number of items of differcnt sign and, on the average, comparable
magnitude. This qualitative explanation follows from calculation of structurcs of low-
lying levels of deformed nuclei performed by authors [16] and the most general principles
of fragmentation of nuclear states of complicated structure as increasing excitation cnergy
[15]. )

The following itcms in the gamma-transition amplitude (at sufficient encrgy of excited
level) account for contribution of those components which cause change in wave functions
by one phonon. Le., it follows from main theses of QPNM, for example, that the all
multitude of the primary gamma-transition amplitudes cannot be reduced to one limited
casc as it was suggosted in [10].

2.3 Some peculiarities of experimental data
Expcrimental investigations of various target-nuclei were.performed in BNL. But only

cven-odd target-nucleus 2*°U was chosen for the analysis presented below. This choice is
stipulated by maximum interval of the primary gamma-transition cnergics listed in [9).
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Even-odd compound-nucleus has an only possible spin at capture of s-neutrons and two
possible - for p-neutrons. Analysis of intensities in the last case requires one to introduce
and then determine the number of parameters corresponding to even-even nucleus. Even-
odd compound nucleus at its excitation by s-neutrons represents methodically a particular
case of the task considered in [18].

The width FWHM=850 eV of filtered neutron beam with the energy of 2 keV in the
performed experiments was determined by interference minimum in the total cross section
of scandium. The average spacing between neuron resonances in 26U equals 12 eV and
this provides minimum number of the primary gamma-transitions whose intensities are
less than detection threshold.

If one does not account for:

(a) the change in neutron flux in the energy interval mentioned above;
(b) the possible strong correlation of partial radiative widths and

(c) the presence of noticeable statistic errors in experimental data

then dispersion 0% = 2/v of their expected distribution can be not less than ~ 0.03.
In presence of absolute correlation between reduced neutron width and partial radiative
widths one can estimate maximum possible dispersion from the folding of two x? disper-
sions by the valne 02 = 8/v > 0.12.

I.e¢, the main part. of the primary gamnia-transition intensities observed in the nucleus
under consideration must exceed experimental detection threshold. Therelore. expected
errors of extrapolation must he small enough.

It is assmmed in analysis that all the distributions ol the primary gamma-transition
intensities from reaction (n.4) have only the following unknown parameters:

(a) the averaged reduced intensity (1707 /E3) of gamma-transitions populating levels
J=1/2,3/2;

{b) the portion B = (I7"*)/(I7**"} of reduced intensities of gamma-transitions to levels
J = 5/2 relatively to that to levels J = 1/2,3/2 (practically - for inleusitios of primary
transitions following capture of neutrons with energy of 2.4 keV ;

(c) the ratio Rx = k(M1)/k(E1) which is independent on spin values of the levels
populated by the primary transitions;

(d) the expected and equal numbers N, of gamma-transitions to levels J = 1/2,3/2
and J = 5/2;

(e) as well as the dispersion o2 measured in units of degree of freedom v.

Naturally, these parameters are to be determined independently for each energy inter-
val of the primary gamma-transitions.

The presence of statistical errors in determination of each experimental value of
(I,/E3) automatically increases experimental dispersion o? of distribution and decreases
the v value. It is assunied that their relative systematic errors in each energy interval are
practically equal.

Of course, this notion assumes that the structures of initial compound-state and a
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group of levels in rather narrow interval AFE of excitation energy connected by the primary
gamma-transitions of the same type weekly influence the mean reduced intensities {1,/ E‘:;’)
of these quanta.

Both performed in [8] approximation and interpretation of experimental data on
k(E1) + k(M1) and ideas of modern nuclear theories show that this assumption can
contain considerable uncertainty (especially for wide energy intervals of the primary
gamma-transitions under study). But the maximum accuracy in determination of the
most probable values of N, B, R, v and (I;"‘“’) can be achieved, in principle, by recur-
rent optimization of the primary gamma-transition energy intervals where are determined
these paramcters.

One more problem is due to small volume of the sct and difference in numbers of
electric and magnetic dipole gamma-transitions in concrete intervals AE. Therefore, it
is necessary to introduce and fix in analysis some assumption about number of levels
of positive and negative parity in a given energy interval of nuclear levels. Below is
used the hypothesis of equality of number of electric and magnetic gamma-transitions.
In practice, this ratio can be varied for any possible hypotheses of ratio between level
densities with different parity for any given excitation energy interval. The problem
of difference in level density of different parity disappears for values of Ry =~ 1, the
maximum error in determination of N, in case Ry = 0 corresponds to the lowest intensity
transitions and insignificantly distorts desired sum >(I,/ E‘:;’) In intermediate case, error
of approximation will be stipulated, first. of all, by difference in level densities of positive
and negative parity - it will decrease as increasing excitation energy (as it was on the
whole predicted by modern theoretical calculation of this nucleus parameter [19]).

Approximation of the mixture of the different type random values with respect to mean
parameters by any distribution cannot determine their belonging to certain type without
using additional information. But, accounting for the known fact that the magnetic
gamma-transitions to the lowcst levels are by order of magnitude weaker than electric
transitions, one can extrapolate incquality Ry = k(M1)/k(E1) < 1 for the nuclei under
study up to excitation energy where Ry, = 1. There is not excluded that at higher energies
of gamma-quanta k(M1)/k(E1) > 1.

Strength function of p-neurons S = 2.3(6) in isotope 26U noticeably exceeds strength
function of s-neutrons Sy = 1.0(1) [20]. Authors of [21] estimated that in this case the
portion of captures of p-neutrons with energy of 2 keV equals approximately 15%. If one
does not account for possible irradiation of small group of the primary dipole gamma-
transitions following capture of p-neutrons and terminating at the levels with spin values
J = 5/2, then the presence of this capture appears itself, most probably, as change
in the Ry values for different energies of excited levels and corresponding increase of
v. Therefore, the presence of small number of the 2 keV p-neutron captures must not
noticeably influence accuracy in determination of the expected values of N, and sum
k(E1) + k(M1).

There is no problem of p-neutron capture for the data on the intensities of primary
gamma-transitions for resolved resonances. Absolute normalization of partial widths for
cach resonance performed in [9] allows one to provide for the most effective averaging of
them. Unfortunately, arithmetic mean value of Ty inevitably shifts to lower values by
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different for each gamma-transition quantity M x Al';y. Partial width AT';f of each from
M gamma-transition with intensity lying below registration threshold in given resonance
varies from zcro to some maximum magnitude. That is why, averaging over resonances
additionally has this unknown specific error.

Approximation of distribution of random values I,/ Ef, was performed by analogy with
[11] for cumulative sums in function of increasing values of intensities.

3 Results of analysis

The examples of experimental distributions of cumulative sums of the primary tran-
sition reduced intensities 3 I,/E3 = F({I,/E3), N,, v, Ri) were calculated for different
values of concrete parameters and given in [18].
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Fig. 1. The histogram represents experimental cumulative sum of reduced relative in-
tensities (I,)/E3 for 27U. Smooth curve shows the best approximation. The intervals of
excitation energy E; of final nuclear levels are shown in figures. Experimental data for
neutron energy 5 < B, <125 eV.

This was done only under condition of correspondence between experiment and ac-
cepted hypotheses of the distribution-form of the primary transition random intensities.
The presence of functional dependence of the primary transition intensities on some “hid-
den” parameter can result in maximal errors of approximated values of the most probable
number of gamma-transitions and dispersion of their deviation from mean value. Mod-
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Fig. 2. The same, as in Fig. 1, for E, ~ 2 keV.
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Fig. 3 The same, as in Fig. 1, for E, ~ 24 keV.
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ern nuclear theory docs not consider this possibility; there are no experimental data on
existence of “hidden” dependence, as well. Therefore, it is not taken into account below.

Experimental cumulative sums of the (I,/E3) relative values are shown in figs. 1-3
together with their best approximation. The data are presented so that the expected total
intensity of gamma:transitions lying below detection threshold corresponds to the most
probable valuc of cumulative sum for (I,/ES >=0.

At low cnergy E; of final levels, accuracy in determination pf parameters of approx-
imating curve must get worse due to inequality of level density with different parity.
Most probably, this incrcases error of extrapolation of gamma-transition intensities to
zero value. This can result in overestimating of N, values.

. The best valtécs[of fitting paramcters v and Ri are are given in figs. 4 and 5. No-
‘ticeable change in thesc parameters of approximation for 0.7 < E; < 1.2 MeV points

- to considerable c}lahgc in structure of given even-odd isotope in this excitation energy
region. Lo

0’6 . T T T T

k(M1)/K(E1)

0,0 . — 1-
E_,MeV

F]g 4.. The hi.stograms represent the best values of ratio k(M1)/k(E1) for different
excitation encrgies of levels populated by dipole gamma-transitions. Line 1 represents
data for 5 < E, < 125 ¢V, linc 2 - for E, = 2 keV and line 3 - for E, =~ 24 keV.

N -

Tbe best values of level density p = ¥ 7+ Ny /AE and summed radiative strength
functions 33(I,)/(E3N,) arc given in figs. 6 and 7. Normalization of intensities and
streng.;t'h functions in both [3] and [9) was done to their absolute valucs. Because gamma-
transition intensitics following capture of “filtered” neutrons arc listed. in [10] in relative

units than corresponding strength functions Fig.7 are combined with “resonance” values
under assumption of their approximate cquality.
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Fig. 6. The same, as in Fig. 4, for the density of excited levels. Line 4 represents
calculation within model [22] for spin values J=1/2 and 3/2. Points correspond to number
of levels observed in resolved resonances.
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Fig. 7. The summed radiative strength functions derived from the data on capture of
neutrons with different energics E,: black points - 5 < E, < 125 ¢V, open points -
En ~ 2 keV, triangles - E;, ~ 24 keV. Line 1 represents calculation within model [5], line
2 - calculation within model [23] together with k(M1)= const.
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3.1 Some sources of systematic errors

Absolute minimum of x? for all used sets of intensities is achicved practically for the
only N, value. Cliange in this parameter by +1 brings to significant increasc in x2. This
allows one to neglect possibility of considerable (for example, 10-20%) error of determined
level density.

Main problems in determination of nuclear parameters and their systematic errors,
most probably, are stipulated by:

(2) the use of assumptions on the distribution form of the random intensity deviations
from the unknown mean value and

{b) possible presence of significant crrors in the set of the intensities under analysis.

1. The Porter-Thomas distribution allows very considerable random deviations of
partial widths. But the measured gamma-transition intensities are always limited by
finite value of the total radiative width of decaying state. Therefore, the set of the best
values of parameters depends on the total width of region for approximation of cumulative
sums. Mainly this concerns the best value of parameter v. In the performed analysis,
intensitics were normalized so that their maximum value would not exceed 50-70% of the
approximation region width.

2. The main crror of analysis can be related only to the “loss” of gamma-transitions
whose intensities exceed threshold value and/or due to mistaken identification of the
secondary gamma-transitions as the primary one. The probability of overlapping of two
peaks corresponding to neighbouring levels was estimated in [24]. As it follows from
the data presented by authors, this effect is rather small and, most probably, cannot
explain considerable (several times) discrepancy between level density determined by us
and predictions of the Fermi-gas level density model [22].

Considerable uncertainty could be due to even and significant loss of observed peaks
corresponding to intense primary transitions (exceeding their detection threshold) owing
to their grouping in multiplets with rather narrow (~ 1 — 2 keV) spacing between peaks.
But this possibility is not predicted by modern nuclear modecls.

3. In principle, there is possible the situation when gamma-transitions in all or larger
part of chosen intervals of primary transition cnergies (with the width of some hundreds
keV) have different mean values. Morcover, probability of relatively low-intense tran-
sitions strongly but smoothly incrcases as decreasing their intensities. Potentially, this
cffect can be due to by fragmentation mechanism of states over concrete neighbouring
nuclear levels.

Apparently, only such hypothesis can be alternative potential explanation of “step-
wise” structure in level density in analysis performed in this work. Application of this
hypothesis to the level densities determined according to [3, 4] requires that the main
portion of levels with the same J™ below = 0.58, would not be cxcited by the primary
gamma-transitions. Besides, some Cooper nucleon pairs would break simultancously at
low in comparison with B, nuclear excitation cnergy. We cannot suggest other possibility

for precise reproduction of the two-step gamma-cascade intensities in calculation.
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3.2 Interpretation of the obtained results
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Fig. 8. The points represent the cocfficient of collective enhancement of level density,
the line shows the values of parameter &; used in [3, 27] for calculating partial dcn51ty of
three-quasiparticle lovels.

The physics iinportant information on level structures below = 0.5B,, can be extracted
from the values of cocfficient of collective enhancement of level density:

p(U, J,7) = pap(U, J, 7) Ken(U, J, 7). 1)

According to modern notions, Keon determines in deformed nucleus {1] a degree of
enhancement of level density of pure quasi-particle excitations pqp(U, J,7) due to its vi-
brations and rotation. In very narrow spin window considered here one can accept in
the first approach that, to a precision of small constant, cocfficient, it equals coefficient of
vibration incrcase in level density Ky, On the whole, the last is determined by change
in entropy of a nucleus 4.5 and redistribution of the nuclear cxmtatlon cnergy 6U between
quasi-particles and phonons at nuclear temperature T

K.tx = exp(§S — 6U/T). _ (2)
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The experimental data at hand on level density and existing model notions of it do not
allow one unambiguous and reliable determination of the K, value for arbitrary nuclear
cxcitation energy U even at zero systematic error in determination of function p(U, J, 7).

Now is no possibility for ambiguous experimental determination [25] of breaking
threshold Ey of the first, secondary and following Cooper pairs, value and form of cor-
relation functions §y of Cooper nucleon pair number N in heated nuclei. The main
uncertainty of Ey is caused by the lack of the experimental data on function dy = f(U),
the sccondary — by uncertainty of level density of single-particle levels g in model [26]. So,
in three different, model dependent approximations of level density in large set of nuclei
of different type [25] and [27], the threshold E; of five-quasi-particle excitations differs by
a factor of 1.5-2.

In practice, for estimation of Ky, from the data [21] we used the second variant of
notions of correlation function of Cooper pair in heated nucleus {25]. In calculation were
used the values §=0.83 MeV, g=14 MeV~!. The best value of breaking threshold for the
first Cooper pair was found to be equal to E; = 0.55 MeV when using the assumption
on independence of K3 on nuclear excitation energy. At low excitation energy this
assumption is, most probably, unreal (sce Fig.8).

Paramcter K. — 1 determined from comparison between the calculated in this way
density of three-quasiparticle excitations (J=1/2, 3/2) and its most probable experimental
value is shown in Fig. 8 together with calculated value of §;.

Significant correlation of this coefficient with 8, from [27] and from the second variant
of the analysis [25] is observed in the excitation energy interval below approximately 1.2
MeV. At higher cxcitation energy, decrease in degree of correlation can be related to both
considerable contribution of five-quasiparticle excitations in the function pg,(U, J, 7) and
less than it is accepted in [25, 27] rate of function &; at U > 1.2 MeV.

The data prescnted permit one to make the following conclusions:

1. The study of the 27U nucleus excited in reaction (7, <) by ncutrons with cnergies
0.005-0.12, 2 and 24 keV allow us to observe the same properties as those revealed for ~ 40
nuclei from the mass region 40 < A < 200. There are: step-wise structure in level density
and local enhancement of radiative strength functions of the primary gamma-transitions
to corresponding levels.

2. In the excitation energy region about 0.7-1.5 MeV occurs abrupt change in level
structures. This appears itsclf in considerable enhancement of the k(M1)/k(E1) valucs
and in strong difference of their distribution from normal distribution of random ampli-
tudes of gamma-transitions.

3. Experimental ratios k(M1)/k(FE1) can be used for obtaining more unique values
of strength functions of E1- and M1-transitions and data on relations between density of
levels with different parity in the frameworks of methods [3, 4].

4. The majority of the primary gamma-transitions observed in reaction (7, %) corre-
spond, probably, to excitation of levels with large and, maybe, weakly fragmented phonon
components of wave functions.
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4 Conclusion

Analysis of the available experimental data on the primary gamma-transitions from
reaction (@,) in compound nucleus 27U has demonstrated step-wise structure in level
density and increasing radiative strength functions of transitions to levels lying in the
region of this structure, at least, for the primary dipole transitions. Ie., it confirmed main
conclusions of (3, 4]. It showed also a necessity to reveal and remove systematic errors of
experiment in alternative methods for determining only level density and simultaneously
- all the parameters of the cascade gamma-decay. Very important for this are both correct
accounting for effect of level structures on probability of emission of evaporated nucleons
and cascade gamma-quanta in investigation of nuclear reactions at beams of accelerators
and considerable reduction of systematic errors of experiment.

Abrupt increase in dispersion (decrease in the v parameter) of random deviations
of intensities from the mean (expected according to [10]) values allows one to suppose
the presence in their structure of considerable components of weakly fragmented nuclear
states being more complicated than the three-quasiparticle states. Approximation of the
obtained level density by Strutinsky model confirms considerable (=~ 10 times) increase
in level density due to excitations of mainly vibration type [27]. Comparison of the data
presented in figs. 6, 7 with those obtained from analysis of two-step gamma-cascades
permits one to make preliminary conclusion that the sharp change in structure of decaying
neutron resonances, at least, in their energy interval ~ 24 keV is not observed. And there
are no reasons to expect serious change in determined according to [3, 4] level density
and shape of energy dependence of radiative strength functions for the primary gamma-
transitios from resonance to resonance. Further reduction of systematic errors of these
nuclear parameters determined from the two-step gamma-cascade intensities undoubtedly
requires reliable estimation of functions k(E,, E,;) for all energy interval of levels excited
at neutron capture.

The analysis performed in this work and its results point to necessity of experimen-
tal determination of p and k by the method [4] in all practically important for nuclear
energetics nuclei from the region of actinides.
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STATUS AND PROBLEMS OF EXPERIMENTAL STUDY OF EXCITED NUCLEUS
SUPERFLUIDITY

AM. Sukhovoj, W.I. Furman, V.A. Khitrov

Joint Institute for Nuclear Research, 141980 Dubna, Russia

Abstract.

Modern nuclear models assume a coexistence of normal and superfluid phases of nuclei, as a
minimum, up to the excitation energy of neutron resonances. Experiment, accordingly, has to
reveal important details of interconnection of these phases. First of all, this concerns large-
scale details. An effective method to study this problem is an investigation of neutron
radiative capture. The most relevant characteristics of this interconnection are energy
dependence of excited level density (in given spin window) and radiative strength function of
primary gamma-transitions from a compound-state to low lying states. These values have to
be extracted from respective experimental data with maximal reliability and minimal
systematic uncertainties. To reach this goal it is necessary to depart in data analysis from
obsolete models of radiative strength function and density. The two-step (n,2y)-reaction and
in general various multi-step reactions provide favorable possibilities for such type of
investigations. :

On the basis of practically modeless approach there was obtained the phenomenological
information on radiative strength function of primary gamma-transitions and level density for
wide range of nuclei 40<A<200. Very important fact cstablished in this study was a
discovery of step-like behavior of level density below excitation energy £<0.5B,, . Besides, it
was revealed a presence of highly excited levels of vibrational nature in range of normal
many quasi-particle excited levels.

In this paper an attempt was made to expand this approach derived for analysis of
(7 ,y)-reaction measured for actinide nuclei with keV neutrons. The obtained results give
some evidence for similarity of general behavior of level density and radiative strength
function in these wide region of investigated nuclei.

1. Introduction

Density of excited levels p and emission probability I” of any product of nuclear
reaction are the main sources of experimental information on properties of nuclear matter. Id
est, to a high extent there is a base for both theoretical notion and concrete models of nuclear
parameters. Precise nuclear models of p and I” are absolutely necessary for estimation and
calculation of practically important nuclear-physics constants. This determines a necessity of
their predictions with maximum possible accuracy.

Just theoretical analysis of reliable experimental data on the p and I" values can
provide irreplaceable information on fundamental quantum-mechanical process of
coexistence and interaction of two states of nuclear matter — fermion and boson types, i.e.,
usual and superfluid nuclear states. Final sizes of nucleus, presence of deformation, closed
magic nucleon shells and so on allow one to hope for obtaining new in principle information
on this process, as a minimum, up to the region of neutron resonances. Experiment,
correspondingly, must reveal details of their interaction (in the first turn — large-scale details).

But, for the majority of nuclei excited in nuclear reaction, the p and I values cannot be
determined in direct experiments of classical nuclear spectroscopy: mean spacing D, between
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excited levels is comparable or much less than energy resolution (FWHM) of existing
spectrometers. Correspondingly, these parameters can be extracted only from the spectra
measured with “bad” resolution for the nucleus excitation energy above several MeV. It is
also desirable to determine level density and radiative strength functions of the excited by
them primary gamma-transitions, for example, in a given variable spin window. Up to now,
the p and I" values were determined in one-step reactions. And only in the last time
corresponding information on these parameters was derived from two-step reaction (n,2y)
[1,2].

2. Difference of principle between one- and two-step reactions

Intensity of the spectra registered in experiment — products of one-step nuclear
reaction in all the possible interval of their energies is proportional to product of parameters
discussed here:

1< pI'1 Y (oT) )

Energy region where is satisfied the condition D;>FWHM, as a rule, is a small part of
that studied in experiment. In this region, both p and I" can be determined separately by the
use of the nuclear spectroscopy methods. The result is usually used for normalization of the p
and I" relative values. The known data from the neutron resonance region are used for this aim
as well. In the region D;< FWHM determination of p from nucleon evaporation spectra, for
example, is impossible in principle without using calculated probabilities of their emission I.
They should be calculated for wide energy interval of the nuclear reaction products and
excitation energies of final nuclei. Up to now, the ideas and potentials of the nucleus optical
model are used for this aim. Moreover, the authors of corresponding experiments use without
fail the hypothesis (not verified experimentally up to now) [3] on independency of the reverse
reaction cross section on excitation energy of final nucleus. (Or its variant for partial widths I”
of gamma-transitions [4,5]).

Comparison between forms of functional dependency of the p=f{E) and I"=¢(E) values
obtained in one-step reactions (spectra of evaporated nucleons, different gamma-spectra) [6,7]
and the data from two-step reactions (cascades of gamma-transitions) points to their principal
incompatibility. It appears itself in presence [1] or absence [7] of sharp changes in determined
parameters when change nuclear excitation energy and energy of registered product. This
comparison allows one also to determine in the first approach the sources of systematical
errors and to evaluate their magnitudes for different experimental methods.

Therefore, one can conclude that quality of extracting p and I" values from the spectra
of one-step reactions changes to the worse to unknown extent due to following reasons:

1. the maximum possible transfer coefficients of errors S of the spectra S measured
in one-step reaction onto the errors dp and 6I°;

2. the use of unverified hypotheses (first of all, on independence of the reverse
reaction cross sections on excitation energy of final nucleus);

3. inevitable subjectivity in performed analysis (selection 7] of type and parameters of
optical potential by determining p from evaporation spectra).

In the case of the two-step reaction (process of interest — two emitted gamma-quanta)
distortion of the observed p and I values owing to two first reasons considerably decreases,
and inevitable ambiguity in determination of parameters from degenerated systems of
nonlinear equations is comparable with required accuracy in determination of nuclear
parameters. This principle difference is due to another form of energy dependence for the
second registered product than (1). Here is supposed that both the first and the second steps
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orrespond to excitation of either individual final level or group of final levels limited by
xperimental conditions.

So, intensities of the two-step gamma-cascades following thermal neutron capture are
etermined for fixed initial compound state A, group of several low-lying levels f and all
termediate levels { lying in a given energy interval A4E; number j. In these experimental
onditions, probability of a given secondary step of reaction

1,=T, /> T, , @
J

is inversely proportional to level number M = Z PAE excited at decay of levels i.

Products I;*I, measured in all the possible excitation energy intervals can be
produced by infinite set of different p and I” values. But all their values are physically
mited by some region of possible magnitudes

[ <T<T, 3)

r arbitrary excitation energy interval. Really this limitation is not hard and simple. But
arting from some values of system (3), parameter XZ very quickly increases as both
Icreasing maximum and decreasing minimum p and I” values. Its least value, as it was
btained for the total set of experimental data analyzed in [1,2] was observed for
0,—p) p=20-40% and (I, ~T})/I"=20-40% . But only under observation of the
llowing obligatory conditions: '

(a) unambiguously given rule of ratio between radiative strength functions of the primary
nd secondary gamma-transitions with the same multipolarity and energy;

(b) extracting two-step reaction intensities from the experimental spectra in function on
nergy of their product at the first step.

Possible values of parameters determining intensities. I;, satisfy this condition, but
ieir minimum (index 1) and maximum (index 2) values equal zero and infinity, respectively.
ust this mathematical condition provides for significantly larger reliability of the parameters
erived from two-step reaction as compared with one-step reaction from one hand, and
ossibility for model free, practically unique simultaneous determination of both py, p, and I,
2. Distribution of I, * I, can be measured with high precision for different types of registered
action products. For the same reaction products (two successive gamma-quanta, for
xample) the component corresponding to the first step of reaction must be selected from
xperimental spectrum although with some systematical error. This approximate
ecomposition [8] can be done due to different forms of dependence of p and I” on energy of
vels i.

Nevertheless, a necessity to test method of simultaneous determining p and I” even at
b favorable for its study cases calls no doubts. From the one hand always exist ordinary
ystematical errors in determination of cascade intensities, on the other hand - it is necessary
) use some generally accepted notions on nuclear properties. This can be, for example, the
lea of independency of the level decay modes on way of its excitation for lifetime of about
>veral femtoseconds and so on.

3. The most important results of studying the two-step (12,2y) reaction

Comparison of the p and I” values obtained from the two-step cascade intensities with
nown experimental data and model ideas [9] permits one to conclude:
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1. It is necessary to test experimentally the hypothesis [3] in application to calculation
of interaction cross sections of evaporated nucleons for different excitation energies of final
nuclei. In case of incorrectness of this hypothesis, all the p values derived earlier from
evaporation spectra must be re-determined. Just the use of hypothesis [3] brings the main and
really unknown error in value of level density extracted from spectra of evaporation nucleons.
Evident and very strong violation [3] (in variant {4,5] for the cascade gamma-decay process)
can be easily revealed [2] from comparison between intensities ij, i; of the primary E, and
secondary E; gamma-transitions following thermal neutron capture and intensities

i, =i xi,/ Y i, of the two-step gamma-cascades.

Determined from ratio P=i;«iz/iy, total or only cascade’s P-i; population of individual
levels is recurrent folding of interaction cross-section of gamma-quanta with excited nucleus
(beginning with maximum excitation energies of levels of final nucleus). This is the only
found up to now possibility for indirect testing hypothesis [3] (realized in [2]).

Model notions of Qusiparticle-Phonon Nuclear Model [10] of matrix elements of
emission of gamma-quantum and, for example, neutron show that their values are determined
by type and value of the wave function components of decaying and excited levels. It is
sufficient condition for advance of alternative (with respect to [3]) hypothesis and for the case
of emission of nucleon products in nuclear reaction. Its indirect examination can be done in
the only way: comparison between the p=f(E) functions obtained in different experiments.

Therefore, extrapolation of conclusions made in [2] on inapplicability of ideas of [3-
5] for reactions with nucleon emission calls doubts about all the level densities obtained from
evaporation spectra.

2. Averaged sums of the radiative strength functions of the dipole primary gamma-
transitions over nuclei with different masses but the same parities of neutrons and protons
point to existence of two excitation regions below B, where occurs rather sharp change in
values of this gamma-decay parameter (Fig. 1). Analogous averaging of level density
deviations from the simplest exponential interpolation of this parameter in the region between
low-lying levels and neutron resonances completely confirms (Fig. 2) this conclusion.

02 04 06 08 02 04 06 08

1E-8jeven-even

k(E1)+k(M1), MV

02 04 06 o 02 04 06 08 02 04 06 08
7

Fig. 1. Comparison between the averaged radiative strength function sums for nuclei with different
parities of ncutron and proton numbers. Full circles with errors represent nuclei with determined [2]
level density. Open circles show tesults of analysis [1] without accounting for difference in energy .
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dependence of primary and secondary gamma-transitions. The upper and lower curves represent
predictions according to models [4] and [11] in sum with k(M )=const, respectively.

Approximation (Fig. 3) of the experimental p values by density of n-quasiparticle
excitations [13] and radiative strength functions by the semi-phenomenological approach [14]
(Fig. 4) allows one to connect [15] this effect partially or completely with break of, as
minimum, one and, most probably, two or several Cooper’s nucleon pairs.

3. There is a potential possibility for unambiguous determination of dependence of
correlation functions Ay for nucleon pairs ( N=1, 2, 3... ) on excitation energy of heated
nuclei. By now, corresponding functions were obtained in Obninsk [16] only on the data on
level density derived from the nucleon evaporation spectra. Due to this reason they have
unknown systematical uncertainty.

Approximation of experimental level density from the data [1,2] is ambiguous.
Parameters of this fitting by density of n-quasiparticle levels (breaking threshold for next pair,
coefficients of collective enhancement, necessary number of breaking pairs below a given
excitation energy) depend on form of functional relation of enumerated parameters with
nucleus excitation energy.
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Fig. 2. The mean relative variations of level density. The notations are the same, as in Fig. 1.

Unambiguous choice requires, as minimum, additional development of the radiative

strength function models
k=f/A* =TI(D,E,A*"?)

accounting for coexistence, interaction and different influence of quasiparticle and phonon
excitations of nucleus on the primary gamma-transition strength functions and determination
of parameters of required models. One can expect that joint model reproduction of the I”
values together the level density parameters for different dependences An=f{E.,) will allow
revealing of main peculiarities of this nuclear parameter, at least, for 2-3 Cooper pairs of

nucleons. The basis for this is strong correlation of regions of maximum change in the p and I”
values.
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Fig. 3. The examples of approximation
of the experimental data for "*I, '"*®Er,
"Lu and "™Hf by partial level
densities in analogous to {15] variant
of analysis under condition g=const.
Closed points with errors represent
experimental data [2], open points —
data [1]. Thin dashed curves show
partial  densities, thick curve
demonstrates the sum of partial
densities. Solid thin curve corresponds
to predictions according to model [12].

10°) '

pMev"

Fig. 4. The most probable radiative
strength function sums and interval of
their values corresponding to minimal
values of the x2 Parameter for the '®1,
¥ Er, "Ly and "*'Hf nuclei. Solid curve
shows the best fit, dotted curve
represents the component corresponding
to expression (5a). open points show
data [1], full points — data [2].
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4. Requirements to experimental data on two-step reaction

Guarantied reliability of notions of p and I" being enough for the practical use requires
one to determine these parameters with minimum possible systematical errors. For example,
overestimation or underestimation of these parameters must not exceed a factor of ~2 in the
region of maximum total uncertainty. This region for available information on density of low-
lying levels, neutron resonances and other reference data [17] is located at =0.5B,.
Achievement of this very high for real situation precision demands, first of all, to exclude not
grounded and obviously obsolete hypotheses from analysis of experimental data. Such
hypotheses must be replaced by experimental data. Potential possibility to solve this task is
measurement of cross-sections and spectra of reactions with different number of steps.

Maximum decreasing in systematical errors of determination of both form of
dependence of the two-step reaction spectra on energy of the reaction first step product and
absolute partial cross-sections of I;*I, for the fixed initial and final levels practically waits for
its solution.

On the whole, the transition from measuring cross-sections of any one- and two-step
nuclear reactions to maximum variety of multi-step reactions seems to be desirable and
absolutely necessary. It is necessary to use different methods of experiment and its maximum
correct analysis for investigation of the same nucleus. Considerable error transfer coefficients
of the measured spectra onto the nucleus parameters under study require very careful
evaluation of them and necessary reduction of the largest systematical errors of experiment.
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5. Verification of results obtained in two-step reactions

Investigation of two-step gamma-cascades in nuclei from the mass region 40SA<200
allowed us to reveal [15,18] the region of the dominant phonon type excitations. It manifests
itself as the clearly expressed step-wise structure in level density with a width of =24y below
probable threshold of four- or five-quasiparticle excitations. Analogous conclusions about
relation between the levels of quasiparticle and phonon types for higher excitation energy
cannot be done — the coefficient of collective enhancement of level density is determined [9]
by the ratio ~

pWU.J,7)=p,U,J, MK, U,J,7). @

Therefore, for the unambiguously determined experimental level density, the pg,
values for two- or three-quasiparticle excitations are determined with some ambiguity, as
well. And the p,, values with 4 and more quasiparticles for a given U, due to strong energy
dependence [9,13] depend on breaking thresholds of the second and following Cooper pairs.
Therefore, the K.y values anti-correlate with the birth thresholds of multi-quasiparticle levels.
Its value for “step-wise” structure averages [15,18] 10-20. (Concrete values depend on form
of function Ay=F(E,,) used for calculation of the n-quasiparticle excitation density in model
[13].) But, both the primary and following cascade quanta terminating at the nuclear levels
lying in region of this structure are considerably enhanced with respect to any other gamma-
transitions of the same energy. This conclusion was made by approximation [14] of the
experimental data on the primary gamma-transition strength functions [1,2] by the following
function:

1 0.70,TG(E; + k47m°T?)
3nih*ct AR E;(E; - E})*
+ P& exp(a(E, —E,))+ PS5 exp(B(E, - E,)). (5b)

The first item is the radiative strength function [11] weighed over probable
contribution of quasiparticle excitations in the experimental strength function (with
accounting for nuclear temperature, being less than thermodynamics value). The second and
the third items describe the left (&) and right (5" ) respectively, parts of peaks in strength
functions which are absent in existing [9] model notions. Location of peaks at some energies
of the primary gamma-transitions can be explained only by strong difference in structure of
levels at different excitation energy of a nucleus under study.

Change of existing [4,5] notions of the I” values for gamma-transitions of the same
energy and multipolarity on excitation energy of studied nucleus by realistic experimental
evaluation {2] reduces the most important systematical error in determination of the cascade
gamma-decay parameters from the spectra of two-step reaction. But, absolute lack of
experimental data on population of levels above =0.5B,, practically, in all the studied nuclei
does not allow one to remove this error at all.

The obtained p and I” values are additionally distorted by ordinary experimental errors.
Although, for example, variation of the cascade intensity in limits £25% changes the obtained
p value by a factor not more than 2, as maximum [19]. But reliability of the made conclusions
on the determined in [1,2] p and I” values needs in additional verification.

Usually performed calculation of the gamma-transition spectra and neutron capture
cross-sections does not provide for absolute guarantee of absolute reliability in determining p

k(ELE,)+k(MLE,)=w (5a)
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and I due to small magnitude of the error transport coefficients of these parameters on
calculated spectra and cress-sections. Nevertheless, comparison [20] between calculation for
different sets of p and I” and experimental data permits one to reveal the parameter’s set
having the smallest systematical errors. There is necessary but insufficient condition for
reliability of the p and I” values obtained in experiment.

6. Direct model-less estimation of level density and radiative strength functions

At present, the most precise but incomplete test of results obtained in two-step nuclear
reactions can be done only by means of maximum model-free analysis of the primary gamma-
transitions from reaction (i, ¥) (capture in “averaged” resonances). Analogous results can be
obtained also in any accelerator beam experiment in the fixed (several keV) excitation energy
interval and (it is desirable) in limited and known spin window of excited levels of studied
nucleus. Practical possibility for this is provided by established in [1,2] fact of relatively small
level density in nuclei of any type below =0.5B, excited by the dipole primary gamma-
transitions following decay of compound-states with one or two possible spins.

Resolution of modemn HPGe-detectors permits one to determine parameters of
corresponding peaks with negligibly small statistical error up to the values p~100-200 MsB.
The presence of step-like structure in level density below ~0.5B, provides execution of this
condition for even-odd deformed compound nucleus, for example, up to excitation energy ~3
MeV.

Random character of amplitudes (I of any primary gamma-transition was verified
experimentally by studying neutron capture in neutron resonances. Therefore, averaging of
partial widths over larger or lesser set of decaying initial levels decreases partial width
fluctuations for any distribution of their deviations from the average and decreases portion of
the primary gamma-transitions whose intensities are lying below the experimental detection
threshold.

In this situation, verification of the experimental data on level densities from one- and
two-step reactions at minimum number of hypothesis used must and can be done by
approximation of distribution of these averaged intensities above registration threshold and its
extrapolation in the intensity region below detection threshold.

In dependence on spin values, experimental distribution can be superposition of two
and more individual distributions. The desired parameters for each of them are the most
probable number of intensities, mean value, dispersion and their detection threshold.

Authors of experiments performed up to now have analyzed the data in frameworks of
notions of limited “statistical” theory of the gamma-decay. The data [1,2,14] unambiguously
require their re-analysis within apparatus of mathematics statistic with accounting for
possibility of:

(a) strong dependence of the gamma-transition intensities on structure of excited levels;

(b) violation of the Porter-Thomas distribution [21] for larger or lesser part of experimental
data and

(c) significant variation of mean widths and their dispersion for gamma-transitions of
different multipolarity as changing the level excitation energy.

The necessary re-analysis calls no difficulties:

(a) the random intensity distribution is easily approximated in integral form (cumulative
sum of reduced intensities in function of current intensity value) even for small sets of
experimental values;

(b) the best value of the distribution dispersion is set in form o®=2/v with the desired
parameter v;
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(c) detection threshold for gamma-transition registration and the most probable number of
of gamma-transitions of a given multipolarity (the same for the dipole EI- and MI-
transitions) is unambiguous enough.

Only the determination of ratio R; for mean reduced intensities of MI- and EI-
transitions in every 200-300 keV excitation energy intervals can be ambiguous. But near
Ri~0 and Ry~1 they are indiscemible for approximation procedure (but, correspondingly they
differ by two times in desired number of gamma-transitions).

Unfortunately, the data on p and I” obtained in this way can be to the more or less
extent doubtful. This can be due to significant systematical errors in determined experimental
sets of the primary transition intensities or due to analysis performed within unverified
hypothesis that gamma-transitions of equal multipolarity, the same spin values of decaying
compound-states and excited levels have practically equal mean values, at least, in the narrow
excitation energy intervals.

If this hypothesis is true in wide enough energy interval of the observed primary
gamma-transitions, then such verification confirms [22] presence of step-wise structure and
increasing in probability of gamma-transitions to corresponding levels. Moreover, one can
conclude that the level densities in [1,2] are considerably overestimated because of
underestimation of intensity of the secondary gamma-transitions to these levels.

Fig. 5. The level density of both parities
(histograms) excited by dipole primary
transitions after resonance neutron capture in two
gadolinium isotopes [22]: histogram 2 -E, =2
keV, histogram 3 - E, =24 keV,4 - E, >l eV, 5 -
isolated resonances, Dotted curve represents
level density calculated according to model [12].

Fig. 6. The sum of the probable radiative
o strength functions of El- and Ml-transitions.
| e The upper (1) and lower (2) dotted curves
represent calculation within the models [4] and
[11] in sum with k(M1)=const, respectively. The
histograms show the data [22]: 3 — for E, =2
keV, 4 — for E, =24 keV, 5 — for E, >1 eV and
Mev histogram 6 - for isolated neutron resonances.
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4x10*fat
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The data existing for set of actinides [23] on (7, ) reaction allow one to expect level
densities and radiative strength functions for them (figs. 7,8) analogous to those obtained for
lighter nuclei [1,2]. Experimental data from reaction (7,¥)give unique possibility for
experimental determination of ratio between the level densities with different parity in rather
wide excitation energy region of nuclei studied in (77, ¥) reaction. Strong correlation between
the strength functions of the different multipolarity gamma-transitions and density of levels of
different parity does not allow one to get in [1,2] unambiguous ratios k(M1)/(E1) and
p(r=-)p(m=+). But, as it was obtained in [22], the ratios k(MI)/k(El) are determined
experimentally. And due to strong correlation of parameters under consideration, this
provides for direct experimental determination and of ratio p(w=-)/p(x=+) in the iterative
process [1,2]. .
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1 Fig. 7. The sum of the radiative strength
functions of El- and M1-transitions for
U, Black points represent data for the
neutron energy region 5 < E, < 125 eV,
open points — for E, =2 keV, triangles —
for E, =24 keV. The upper and lower
curves show predictions of the models
[4] and [11] in sum with k(M1)=const,
respecvtively.
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Fig. 8. The same, as in Fig. 5, for
density of excited levels. The solid curve
corresponds to predictions according to
model [11] for spin values J=1/2 and
3/2. Points show the numbers of levels
observed in resolved resonances.

ex’

7. Aims and possibilities of future experiments

Comparison between the experimental data on p and I derived from the spectra of
two-step reactions with realistic enough model ideas provides [14,15,18] for potential
possibility for obtaining the most reliable data on correlation functions of nucleons in heated
nuclei. Id est., for practical studying superfluidity in such rather specific system as heated
nuclei. ‘

For maximal decrease in systematical errors in determination of nuclear parameters, it
is necessary, first of all, to improve experimental methodology. It can be done in the
following directions:

(a) accumulation of the maximum reliable data on the primary gamma-transition intensities
following resonance neutron capture on “filtered” beams;

(b) measurement of cascade intensities with two and more quanta on beams of thermal and
resonance neutrons;

(c) measurement of spectra of two-step reactions like (particle, gamma-quantum) on
accelerator beams™ with high energy resolution of particle registration. Besides, two
possibilities enumerated above should be used in order to derive information from the
gamma-cascades following ennssxon of particle ‘with excitation of high-lying levels of final
nucleus.

These experimental data must be analyzed with accounting for potentially strong
influence of nuclear structure on emission probability of reaction products.
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8. Conclusion

Modem experimental technique at correct (from the point of view of mathematical
statistics and with exclusion of superfluous hypotheses) analysis of its data provided for
possibility of detailed search for interaction process between fermion and boson components
of nuclear matter. Potentially possible information can de obtained under conditions
completely being absent in macrosystems (limited sizes, change in ratio of different type
excitations, shell structure and so on).
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PARAMETERS OF DISTRIBUTION OF THE PRIMARY
GAMMA-TRANSITION INTENSITIES FOLLOWING RESONANCE
NEUTRON CAPTURE AND SOME PROPERTIES OF COMPOUND

NUCLEI ¥71%Gd

A.M. Sukhovoj, V.A. Khitrov
Joint Institute for Nuclear Research, 141980, Dubna, Russia

Abstract

The re-analysis of the published experimental data on the primary gamma-
transition intensitics following neutron capture in different groups of neutron reso-
nances in *158Gd has been performed. There are determined the most probable
valucs of sum of E1 and M1 primary transitions, numbers of excited by them lev-
cls of both paritics, ratios of radiative strength functions k(M1)/k(E1), dispersions
of deviations of random values of intensitics from the average and ratios of mean
intensitics of primary transitions to levels J=5/2 with respect to analogous data
for J=1/2 and 3/2 (capturc of the 24 keV neutrons) in narrow excitation cnergy
intervals.

All the data on level density and sums of radiative strength functions confirm the
presence of clearly expressed step-like structure in level density below 3 MceV and
general trend in change in strength functions as changing primary gamma-transition
cnergy. Variations of distribution dispersions and, especially, ratio k(M1)/k(EL1) {or
k(E1)/k{(M1)) at changing excitation cnergy point to strong change in structure of
these nuclei above 1.0-1.5 MeV.

As in neighboring isotopes !56:18Gd, the shape of cnergy dependence of
k(M1) + k(E1) considerably differs as changing nuclear mass. This can be due
to dependence of gamma-decay process on structure of ncutron resonance and/or
levels excited by gamma-transitions. The dilemma appeared can be solved only
in direct experimental scarch for structure of neutron resonances in region of their
cnergy of about two nucleon pairing energy in nuclei of corresponding mass.

1 Ihtroduction

Density of excited levels p and emission probability I' of any nuclear reaction product
following nentron resonance A decay are the main sources of experimental information on
properties of nuclear matter and practically important nuclear-physics constants. This
stipulates for necessity of their determination with maximum possible accuracy.

However, the p and T' values cannot be determined for main mass of nuclei excited
in {n,7) reaction in direct experiments: mean spacing D between levels is comparable
with or much less than a resolution (FWHM) of existing spectrometers. Correspondingly,
these parameters can be extracted only from the spectra measured with “bad” resolution.
Only one-step reactions were mainly used for this aim. Obtaining of information on p
and T’ from gamma-spectra of two-step reaction was started only in the last time [1].
Comparison of shape of functional dependence of the obtained in this way values of
p = f(E) and radiative strength functions k = I‘,\/(EgD,\Az/s) = ¢(E,) with the data

of one-step reactions (spectra of evaporated nucleons, different gamma-spectra) points to
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their principle incompatibility. It appears itself in presence [1] or lack of abrupt changes
in determined parameters. This operation allows one to determine sources of systematical
errors, estimate their values and reveal the region of maximum discrepancy between the
data of different experiments.

Analysis of the most sufficient sources of systematical errors {2] and their transfer
coeflicients onto errors of parameters in practically realized case of two-step reaction (two
sinultaneously emitted gamma-quanta) showed that even maximum possible errors of the
p and T values (obtained from two-step reaction) cannot explain discrepancy for one- and
two-step reactions.

Nevertheless, necessity of additional testing a method for determination of p and T
from two-step reactions calls no doubts. At present, such test can be performed only
in model-less analysis of the primary gamma-transition intensities from reaction (7,~)
(capture in “averaged” resonances).

Possibility to obtain new information from these data is caused by the use by authors of
experiments of unnecessary for analysis ideas of “statistical” mechanism of gamma-decay
process and abstract form of distribution law of arbitrary gamma-transition intensity
deviation in individual resonance from mean value. The shape of approximating function
and concrete results of analysis of rather limited set of strongly fluctuating data are given
in [3]. More general variant of analysis is described in [4].

2 Experimental data

In the isotopes under consideration 571%Gd were measured the primary transition
intensities following resonance neutron capture with mean energies of 2 and 24 keV; there
are also data for ®Gd for both capture of neutrons in resolved resonances and on beam
with cadmium filter. Experimental data cover maximum level excitation energy diapason
for even-odd deformed nuclei and allow one to get maximum possible and completely
independent information on the desired gamma-decay parameters.

In two last cases s-neutrons are mainly captured, but capture of p-neutrons must be
taken into account at E,=2 and 24 keV. According to [5], ratio between available in that
time values of strength functions of s- and p-neutrons does not exceed 0.08 for E,=2,
but is grater than 1 for 24 keV. Therefore, the following analysis should account for
excitation of resonances with spins 1/2, 3/2 and different parity only for the data E,=24
keV. This means that the averaged intensity of the primary dipole gamma-transitions
to levels 5/2 depends on ratio between strength functions Sy, S; and that it nust be
varied at determination [4] of distribution parameters of the random intensity deviations
from mean value. In principle, level density with spin 5/2 in deformed muclei must be
bigger than corresponding sum for spins 1/2, 3/2 (as it approximately follows from known
functional dependences p = f(J)). In case of lower neutron energy, there was adopted
hypothesis of equal intensity of primary gamma-transitions with near energy and the same
multipolarity to levels with spins 1/2, 3/2.

This assumption can be mistaken for strongly differing structure of wave functions
of excited levels with different spin. According to modern microscopic nuclear models,
amplitude of gamma-transition is determined by a set of quasiparticle and phonon com-
ponents. Their contribution depends on wave functions of both decaying and excited
levels (simplified expression for matrix element of gamma-transition in even-odd nucleus
is given for example, in [6]).
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3 Required parameters of analysis

Examples of random intensity distributions in integral form for their different N,
values in given level excitation energy interval, ratios k(M1)/k(E1) of strength functions
of E1- and M1-transitions, dispersions of distributions 0 = 2/v and registration threshold
of peak in spectrum are given in [4] for the case of excitation of resonances with the only
spin value.

Introduction of additional parameter (ratio between mean intensities of primary
gamma-transitions to levels 5/2 and corresponding data for levels 1/2, 3/2) in the case
of resonance with two spin values weekly influences stability of approximation and sen-
sitivity of this process to variation of initial values of fitted parameters. This result was
tested for the case when mean intensities in two different groups differed, practically, by
a factor 2.

4 Results of analysis

Experimental cumulative sums of relative intensities < I,/ E,?; > are presented in figs.
1,2 together with their best approximations. As an example, there are used the data
for E, = 2 keV. Due to negligible contribution of p-neutron capture, approximation
takes into account only two distributions — E1- and M1-transitions following decay of
resonances with spins 1/2. Experimental distributions for E,, = 24 keV are superposition
of four distributions — two distributions mentioned above and one more pair corresponding
to gamma-transitions between resonances with J=3/2 and final levels with J=5/2. Its
mean intensity relatively to gamma-transition intensities to levels J=1/2, 3/2 is found
equal ~ 0.44 for both isotopes (but with some larger dispersion of values for '*9Gd).

All the data are presented so that the expected total intensity of gamma-transitions
lying below registration threshold corresponds to the most probable value of cumulative
sum for zero intensity.

Precision in determination of parameters of approximating curve at low energy of final
levels E; must get worse due to inequality of level densities with different parity. Most
probably, this increases error of extrapolation by approximating curve to zero intensity
of gamma-transition. In practice, overestimation of the N, values seems to be more
probable.

The best values of fitting parameters Ry = k(M1)/k(E1) and v are presented in figs.
3 and 4. Main part of data in fig. 3 corresponds to the case k(M1)/k(E1). In potentially
possible case k(E1) < k(M1), some portion of the data shown in these figures corresponds
to alternatively determined ratio k(E1)/k(M1). These cases cannot be revealed without
the use of additional experimental information. Noticeable change in Ry = k(M1)/k(E1)
and v at = 1 MeV points to considerable change in structure of isotopes under study
at this excitation energy. As it is seen from figure 4, fluctuations of random intensities
to final levels of *Gd with spins 1/2, 3/2, from the one hand, and 5/2, from the other
hand, are described by distributions with rather different values of v. This fact has, in
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Fig. 1. The experimental cumulative sum of reduced intensitics < I,/E3 > for Gd
- histogram. Smooth curve corresponds to the best approximation. Excitation cnergy
intervals of cascade final levels E; are given in figure. Experimental data for neutron
energy = 2 keV.
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Fig. 2. The same, as in Fig. 1, for 159Gd.
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principle, the following interpretation:

1,0
EO,B H
§0,6—

-
§0,4 -
= 0,2

0,0 .
0 1 2 1 2 3
E , MeV

ex

Fig. 3. The best values of ratios k(M1) /k(Elg (lor k(FE1)/k(M1)) for different energy of
levels excited by dlpole gamma-transitions in 9Gd. Line 1 represents data for E, ~ 2
keV, line 2 - for E, =~ 24 keV. Line 3 — data for E, > 1 eV, line 4 - data for isolated
resonances

(a) distinction in structure of decaying neutron resonances with different spin and
parity;

(b) amplitude of corresponding gamma-transitions is determined by components of
wave functions which differ (see, for example, [9]) in number of phonons and degree of
their fragmentation;

(c) different structure and degree of fragmentation of the levels excited by primary
gamma-transitions.

In principle, one cannot exclude possibility of presence of some specific systematical
uncertainty which explains this effect. But, there is required realistic explanation for its
selectivity with respect to resonance spins. Unreality of existence of assumed uncertainty
brings to considerable conclusion: there are not grounds to exclude possible appearance
of the different v values for gamma-transitions with different multipolarity to final levels

: 100 . : ,

150 1 80

60
> 100}

40

Fig. 4. The same, as in Fig. 3, for parameter v for 97159Gd.
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with different spin. The data in figs. 3,4 unambiguously point to evident change in
structure of wave functions of final levels below and above ~ 1 MeV.

. 10° . :

Fig. 5. Different data on level density in ™1%°Gd. Dotted curves 1 represent results of
calculation within model [16]. From the data for E, = 2 - histogram 2; E,, = 24 keV -
histogram 3. Points - the best fit of data for E, = 2 within model [14] for K m=const.
Histogram 4 shows data for E, > 1 eV, histogram 5 - for isolated resonances.

The best values of level density p = ;. Ny/AE and sums of radiative strength
fmnctions 3 < I, > /(E.?N-,) are shown in figs. 5, 6. Normalization of intensities and
strength functions in both [7] and (8] was performed for five (from six) data sets.

7. 6x10° . . — - . .
o 157654 < ex10%}
S 4x10 . 3 4x10°
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m 2x10°
kvt
ols . 5
E,MeV

Fig. 6. Different data on radiative strength functions of the primary gamma-transitions
in BT59Gd. Dotted curve 1 shows results of calculation according to model {17]; dotted
curve 2 — calculation within model [18] in sum with &(Af1) = const. From the data for
E, = 2 - histogram 3; E, = 24 keV - histogram . Trom the data for E, > 1 eV -
histogram 5; isolated resonances - histogram 6.

Because intensities of gamma-transitions followiug “liltered”™ newtron eapture are given
in 7, 8] in relative units then corresponding strength functions in tigs, 5. 6 are combined
with each other under assumption of their approximale oquality for tinal levels 5 < 1

MeV.
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The most probable approximated N, values from capture spectra of 2 keV and 24 keV
neutrons in *8Gd below 1.0 and above 2.5 MeV exceed “resonance” values, practically,
by a factor of 2 (and some less - in other excitation energy intervals).

4.1 Some sources of systematical errors

Absolute minimum of x? for all the used sets of intensities is achieved, practically, for
the only value of N,, if the value of this variable equals ~ 5. Change in this parameter
by +1 brings usually to considerable increase in x2.

This allows one not to account for possibility of considerable (for example, more than
10-20%) uncertainty in determined level density caused by chosen conditions of approxi-
mation (excluded inequality of level densities with different parity).

Main problems in determination of nuclear parameters and their systematical errors
are, most probably, caused by:

(a) the use of assumptions on shape of the random intensity deviations from mean
value and

(b) possible presence of significant systematical errors in sets of analyzed intensities
[7, 8].

1. The Porter-Thomas distribution allows very significant random partial widths. But
fluctuations of the measured gamma-transition intensities I = I'y; /T’y are always limited
in their maximum value by positive correlation between partial and total radiative widths
of decaying level. This results in some overestimation of number of degrees of freedom v
determined by approximation and its dependence on intensities included in approximation
of cumulative sums. For instance, there is region of values I.,/(E‘_3,) >04for1< E; <15
MeV shown in Fig. 1. Intensities in the performed analysis were normalized so that their
maximum value did not exceed ~ 50% of approximation region for the majority of data
sets.

2. The main error of analysis can be related only to “loss” of gamma-transitions
whose inténsities do not exceed threshold value and/or mistaken identification of quanta
ordering in gamma-cascades.

Probability of overlap of two peaks corresponding to near-lying levels was estimated
in [10]. As it follows from the data presented by authors, this effect is small enough
and, most probably, cannot explain significant (several times) discrepancy between level
density determined by us and its prediction in the frameworks of the Fermi-gas model.
Moreover, this overlapping in the chosen presentation of experimental data increases rate
of growth of cumulative sums and, most probably, overestimates the N, value obtained.
There could be essential uncertainty caused by even and considerable loss of some part.
of observed peaks corresponding to intense primary transitions due to groping of levels in
near-lying (spacing of about 1-2 keV) multiplets. But this possibility is not predicted by
modern nuclear theory. Experimental data of nuclear spectroscopy also do not point to
existence of numerous multiplets of neighboring levels with spins 1/2 and 3/2 in even-odd
compound nuclei.

3. It is also possible that the gamma-transitions in the all or greater part of chosen
intervals of of primary transition intensities (with the width of some hundreds keV) have
different mean values. Moreover, probability of relatively low-intensity gamma-transitions
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quickly (but smoothly) increases as decreasing their intensity. In principle, this effect can
be caused by mechanism of fragmentation [9] of different states over neighboring levels of
a nucleus.

Apparently, only this hypothesis can be alternative explanation of “step-like” struc-
ture in level density in performed here analysis. This hypothesis can be applied to the
determined according to [1, 11] level densities under the following conditions: main part
of levels (with the same J") below ~ 0.5B,, must not be excited by primary gamma-
transitions; some Cooper pairs of nucleons must break simultaneously at small as com-
pared with B, nuclear excitation energy. One cannot suggest other possibility for precise
calculation of the two-step gamma-cascade intensities in the investigated even-odd nuclei.

4.2 Interpretation of the obtained results

The most important physics information on structure of excited levels below ~ 0.5B,,
can be derived from coefficient of collective enhancement of level density K y:

p(Ua Jw 7I') =pqp(U7 Jv”)Kcoll(Uf Jrﬂ')' (1)

In accordance with modern notions, K. determines [12] degree of increase in density
of pure quasiparticle excitations p,,(U, J, 7) in deformed nucleus due to its vibrations and
rotation. One can accept in the first approach that, to a precision of small constant, it
equals coefficient of vibrational enhancement of level density K.

On the whole, this coeflicient is determined by change in entropy 65 of a nucleus
and redistribution of nuclear excitation energy U between quasiparticles and phonons at
nuclear temperature 7

Kyite = ezp(8S — 6U/T). @

Now there is a possibility for unambiguous experimental determination [13] of breaking
thresliold Ey for the first and following Cooper pairs, value and shape of correlation
functions dy of nucleon pair number N in heated nuclei. The main uncertainty of Ey
is caused by the lack of experimental data on function 6y = f(U), the secondary - by
uncertainty of one-quasiparticle level density g in model [14]. So, three different model
dependent approximations of level density in large set of nuclei ([13] and [15]) predict
threshold E; for five-quasiparticle excitations which differs by a factor of 1.5-2.0.

In practice, we used the second variant of notions of the Cooper pair correlation
function in heated nucleus [13] for estimation of the K., value from approximation of
the data {7, 8]. The values 6, = 1.02 MeV, g = 9.95 MeV~! were used in calculation.
Densities of three-quasiparticle levels (multiplied by the “best” = Kyp = const value)
calculated for the breaking threshold of the first Cooper pair of nucleons E; = 0 MeV are
given in fig. 7. Its concrete values for minimal x? are equal to 9.6 and 6.3 for !7Gd and
'%9Gd, respectively. The assumption on energy independence of K., at low excitation
energy is evidently unreal (see fig. 7).

Parameter Kcoi-1 determined from comparison between calculated in this way density
of three-quasiparticle excitations (J = 1/2,3/2) and its most probable experimental value
is compared with calculated value 6 in Fig. 7.
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Fig. 7. Points show coefficient of collective enhancement of level density, curve represents
the values of parameter §; used in [13, 15] for calculation of partial density of three-
quasiparticle levels.

In the excitation energy interval below = 2 MeV is observed considerable correlation
of this coefficient with the §, value from [15] and from the second variant of analysis
[13]. Decrease in correlation at higher excitation energy can be related to significant
contribution of five-quasiparticle excitations in function p, (U, J,w) and/or to smaller
than it is adopted in [13, 15] rate of decrease of function & at U > 1.8 MeV.

Analysis of experimental data presented above in common with the data [1, 11] points
to necessity of experimental search for neutron resonance structure in the energy interval
E, of about 1-2 MeV and more. Figure 6 show both general properties of radiative
strength functions in isotopes under consideration and their evident difference in region
below ~ 0.58B,.

Analogous variations of energy dependence of radiative strength functions in both nu-
clei of neighboring elements and isotopes are also demonstrated by analysis of the two-step
cascade intensities. If these changes are completely or to a great extent determined by
difference in ratio between qusiparticle and phonon components of the neutron resonance
wave functions then extrapolation of the regularity established in [15] for expected dif-
ference of breaking threshold of two neighboring Cooper pairs Ey41 — Enx & 26 can be
spread and into the region above B,,. Therefore, one can expect cyclic change in structure
of excited resonances with period of about 2 MeV for heavy nuclei with § ~ 1 MeV.

Moreover, this effect in even-odd isotopes of rear earth elements can appear itself as
change in ratio between intensities of the primary transitions with energy E; = 3—4 MeV
and E; > B, — 1 MeV.

The data presented allow the following conclusions:

1. Nuclei 15%199Gd, excited in the (7,7) reaction by the 2 keV and 24 keV neutrons
demonstrate the same properties as those revealed earlier for about forty nuclei from the
mass region 40 < A < 200: step-wise structure in level density and local strengthening
of radiative strength functions of the primary gamma-transitions to the levels of this
structure.

2. Abrupt change in structure of levels in the excitation energy region about 1.0-1.5
MeV. It manifests itself in considerable increase of the k(M1)/k(E1) values and in strong
difference between their distribution and normal distribution of random gamma-transition
amplitudes.
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3. These experimental ratios k(M1)/k(E1) can be used for obtaining of simpler values
of the E1- and M1-transition strength functions and data on the ratio between density of
levels with different parity in the frameworks of methods (1, 11].

4. Main part of the primary gamma-transitions observed in the (7, ) reaction cor-
responds, probably, to excitation of levels with large and weakly fragmented phonon
components of wave functions.

5. The data on the most probable N, values obtained for different intervals of neutron
energy allow one to consider practically negligible dependence of the determined level
density on E,. Besides, influence of nuclear resonance structures results in considerable
change in shape of the deviation distribution of the gamma-transition intensities from its
mean value even in the narrow interval of nuclear excitation energy considered here.

5 Conclusion

Analysis of the available data on the primary gamma-transition intensities from (7, )
reaction in compound nuclei '¥"15Gd showed step-like structure in density of their levels
and increase in radiative strength function of transitions to levels in region of this struc-
ture, at least, for primary dipole gamma-transitions. Id est, it confirmed main conclusions
of [1, 11] and pointed to necessity to reveal and remove systematical experimental errors
in allernative methods for determination of only level density [19] and simultaneous de-
termination of all the parameters of cascade gamma-decay (20, 21]. The most important
problems at experimental determination of level density and emission probability of reac-
tion product become both correct accounting for influence of level structure on emission
probability of nuclear evaporation and cascade gamma-quanta in investigations of nu-
clear reactions on accelerator beams and considerable decrease in systematical errors of
experiment. ’

The best estimations of dispersion (parameter ) of the random intensity fluctnations
strongly differ from the mean values predicted in [22]). This allows one to assume that the
wave functions of levels excited by primary transitions contain considerable components
of weakly fragmented nuclear states which are more complicatéd than one- or three-
quasiparticle states. Approximation of the obtained level density by model [14] confirms
the fact of considerable (= 10 times) increase of level density due to excitations of mainly
vibration type [15]. Comparison of the data presented in figs. 5,6 with those obtained
from intensities of two-step cascades permits one to make preliminary conclusion that the
abrupt change in structure of decaying neutron resonances, at least, in their energy interval
~ 24 keV is not observed. There is no reason to wait principle change in the determined
according to method [1, 11] level density and energy dependence of the primary transition
radiative strength functions from resonance to resonance. Further decrease of errors of
these nnclear parameters determined from intensities of the two-step gamma-cascades
undoubtedly requires reliable estimation of function k(E.,, E.;) practically in all energy
diapason of levels excited at thermal neutron capture.
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POSSIBILITY OF EXPERIMENTAL DETERMINATION OF RELIABLE
PARAMETERS OF THE COMPOUND-STATE GAMMA-DECAY AND
SOME ERRORS OF ANALYSIS: Mo AS AN EXAMPLE

A M. Sukhovoj, V.A. Khitrov
Joint Institute for Nuclear Research, 141980, Dubna, Russia

Comparison between potential possibilities and inevitable systematic errors of one- and
two-step reactions for obtaining of maximum reliable data on level density and radiative
strength functions after decay of excited levels of complicated nuclei has been performed.
It was shown that the use for this aim of two-step reactions instead of one-step reactions
provides for potential possibility to decrease systematical errors of mentioned nuclear
parameters, as minimum, by several times.

1 Introduction

Level density p and radiative strength functions k = f/A%® = T'/(E3D,A¥3) of cas-
cade gamma-transitions following decay of high-lying levels (E; > 5 — 10 MeV) for main
portion of excited nuclei can be determined experimentally only from solution of reverse
task — from the spectra of cascade gamma-decay measured with “bad resolution”. There
is standard task for mathematical analysis. Usually, it has infinite number of possible
solutions. But, the interval of the possible p and k values can be both infinite or strongly
limited by experimental conditions. In the first case, determination of p or k is impossible
without applying additional information, in the second — it is possible to determine the
small enough region of the p and k values which reproduce experimental spectra with
the value x2/f < 1. In the second variant it is appeared, as minimum, possibility to
exclude from consideration some nuclear models which do not provide required precision
in reproduction of experimental data.

Such models of p and k inevitably appeared by theoretical analysis of experimental
data obtained earlier with large systematical errors. The latter unambiguously follows
from comparison of p and k values determined in experiments of different types. The
primary problem in this comparison and following selection of nuclear models is realistic
estimation of systematical uncertainties of the data under consideration.

2 Experiments of different type

Qualitative difference in potential possibilities to get reliable data on p and k is caused,
first of all, by the type of experiment. The usual (below — one-step) experiment corre-
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sponds to registration of given reaction product and, main, to comparison between prob-
ability distribution of its emission and tested reaction notions independently on probable
yield of other products.

Two-step experiment assumes both measurement and comparison of the measured and
calculated with the tested functions p = ¢(E,;) and k = ¢(E,) cmission probability of two
corrclated reaction products. There can be two gamma-quanta or particle and gamma-
quantum. The function shape for probability distribution of their registration with the
determined parameters in one- and two-step reactions is different. Just this difference
causes different valuc of systematical uncertainties of measured nuclear parameters and
high resulting reliability of their values in two-step reaction.

The reason for considerable discrepancy between achieved precision in determination of
experimemtal data on p and k is casily revealed at comparison between one- and two-step
reactions. In the first case, determination of these nuclear parameters is performed usually
from the spectra whose S amplitudes are described by expression like S « pk/ Y (pk).
Rcgistration probability B, of the next reaction product (here — gamma-quanta to given
final levels) has another form of dcpendence on the same parameters: B, oc k/ ¥ (pk).
This leads to principle change in values of systematical errors dp and 6k — decrease of
their values by scveral times as compared with one-step reactions.

3 One-step reaction

Authors (1] performed re-analysis of their experimental data (practically — one-step
reactions (3He,3Hc'7), (*He, ay)) and changed small portion of results presented carlier.

On the whole, principle discrepancy between physical picture of cascade gamma-decay
obtained in Oslo and Dubna remains. Characteristic feature of the first data set — smooth
change in level density as changing excitation energy; sharp changes in nuclecar properties
are absent. Any correlation between level density and emission probability of gamma-
quanta is not rcported.

In the second case is observed alternative picture of processes occurring in nucleus.

Approximation of level density [2] by Strutinsky model [3] and sum of radiative
strength functions by semi-phenomenological dependence [4] gives the following picture
of gamma-decay:

(a) level density below neutron binding encrgy B, is detcrmined by quantity of excited
quasi-particles breaking threshold of 3-5 nucleon pairs. This number depends on shape
of energy dependence of the nucleon pair correlation function in heated nucleus. Main
portion of excited levels helow = 0.5B,, is caused by nuclcar phonon excitations and (for
deformed nuclei) by their rotation. This result qualitatively coincidences with the data
on cocflicients K, of eollective enhancement of level density presented in file [5];

(b) sumn of radiative strength functions of E1- and M1-transitions is described very well
by superposition of medel |6} and local “peak” structure. The latter has maximum value in
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region of levcls whose wave functions contain large few-quasi-particle components or large
phonon components (excitation energy region with Ko >> 1) with the “tail” potentially
decreasing as decreasing gamma-transition energy. Morcover, functional dependence [6]
has the weight w ~ 1/K o and, correspondingly, less nuclear temperature 7. Parameters
w and T depend on parity of nuclcon number in nuclei studied up to now.

Therefore, there is urgent necessity in further analysis of systematical errors of different
methods for determination of p and k. In [7] is demonstrated that change in total intensity
of two-step cascades by +25% from the valuc obtained in experiment does not lead to
principle change in form of determined p and k valucs. The use of hypothesis [8, 9]
instead of experimental function k(E,, Ee,) overestimates the obtained level density, most
probably, not less than by two times (the values of k arc undercstimated, respectively).
The other ordinary systematical errors have minor value. On the whole, difference between
the pictures of gamma-decay obtained in different experiments cannot be related mainly
to systematical errors of method [10].

Necessity, direction and considerably larger volume of required re-analysis in [1], as it
should be cxpected, are caused by inaccurate subtraction of Compton background (and
other backgrounds) in cach experimental total gamma-spectrum and crrors of normaliza-
tion of all the speetra to the same number of decays.

Unfortunately, authors of {1] did not performed quantitative analysis of systematical
crrors and, main, cocfficients of their transfer to the determined paramecters. In particular,
relative normalization of total gamina-spectra was done with the use of experimental mul-
tiplicity of coincidences. As it follows from the works published by Oslo group, probable
discrepancy between its value and mecan number of gamma-quanta in cascade following
decay of levels with excitation energy E.; was not investigated. Nevertheless, determina-
tion of systcmatical crrors of the obtained p and k& requires one to estimate possible errors
of the measured intensity and, main, coeflicients of their transfer to the “first gencration
spectra”. And then - to the determined paramcters p and k.

3.1 Error transfer and possibility to estimate its coefficients for
one-step reaction

Qualitative notion on the considered valucs can be obtained in diffcrent ways:

1. Dircct comparison between “raw” and “primary” spectra presented in the same
scale. (Normalization of these spectra relative to their high-energy parts can be performed
unambiguously). This allows one casily to estimate required precision in determination
of intensity of total gamma-spectra following decay of levels lying in region of neutron
binding cnergy (and lower) for any nucleus studied in Oslo. For the low-energy primary
gamma-transitions (for example, E, &~ 1 — 2 McV), relative crror of subtracted Compton
background of raw-spectrum must not cxceed ~ 0.01. (It is obtained at rather optimistic
cstimation of required precision in determination of the primary gamma-transition inten-
sitics - 10% and exceeding of “raw” spectrum above the “primary™ onc only ~ 10 times
at low cnergy of gamma-quanta).
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Therefore, inevitable and different components of background (independently on their
nature) and any distortion at registration of gamma-quanta by scintillation detector must
be small enough (i. e., their contribution in low-energy part of total spectrum must be
noticeably less than ~ 1%). In the other case they must be determined independently on
main experiment, at least, with the same precision.

2. Calculation of total gamma-spectra for different model functions of p, k¥ and fol-
lowing comparison of differences AS{;“ with corresponding values of §p;; and ék;; for any
possible pairs of p and k.

o
3

K(E1)+k(M1), MeV?

3
%

Fig. 1a). 4 variants of the calculated total gamma-spectra in %Mo. Points with errors
- calculation for models [6] and [11], curve 1 - [8, 9]+[11], curve 2 - [6] and step-like
level density from Fig.1b), curve 3 — [8] and step-like structure. Fig. 1b). Points — total
number of levels in known decay schenie {12], curve 1 - [11], curve 2 — level density with
step-like structure. Fig. 1c). Curve 1 - data [8], curve 2 -[6] together with k(M1) =const.

In Fig. 1a) are presented four total gamma-spectra for %Mo calculated within two
models of level density and two models of radiative strength functions shown in Fig.
1b and Fig. 1c), respectively. For convenience of comparison, calculated spectra are
presented in form S = I, E,. For one spectrum there are given errors of calculation which
are equal to 10%. As it is shown below, the total gamma-spectrum can be presented by
sum of spectra of the irst generation gamma-transitions depopulating low-lying levels. Id
est, it follows from the fact of small difference between model calculation in low-energy
part of spectrum that the required total error in determination of total gamma-spectra
in method [13], most probably, must be considerably less than 10%.

3. Calculation of spectra h of primary gamma-transitions for different excitation
energy of studied nucleus and given parameters p, k with folding of these functions in
total gamma-spectra S according to expression:

Si = hi + Y_(Sy). (M
1

The following distortion of spectra S; by different errors d and reconstruction of dis-
torted values of h; by means of reverse to (1) procedure:
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hi = Sid; — Y _(MSidy) 2)
1

allow easy modeling of error transfer of total gamma-spectra to the errors of the primary
gamma-transition spectrum. Necessity and possibility of effective search for error transfer
of the total gamma-spectra to the primary transition spectra was first investigated and
suggested in [14].

(a) Identical analysis for gamma-decay of %Mo excited levels shows, for example, that
[1] “unexpected enhancements in the radiative strength functions (RSF) of low energy
gamma-ray...” is, probably, inevitable consequence of ordinary systematical errors in
normalization of the total gamma-spectra. For instance, at linear distortion of their area
by coefficient d = 1 + dmag((Br — Eez)/B,) in energy interval of decaying levels from 9
MeV to ground state. There were tested two variants of distorting function (d,., = 10%
and dmqz = —10%). The results are presented in Fig. 2. Most probably, this estimation
of possible systematical error d,,,, = £10% is optimistic and underestimated by several
times. This conclusion was made on the ground of dispersion of experimental multiplicity
of gamma-quanta presented in [15]. Just this parameter of gamma-decay is used for
relative normalization of the total gamma-spectra by group from Oslo.

Moreover, double overestimation of intensity of the primary transition spectrum is
observed at the primary transition energy of about 1 MeV for the nuclear excitation
energy E.. = 9 MeV (Fig. 2). Analogous overestimation is regularly present and at
lower excitation energy E... This error quickly increases at the less than 1 MeV primary
transition energy Ey. At higher energy — changes sign and magnitude. Transfer coefficients
of these errors to the determined level density and radiative strength functions strongly
exceed analogous values in analysis of two-step cascade intensities [7] due to difference of
functional dependences on p and k of experimentally measured distributions.

(b) There are no doubts in difference of shapes and areas of incoming in (2) gamma-
spectra following depopulation of levels of the same energy but excited by primary gamma-
transitions from higher-lying (S;) levels or in result of the nucleon product emission of
nuclear reaction (S5;).

This is caused by both difference in energy dependence of the primary El- and M1-
transitions (directly observed in method {10]) and widening of spin interval excited by
dipole gamma-transitions. The method for determination of corresponding error is un-
known.

However, it should be taken into account that the values of analyzed errors and coef-
ficients of their transfer to values of level density and radiative strength functions must
be determined numerically for the worst cases.

(¢) Multi-parametric fitting is usually performed using the method suggested for the
first time by Gauss and then developed by other mathematicians for the case when cor-
responding system of equations is singular or close to singular. The method consists in
the following: the value of vector-column X consisting from n parameters is determined
{for example, [16]) in the vicinity of their actual values for k + 1 iteration by the matrix
equation )

Xiws = Xi — (JTGI)NITGS(Xx), 3
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Fig. 2. Solid curve — model calculation of the primary gamma-transition intensity in
9%Mo. Two thin curves show its change for linear overestimation (underestimation) of
arca of total gamma-spectra for different encrgy FE,. of decaying levels.

where G is the matrix of weights, the Jacobi matrix J and corresponding transposed
matrix JT are the matrixes of derivatives from function S(E,) with respect to the desired
radiative strength function & of transition and number p of levels in a given encrgy interval
AF of corresponding spectrum. S is the vector-row of m experimental points in all spectra
involved in fitting of parameters. It is obvious that eq. (3) has a solution (uniquc) only
upon condition of existence of covariant matrix C = (JTGJ)~!. Otherwise, process (3) is
realized using some type of regularization. Existing programs of multi-parameter fitting
can find some arbitrary solution of system in case when system of equations is degenerated.

In the casc considered here [1], matrix C is degencrated [17] even at the use of all
available spectroscopic information (known level density in two excitation energy points,
total radiative width in vicinity of B, and ratio k(M1)/k(E1) ncar B,).

As a consequence, iterative process for search of maximum of likelihood function re-
quires one to use regularization (increasing of diagonal elements of matrix C), which docs
not distort dircetion along gradient of the likelihood function.

Compulsory limitation of any clements of corrective vector 6.X/X for unknown p and
k by relative value P in limits 0.01 < P < 0.2 (expression (17) in {13]) at cach iteration
deflects this vector from the maximum of the likelihood function. Authors [13] did not
present proof for convergence of the process under conditions listed above. Therefore, one
can conclude that the maximum of likclihood function was not achieved.

As it follows from accumulated cxperience of determination of function parameters
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{presented in textbooks on mathematical statistics), they.should be determined at max-
imal variation of initial values of level density and radiative strength functions. Under
conditions of degenerated matrix, maximum of likelihood function cannot be the only.
Conclusion completely contradicts algorithm [13].

(c) High sensitivity and very large volume of accumulated information on two-step re-
action (n,2y) [10] allows one to get principally new information on structure of nuclei of
any type in considerably wider excitation energy interval than it is available for classical
nuclear spectroscopy. Hence, reliable parameters of gamma-decay can be obtained only
-under condition of accounting for the strongest violation of the Axel-Brink hypothesis
for gamma-transitions to the levels with different ratio between vibrational and quasi-
particle components. It is regularly and easily revealed experimentally as very significant
enhancement in cascade population of levels in region of step-like structure (nuclear ex-
citation energy — several MeV) in investigation of two-step cascades. It should be noted,
that accounting for probable dependence k(E1) + k(M1) = f(E,, E.;) simultaneously
decreases discrepancy between the calculated and experimental total gamma-spectra also
(18]).

Analysis [19] showed principle discrepancy between shape of experimental intensity of
two-step cascades in 57Fe, for example, and that calculated with the use of the data on the
(3He,® He'v) reaction. The analysis was performed with accounting for all requirements
of mathematical analysis and mathematical statistics.

4 Two-step reaction

The term “two-step” reaction assumes, in general, experimental measurement of prod-
uct of partial cross-scctions for two successive products of nuclear reaction in case when
spectrometer resolution is enough for observation of individual peaks, or sum of their in-
tensitics over excitation energy region of intermediate levels - at bad resolution. Besides,
there is possible registration of charged particle and following gamma-quantum. Reaction
(n, va) studied early in FLNP JINR also belongs to class of two-step reactions.

Naturally, it is necessary to account for possibility of significant systematical error
in strength function of low-cnergy primary gamma-transitions determined in analysis.
This error can be due to incorrectness of hypotheses used for experimental data analysis
and, correspondingly, can lead to incorrect parameterization of model [6] obtained on this
basis. (For example, at considerable increase in a-widths relative to the average.) Most
probably, there is the main problem for analysis of two-step reactions and source of main
systematical uncertaintics in nuclear paramcters obtained from them. Main sourees of

errors in processing of the two-step cascade intensitics were analyzed in [14] and detailed
in [19].

The used in [10] main principles and algorithms for the two-step cascade intensity
analysis were developed in functional analysis and mathematical statistics and completely
correspond to their basis notions.
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Practically revealed sources of systematical errors and problems which should be solved
by analysis of two-step cascade intensities are the following:

1. The assumption (8, 9] on absence or weak influence of nuclear structure on its main
parameters - level density and emission probability of gamma-quanta with the same
energy but different energies of nuclear excitations is obviously mistaken.

2. The existence of false solutions of reversed task considered here is inevitable.

3. Therc is nccessary to take into account the strongest corrclation between both
different desired parameters and paramcters of the same type (but for different nuclear
cxcitation cnergy).

4. Non-linearity of error transfer coefficients of the measured spectra and their change
at incrcasing (decreasing) error of experiment determines the width of interval for the
possible p and k values for different systematical errors of cascade intensities and and vice
versa.

These statements arc based on modern theoretical ideas, the set of available experi-
mental data and general methodological scientific principles.

1. There are:

a) Analysis of fragmentation of nuclear states of different complexity [20] showed
strong irrcgularity of this process. At any nuclear cxcitation encrgy, wave functions of
levels can contain large components of different type. They can be in matrix elements of
gamma-transitions and penctration coefficients of nuclear surface for nucleon products of
nuclear reaction. This contradicts main postulates of “statistical” model of nucleus.

b) The same conclusion follows from coefficients of vibrational enhancement of level
density [5] in the region of neutron binding cnergy and estimation of parameters of the
primary gamma-transition intensity distribution in reaction (7,+). The achieved lcvel of
experiment and modern mathematics apparatus allows its treatment without the use of
this obsolete postulate.

¢) Only the comparison between the parameters of nuclear reaction obtained in this
way and theoretical ideas can give objective picture of processes occurring in nucleus.

2. Because simultancous extraction of p and k from untransformed experimental
spectra of two-step reactions always gives some set of false solutions. Region of their
values must be minimal at registration of different products at the first and second steps
of reaction. But, it very strongly increases at registration of two gamma-quanta with
lifetime of intermediate level in femtosecond diapason by any known spectromecters of
gamma-coincidences.

In consequence, experimental spectra of the (n,27) reaction can be reproduced with
x*/f < 1 by infinite number of the level density and radiative strength functions - on
gamma-quantum energy and structure of levels connected by gamma-transition. More-
over, ratio between the obtained maximal and minimal values of p and k can exceed some
tens [14].

Very essential reduction of interval of their possible values in the (n,2y) reaction
requires onc to determine the portion of the primary transition intensity in arbitrary
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encrgy interval of cascade gamma-transitions in vicinity of chosen energy E,. This task
can be solved [21] with acceptable error by accounting for shape of line (changes in
intensity and number of registcred cascades) of primary gamma-transition with different
cnergy E).

3. Any change in function p, for example, precisely reproducing cxperimental spectra
results in adequate change of the same value for other excitation energy or/and strength
functions k. This correlation is realized through the total radiative widths of initial and
intermediate cascade levels. Such correlation is clearly observed in method [10} for all
the nuclei studied in Dubna. This follows from the fact that in experiments with even
ordinary detectors is observed some tens percent of the total intensity of the primary
gamma-transitions

'rv (Er) ZZ A lA 4

A i

The analysis performed, for example, in [22, 23, 24] ignores strong correlation between
intensity of any cascade with other gamma-quanta. Therefore, comparison only of central
parts of the experimental spectra with different variants of model calculation by discrep-
ancy at the ends of spectra guaranties absolute unreliability of the made conclusion.

4. Applicability of some set of the p and k£ modecls for reproducing experimental
cascade intensity by means of criterion x? was cstimated without accounting for sighificant
nonlinear coefficients of error transfer of experimental spectrum to crrors of parameters.
They significantly differ from unit. In this situation, the width of confidence interval for
crrors of tested level density and radiative strength functions can be unlimited large at
least in some cases.

The examples of the two-step cascade intensity analysis in 5 Fe, 172Yb, Dy and 1%8Au
performed without accounting for mentioned above specific of two-step reaction (n, 2v) can
be found in [22, 23, 24]. Accounting for this specific [19, 14, 25] gives significantly differcnt
data on both level density and radiative strength functlons and does not contradicts our
data for other nuclei.

Nucleus %Mo is not exclusion, as well.

4.1 Grounded and ungrounded conclusions at analysis of exper-
iment

Necessity in estimation of ground of experimental conclusion unambiguously follows
from two examples:

a) comparison between results of different experiments at test of the Bohr-Mottelson
[26] (or Axel-Brink) hypothesis of independence of reverse reaction cross-sections on wave
function structure of excited level of final nucleus and

b) logic in choice of conclusion on the nuclear process picture at presence of infi-
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nitc number of possible parameter values concentrated in final interval of their possible
magnitudes.

1. Extraction of level density from spectra of one-step reactions is impossible without
the use of hypotheses of independence of reverse reaction cross-section on excitation encrgy
of final nucleus. Corresponding error of any adopted hypothesis is directly transformed
into unknown systematical uncertainty in determination of p.

This problem is not so important for two-step rcactions. As it was shown in analysis
of change in cascade population of levels of studied nucleus below 0.5B,, {10], deviation of
cross-section from general trend at different nuclear excitation energy in reaction (n, 2}
has different sign. Qualitatively, the effect of sign-changeable cycling in deviation of
cross-sections from averaged dependence can be interpreted in frameworks of theoretical
conclusions about regularitics of fragmentation process of states with different numbers of
quasi-particles and phonons. So, inapplicability of the Axel-Brink hypothesis for gamma-
quanta is partially smoothed in the value of the total radiative width of the cascade
intermediate level by items of different sign. On the other hand, experimental data allow
one to account to the fist approach for considerable enhancement in k(E1) + k(M1) for
the secondary cascade transitions to the levels lying below the break threshold of the
sccond Cooper pair of nuclcons.

This means that the conclusion [27] on justice of hypothesis [26] is not grounded. 1. ¢.,
cxisting experimental data do not permit one to exclude possibility of strong corrclation
between partial cross-scctions of gamma-transitions and evaporated nucleons for given
excitation encrgics of final nuclei.

2. Analysis of published results on study of two-step reaction ®*Mo(n, 2v) demonstrates
another aspect which should be taken into account in order to obtain reliable conclusion
about the studied picture of processes occurring in nucleus.

So, impossibility to recproduce experimental intensity of two-step cascades in limits of
their total experimental error with the use of any model notions of p and k or data of
other experiments is absolute argument for their more or less mistakenness. This is true
within uncertainty of other existing notions of gamma-decay process. For instance, there
is idca. of independence of decaying mode of excited levels on way of their excitation.

But, correspondence between calculation and experiment (moreover, in limited interval
of gamma-transition cnergy) cannot be a proof for justice of the tested p and k. This is
duc to their potential coincidence with one of falsc solution from onc hand and owing to
impossibility to gucss cxperimental values of p and & - from other hand.

5 Principles of two-step cascade analysis in Mo

The goal of analysis suggested here is determination of the most reliable p and &
values for given isotope (independently on other opinions concerning this point).

Unique (and not realized in [28, 29]) possibility for this aim is provided by experimental
data on two-step cascades measured in Rez. But, obtaining of reliable data is impossi-
ble without formulation of conditions and postulates of analysis providing its maximal

reliability:
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1. Cascade intensity is described by the function whose arguments have infinite number
of possible valucs. However, all these values are physically limited by final interval of
possible magnitudes for any cnergy of excitation and gamma-transition:

Pmin < P < Pmaz
I-‘min <I'< I-‘m.a.a:' (5)

Thercfore, the region of their possible values can be determined by mathematical
methods without using of model notions about p and for k. But, this can be done on-
ly under condition that the ratio between strength functions of primary and secondary
gamma-transitions of the same cnergy and multipolarity is set on basis of some hypotheses
or experimental data. This statement is easily tested using any algorithm of search for
random solution of system of cquations (4) even at its spreading onto functional depen-
dence for cascades with reverse ordering of primary and sccondary gamma-transitions of
considered cnergy. Of course, it is necessary to sct maximally different initial values for
iterative process and, it is desirable, out of the region (5) of its determined maximal and
minimal values.

2. On the ground of experiments performed carlier, it must be assumed that the cas-
cade intensity depends on the wave function structures of its three levels. If this statcment
is false for given nuclens then objective analysis must demonstrate their independence.

3. The analysis must use all inherent to experiment possibilitics. Thercfore, it is
necessary to use the only found up to now possibility {10] to estimate degree of functional
dependence of strength functions on energy (i.c., structure of wave function) of decaying
level.

If nucleus %Mo is exclusion from this rule, and the Axcl-Brink hypothesis is applicable
and for it then experiment must show in limit of errors the independence of wave functions
on nuclear structure: k{E,, E,.;) = k(E,).

6 Results of analysis of two-step cascade intensities
in %Mo

As carlicr, authors of [28, 29] used for proof of their point of view comparison between
central parts of some experimental spectra (corrected by cfficiency of cascade registration)
for choice of some variant of modecl values of p and k. In their opinion, the tested variants
describe the compound-state gamma-decay adequately to the experiment.

Practical use of the analysis principles enumerated above does not correspond to this
conclusion completely.

In analysis of the experimental data performed by us were used the following nuclear
paramcters: density of levels with J™ = 2,3+ at B,=9.154 McV corrcsponds to spacing
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Fig. 3. Curve 1 - model values [11], thin curves represent the best random functions of
the density of intermediate cascade levels reproducing I, in Fig. 5, 6 with practically the

same valucs x2/f < 1. Solid points show their mean value. Squares present data from
[12}.
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Fig. 4. Curve 1 - k(E1) from model [8], curve 2 - [6] in sum with k(M1) =const. Thin
curves represent the best random functions reproducing I,, in Fig. 5, 6 with practically
the same values x?/f < 1. Solid points show their mean value.
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between them D=55 eV. Below 2.5 MeV were used experimental scheme of levels and
modes of their decay. Level density excited according to model {11] by primary dipole
transitions is presented in Fig. 3 by curve 1. It corresponds to nuclear parameters
enumerated above. Analysis in frameworks of this model gives level density at the lowest
and highest nuclear excitation energy. It is fixed equality of level density with different
parity at B,. Their ratio below neutron binding energy is free parameter.

The total radiative width of neutron resonances was taken equal to I'y = 160 meV,
ratio k(M1)/k(E1)=0.256 for E, = 6.8 MeV. The threshold of fitted spectra was taken
equal to 0.9 MeV for correspondence with [1]. The ratio of capture number in conipound
state with J = 2% to the total number of captures was accepted equal to ¢;=50 and 66%.
This variation was performed for possible compensation of error in determination of spins
(and capture cross-sections) in under-threshold resonances [30].

The functions presented in Fig. 1b) and 1c¢) were used as initial values of p and k in
some part of calculation. And obviously unreal their values were used in other part of
calculation.

As it was already mentioned in [7, 19, 25], the use of experimental spectra with indef-
inite ratio between intensities of the primary and secondary transitions in vicinity of the
primary gamma-transition energy F., = Ey or E, = E, increases region of the possible p
and & values by 1-2 order as compared with the used by us [10] analysis. This is observed
in figs. 3 and 4 (there is given for o; = 66%). Some decrease in dispersion of the found
p and k values can be achieved by the use of experimental data on primary transition
intensities of the most strong cascades. This is effectively in near-magic nuclei and, in
principle, allows one to reject clearly false “bump” which appears itself in Fig. 4 about
E; = 1.5 MeV in some variants of calculation. This problem is solved automatically in
experimental data processing within the method [10] if only the quanta ordering in the
most intense cascades is determined by means of apparatus of nuclear spectroscopy with
errors not exceeding some percents. However, possibility of mistaken determination of
quanta ordering in cascades with their intermediate level energies below 3-4 MeV in the
considered isotope with relatively low level density is practically unreal. Principle dis-
crepancy in results of approximation with variants ¢; = 50% and o; = 66% in spectra
of possible p and & functions is not observed. Pure E2-transitions were not considered in
approximation; actually, the data in Fig. 4 may contain mixture of dipole and quadrupole
transitions.

The cascade intensity spectrum is given in [29] only for four summed energies. There-
fore, just these data were used in our fitting of spectra. Results of approximation of
summed intensity of central parts for 11 spectra by random functions (figures 3 and 4)
are presented in Fig. 5. Resulting dispersion in calculated data presented in this figure for
maximal excitation energies can be stipulated by both errors in normalization of spectra
and errors in the used in calculation values of their spin and parity.

Anti-correlation between p and k results in fact that the level density functions with
their maximum values correspond to strength functions with the least values (it directly
follows from condition ', = const).
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Fig. 5. The ratio between calculated and experimental intensities for central parts of 11
spectra for random functions presented in figs. 3 and 4.

7 Conclusion

1. Description of the cxperimental intensity of two-step cascades to a precision of
cxperiment is impossible in frameworks of many existing model notions and experimental
data.

2. Approximation of cascade intensity to the ground (phonon-less), one-phonon (E,, =
778) states and two-phonon doublet (F,; = 16254 1629) keV reflects, probably, influence
of wave function structure of cascade final level on its intensity. Local “bump” in region of
the primary transition energy & 4 MeV determines the shape of their cnergy dependence
and summed intensity of each cascade.

3. More precise data on p and k. can be obtained only by application of mcthods
[21, 10] to the cxperimental data from Rez. Uncertainty in determination of dependence
(4) of cascade intcnsities on on cnergy of their primary transitions within the method
[21] at given statistics, resolution and background will be considerably less than error in
normalization of absolute intensity I,,.

4. Spectroscopic- data can permit onc to dctermine cascade population of levels in
%Mo up to the excitation energy not less than 4.5 MeV. It is not excluded that this is
quite enough for observation of increasc in strength functions of secondary transitions to
the levels lying in region F,; =~ 4 McV.

5. The shapes of encrgy dependences for p and & repeat, in the average, analogous
data for other nuclei - step-like structure, strengthening of & to the levels in its region
not only for primary but, probably, also for secondary cascade transitions, and noticcable
dcerease in low-cnergy region of primary transitions F; < 3.5 MeV.
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Fig. 6. Histogram - cxperimental intensity of two-step cascades for the levels E,,
(summed over the intervals of 100 keV). Lines - variants of the calculation with ran-
dom level density and radiative strength functions presented in figures 3 and 4. Normal-
ization of experimental and calculated spectra corresponds to that adopted in [29], ie.,
corresponds to summed intensity of all possible two-step cascades 200% per decay.
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6. The method used in Oslo needs in realistic estimation of systematical errors of the
measured spectra and their cocfficient transfer to the determined p and & values. It is not
excluded that the required precision of experiment estimated here cannot be achieved in
existing variant of the experiment even in principle.

7. Most probably, its authors would be able to obtain reliable enough data by the use
of two-step reaction “charged particle + gamma-quantum to low-lying level”.
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RADIATIVE CAPTURE OF THERMAL AND RESONANCE NEUTRONS, MAIN
PARAMETERS OF THE GAMMA-DECAY PROCESS AND PROPERTIES OF THE
174yh NUCLEUS

A.M. Sukhovoj, V.A. Khitrov
Joint Institute for Nuclear Research, 141980, Dubna, Russia

Abstract

The re-analysis of the data published on the primary gamma-transition intensities following
capture of 2 keV neutrons in '°Yb have been performed. Distribution of dispersion of these
intensities with respect to mean value was approximated over different energy intervals of the primary
gamma-transitions. This allowed one to estimate independently on other experimental methods the
expected numbers of levels of both parities for spins J=1-4 and possible total sum of partial widths
for primary electric and magnetic dipole gamma-transitions to the levels with excitation energy up to 4
MeV. The determined level densities and summed radiative strength functions confirm peculiarities of
analogous data derived from the two-step y-cascade intensities following thermal neutron radiative
capture in nuclei from the mass region 40 < A <200 and permits one to estimate sign and magnitude
of their systematical uncertainties. The latter can be due only to very strong dependence of radiative
strength functions of cascade gamma-transitions to lower-lying levels on their structure.

1. Introduction

Analysis of the two-quantum cascade intensities following thermal neutron capture
[1] in large set of nuclei showed a presence of strongly appeared itself step-like structure with
the width of 2 MeV in density of nuclear levels p below =~0.5B,. The further development of
this method [2] resulted in additional confirmation of the fact of strong dependence of partial
widths Iy of not only primary but also following y-transitions on excitation energy of nuclear
levels f in the region of mentioned above structure. Accounting for this circumstance
considerably decreased level density determined according [2] with respect to results [1].

The methods [1,2] belong to the class of inverse tasks (determination of unknown
parameters of functions measured experimentally) and, therefore, require maximum possible
test and revealing all the sources of systematical errors). There must be solved the problem of
discovering probable dependence of the obtained according to [1,2] parameters of y-decay of
highly-excited levels on energies of neutron resonances A and possible influence of their
structures on parameters of the reaction under study.

Intensities I,, of two-step cascades to any group of low-lying levels in arbitrary
nucleus are determined by radiative strength functions k of their primary and secondary
transitions in combination with level densities of both parities for fixed spin window.
Functional relation between them is non-linear. Therefore, the region of multitude of the

possible p and k= f/A* =I“,’,/E3A2”D,l values precisely reproducing experimental

spectra is always limited [1] by finite intervals of values for both parameters. This interval is
narrow enough under condition that the ratio between partial widths I” of primary and
secondary y-transitions of the same multipolarity was set for total interval of their possible
energies and nucleus excitation energy on the grounds of additional experimental information
[2] or some hypotheses [3,4]. Just nonlinear relation between p and k with I, allows one to
get the mentioned parameters of y-decay from the only experiment with acceptable
uncertainty. Only this approach provides one to get the p and k values with the least (as
compared with the other existing methods) systematical errors [5].
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: By now, experimental measurements of [, were performed only for thermal neutron
' capture. The accumulated experimental data allowed determination of the p and k values for

42 nuclei [1] (only in the frameworks of the usually used hypothesis [3,4] on independency of
~radiative strength functions on nuclear excitation energy). Besides, these data were obtained
. for:two tens of these nuclei with relatively realistic (but partial) accounting for function
- k(E,,Ey), experimentally estimated below excitation energy E~4 MeV [2]. This circumstance

and obviously observed dependence of cascade intensities on structures of all three levels

. (including initial compound-state) [6] caused necessity to obtain new experimental data on p

.>.and k- _from other experiments on investigation of gamma-decay.
At present, search for influence of the initial compound state structure on gamma-
decay process is the first-turn task of experiment. Really this can be done in analysis of the
~ experimentally measured primary gamma-transitions following capture of “filtered” neutrons
with energy 2 MeV. The authors of corresponding experiments (7] practically used their data
only for determining spin and parities of excited levels on the base of notions of the limit

“statistical” theory of gamma-decay. I. e., in the frameworks of hypotheses of independency

of k(E1) and k(M1) on structure of any decaying (1) and excited (f) levels nuclear levels and

applicability of the Porter-Thomas distribution [8] for describing random deviations of
i~ gamma-transition - partial widths in arbitrary interval of their mean values. There are no
experimental grounds for hypotheses [3,4,8] for the data like [7] (concrete nucleus, a given set
of primary gamma-transition intensities). Therefore, analysis method must take into account
possibility of complete non-execution of assumptions mentioned above.

Quite enough basis for the analyses suggested below are the following statements:

“the experimental values of p4E and sum Iy can be determined with acceptable errors by
extrapolation of the measured experimentally distribution of random intensities of gamma-
transitions to zero threshold of their registration;
averaging of fluctuations of the primary gamma-transition widths over initial compound-
states decreases their dispersion independently on extent of truth of hypothesis [8]. L e., any
set of gamma-transition intensities from (# ,y) reaction can be described by x* —distribution
with unknown number v of degrees of freedom. (In the other words - it is close to normal
distribution with dispersion o =2/v). Corresponding method was developed and tested on
large set of data on two-step cascade intensities in [9].

The - Porter-Thomas distribution correctly describes random fluctuations of partial
widths of tested gamma-transitions only when their amplitudes are described by normal
distribution with zero mean. That is why, they must be a sum of a large number of items with
different signs and the same order of magnitudes. This condition is to be fulfilled if wave
functions of levels connected by gamma-transition contain a big number of items of different
signs and equal order of magnitude. Matrix element for amplitude of gamma-transition must
have only these components.

2. Main aspects of modern theoretical notions of the compound-state gamma-decay

On the whole, existing theoretical concepts, for example, Quasiparticle-Phonon
Nuclear Model (QPNM) [10,11] call doubts in applicability of enumerated above so
primitive - ideas of gamma-decay. In -particular, the studied in frameworks of QPNM
regularities of fragmentation of states with different complexity [12] directly point to presence
of items with large components of wave functions in the primary gamma-transition
amplitudes. First of all, this concerns wave functions of excited levels [13, 14], but it is not
excluded that wave functions of decaying compound-states (neutron resonances) also have
(10] large phonon, in particular, components. This directly points to potential possibility of
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rather considerable violations of the Porter-Thomas distribution. These violations can appear
themselves in limited [12] energy intervals of final levels and change dispersion of real
distribution with respect to [8] in any side. Ratio between absolute values of items in
amplitude of any gamma-transition and their signs for the data like [7] are unknown.
Therefore, the analysis of experimental data suggested below must take into account a
possibility of strong dependence of the primary transition partial widths on structure and,
correspondingly, energy of excited levels and cover all the possible spectrum of their random
deviations from the mean value.

3. Specific of experimental data from (7 ,y) reaction

'In the experiments performed in BNL and later in Kiev were investigated different
nuclear-targets. But for the analysis presented below was chosen even-odd nuclear-target
13Yb. This choice is caused by both the maximum primary gamma-transitions energy interval
[7] and presence of determined in [1] level densities and primary gamma-transition strength
functions. This nucleus is also very good for both search for discrepancy of general trend for
energy dependencies of p and k(E1)+k(M1) revealed earlier at thermal neutron capture in
neighboring nuclei [1, 2] and estimating systematical uncertainty of method [1]. The latter is
completely determined by errors in the performed by now experiments on measuring thermal
neutron capture spectra and insufficient set of the data obtained.

Even-even (odd-odd) nucleus has two possible spins of resonances. Therefore,
analysis of intensities in this case requires one to introduce and then to determine maximal
number of parameters. Even-odd compound nuclei represent particular case of the problem
under consideration.

The width FWHM=850 eV of filtered neutron beam with 2 keV energy in performed
experiments is determined by interference minimum in total cross-section of scandium. The
mean spacing between neutron resonances in '7°Yb equals 7.8 keV, and dispersion 6°=2/v of
their expected distribution in very rough approach can be estimated by value of ~0.05 (v =40).

It is’assumed in analysis that all the distributions of the primary gamma-transition
intensities from reaction (7 ,y) have only the following unknown parameters:

(a) the mean reduced intensity < I;**/ E,3 > of gamma-transitions exciting levels
J=2,3;

(b) the portion B =< I;“i“ >/<I;* > of the reduced gamma-transition intensity to
levels J=1,4 with respect to their intensity to levels J=2,3;

(c) the independent on spins of the levels excited by the primary gamma-transitions
ratio Ry=k(M1)/K(E1);

(d) the expected and equal numbers Ny of gamma-transitions to levels to J=2,3 and
J=14; '

(e) as well as the dispersion o2, measured in units of number of degree of freedom v.

Naturally, these parameters are to be determined independently for each energy
interval of the primary gamma-transitions. Statistical uncertainties in determination of the
experimental <I,/E; > values increase experimental dispersion o’ of distribution and
decrease the v value. It is assumed that their relative systematical errors in each energy
interval are practically equal. Of course, this notion assumes that, in limits of the excitation
energy intervals AE = 200-300 keV, the structures of compound-state and all excited levels

222




 connected by gamma-transition weakly influence the </, / E: > values of the gamma-

transitions of the same type populating these levels.

Both approximation and interpretation [6] of the experimental data on the
KE1)+k(MI) values and results of experimental determination of structures of low-lying
nuclear levels show that this assumption can contain considerable uncertainty (especially for
wide energy intervals of the primary gamma-transitions under study). But, maximum

" precision in determination of the most probable N,, B, Ry, v and < I;** >values can be

<~ achieved, in principle, by recurrent optimization of energy intervals of the primary gamma-
. transitions where these parameters are determined.

One more problem is related to small size of set and difference in number of electric
and magnetic dipole primary gamma-transitions in given intervals AE. Therefore, it is
necessary to introduce and to fix in analysis some assumption on numbers of levels of
positive and negative parities in given excitation energy interval of a nucleus. Below is used
hypothesis of equality of numbers of electric and magnetic gamma-transitions. In practice,
there is possible variation of their ratio for any given excitation energy interval. The problem
of difference of level densities with different parities disappears in the case of Ry =I,
maximum error of determination of Ny for R, =0 corresponds to transitions with the least

* intensities and insignificantly distorts the desirable sum Z <I* >/ E: Error of

approximation in intermediate variant will be determined, first of all, by difference in level
densities of positive and negative parities, i. e., it will decrease when increases excitation
energy (as it is predicted in the whole by modem theoretical calculation of this nuclear
parameter [15]).

Approximation of a mixture of two types of random values with different mean
parameters by any distribution cannot determine their belonging to one or another type
without the use of additional information. But accounting for known fact that the magnetic
gamma-transitions to the lowest levels are by order of magnitude less than electrical
transitions, one can extrapolate inequality Ry=k(MI)/k(E1)<l up to excitation energy of
studied nuclei where Ry=I. But it is not excluded that at higher excitation energy
K(M1)K(EL)> 1. :

Strength functions of p-neutrons in ytterbium isotopes are many times less than
strength functions of s-neutrons. The former in actinides exceeds [16] strength function of s-
neutrons by a factor of 1.5-2.0. Authors [17] estimated, that portion of capture of 2:keV p-
neutrons equals approximately 15%. If one does not account for possible appearance of some
number of the primary dipole gamma-transitions to levels J=0 and J=5 following capture of
p-neutrons, then this capture leads, most probably, to change in the R; values for different
energies of excited levels and corresponding increase in v. That is why, small number of p-
neutron captures in ' Yb must not anywise strongly influence precision of determination of
the expected Ny and sums k(E1}+k(M1).

Distributions of the random <.J;** >/ E: were approximated by analogy with [9] for

cumulative sums in function of increasing values of intensities.
4. Results of analysis

Experimental distributions of cumulative sums of reduced intensities of the primary
gamma-transitions ZI, / E,1 =F(<1l, /Ei >,N,,v,R,) calculated for different values of
concrete parameters are presented in Fig. 1 (only for one from two possible for given nucleus
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sets of spins of final levels). As it is seen from the figure, one can hope for obtaining quite
reliable estimations of parameters N,, Ry, v u# <I> with acceptable errors of about 10% or
some bigger.
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Fig. 1. Variations of dependence of cumulative sum of intensity on cascade intensity for: (a) ~
number of gamma-transitions, (b) — ratio Ry, (c) - value of v, (d) - registration threshold of gamma-
transition. The values of varied parameters are given in figures. The values of other parameters
correspond to the set: N,=10, Ry=0.5, v=10 and zero registration threshold of gamma-quantum.

It can be see from Fig. 1(a) that cumulative sum of intensities must be determined for
excitation energy interval of even-odd nucleus containing N, ~ 5-10 gamma-transitions and
two times more — for even-even nucleus. Their bigger quantity cannot provide for good
sensitivity at determining the most probable expected number of gamma-transitions for zero
threshold of experiment. In the case of their less quantity, a discreteness of experimental
cumulative sum becomes essential.

It is seen from Fig. 1(b) that there is possible to determine the R,=k(M1)/k(El) values
in interval from 0 to ~0.5 with acceptable reliability and reveal a fact of closeness of the
k(M1) and k(E1) values. Fig. 1 demonstrates possibility of precise enough determination of
expected dispersion for given set of experimental intensities for v=10 or less.

One can expect that the precision in determination of the registration threshold of
gamma-transition intensity is high enough and error of its determination can be ignored. But,
it can be done only at correspondence between experiment and adopted hypotheses of
distribution shape of random intensities of the primary gamma-transitions. At presence of
functional dependence of the primary gamma-transition intensities on some *“hidden”
parameter, the maximum ecrrors, most probably, are possible for approximated values of the
most probable number of  gamma-transitions-», and their expected deviation 0N, from the
mcan value. Modern nuclear theory does not consider this possibility. There are no
cxperimental data on existence of “hidden” dependence, as well. Below it is 1ot taking into
account.

Ixperimental relative intensities < 1™ / E) > together with their best approximation
arc given in Fig. 2. 'The data are presented so that the expected sum of intensity of gamma-
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cascades lying below detection threshold corresponds to the most probable value of
cumulative sum for < I;** / E} >=0.

Precision of determining parameters of approximating curve at small excitation energy
of final levels Ef must additionally get worse due to inequality of level densities of different
parity. Most probably, this increases error of extrapolation to zero intensity of gamma-
transition. In practice, this can result in overestimation of N, Comparison between
approximated value of this parameter and known number of levels with spins 1-4 points

[18,19] to overestimation of the ZN, value below E=2.6 MeV by a factor of 1.5-1.6.
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Fig. 2. Experimental value of cumulative sum of reduced experimental intensities <I, /E,> for "*Yb -
histogram. Smooth curve represents the best approximation. Excitation energy intervals E; of final
levels are shown in figures.

The best values of fitting parameters v and Ry are given in figs. 3 and 4. Noticeable
change in these approximation parameters for E>2.5 MeV points to considerable change in
structure of even-odd isotope under consideration in given excitation energy region.

The best values of level density o = ZN, / AE and sums of radiative strength
Iz

functions Z< 1,>/ E:N, are shown in figs. 5 and 6. Intensities and strength functions in
both [1] and [7] were normalized to absolute values.
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K(E1)+k(M1), MeV™

T " M Fig. 3. The ratio k(M1)k(El) for different
energy of levels excited by dipole primary
gamma-transitions — histogram. Points with
errors show interval of possible values of ratios
R,=0.5 from the data [1].

Fig: 4. The best values for dispersion of random
intensities of the primary gamma-transitions to
levels with different spins. Solid histogram
represents values of parameter v for gamma-
transitions to levels wit J=2,3, dashed histogram
- to final levels with J=1.4.

Fig. 5. Experimental and model values of
level density in 'Yb. Curve 1 represents level
density calculated within model [20), curve 2
shows expected density of two-quasiparticle
levels for their appearance threshold 1 MeV,
curve 3 - density of four-quasiparticle levels for
threshold 3.1 MeV. Solid histogram corresponds
to the best approximation of data [7], dotted
histogram shows data [9], points with errors
represent data [1].

1E-8 Fig. 6. The sums of radiative strength functions
for the best approximation of the data [7] —
histogram. Dashed curves represent predictions
of models [3,21] in sum with k(MI)=const.
Points with errors represent data [I].
1E-9F"
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Physically important information on structure of levels in the interval of their
excitation from ~2 to ~4 MeV can be extracted from the coefficient of collective enhancement
of level density:

oW, J,m)=p,WU,J, MK ,U,J, 7). (1)

According to modern notions, K. determines [22] degree of enhancement of density
of purely quasiparticle excitations o, (U,J,7) of deformed nucleus due to its rotation and

vibrations. One can accept in the first approach that in narrow excitation energy interval and
very narrow spin window considered here, parameter K., is approximately equal to
coefficient K,;, of vibrational enhancement of level density. In general form, the latter is
determined by change in nuclear entropy JS and re-distribution of nuclear excitation energy
dU between quasiparticles and phonons at temperature of a nucleus T:

K, ipr=exp(0S-0U/T). 2

Available experimental data on level density and model notions of it do not allow
unambiguous and reliable determination of the K,;, value for arbitrary nuclear excitation
energy U even for zero systematical error in determination of function p(U,J, 7).

Unfortunately, there was not found possibility for unambiguous experimental
determination [23] of breaking threshold Ey of the first, second and following Cooper pairs,
value and form of correlation functions N of nucleons pair number N in heated nuclei. The
main uncertainty of Ey is caused by lack of experimental data on function dy=f{U), the
secondary — by ambiguity of density of two-quasiparticle levels in model [24]. So, according
to three different model ideas, the threshold E; of appearance of four-quasiparticle excitations
was found to be equal to 1.7, 3.2 [23] and 3.4 MeV [25]. It is most likely [22] that the
breaking threshold of the secondary Cooper pair =3.3 MeV has the least systematical
uncertainty. In this case, good estimation for p,(U,J,p) will be density of two-quasiparticle
excitations calculated in accordance with [24]. The K,4-1 value obtained is shown in Fig. 7.
There is observed significant correlation of this coefficient with the value of J; from [25] and
from the second variant of analysis [22] in the exXcitation energy interval =2.0 - 3.1 MeV.
Decrease in correlation coefficient at higher excitation energy can be related to both
significant contribution of four-quasiparticle excitations in function p(U,J,x) and less than it
is adopted in [22, 25] velocity of decrease of function d; at U>3 MeV.

" ——

J Fig. 7. Comparison of coefficient of
K 1 o L o ® ® co]lectiye enhancement of level densit‘);Aand
correlation function of nucleon pair in *"*Yb.
Circles show coefficient of collective

1 J enhancement of level density, curve — values
8, MeV . of the &; parameter used in [25) for
Yo calculation of partial density of two-
quasiparticle levels.
0,1 L
2 3
E ,MeV

- The data presented allow the following conclusions:
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1. In the "*Yb nucleus excited in (77 ,y) reaction with neutron energy of =2 keV are
observed the same properties which were revealed for approximately four tens of nuclei from
the mass region 40 <A<200: step-like structure in level density and significant local
enhancement of radiative strength functions of the primary gamma-transitions to
corresponding low-lying levels. The data on these parameters of cascade gamma-decay
obtained in [1], most probably, contain significant errors: level density in the region 2.5 to 4.0
MeV (or wider) is overestimated, as minimum, by several times.

Strength functions are accordingly underestimated. Most probable, these errors are i~

caused by significant increase in strength functions of the secondary cascade gamma-
transitions to the levels of step-like structure. This effect was revealed and reproduced in
calculation {2] in some neighboring even-even nuclei in form of significant increase in
cascade population of levels lying above 3-4 MeV (or lover by the §-value — in odd nuclei).

2. In the excitation energy region about 2.0-2.5 MeV occurs abrupt change in level
structure. It appears itself in considerable increase of the k(M1)/k(E1) values and in strong
difference of distribution of random gamma-transition amplitudes from normal one.

3. Experimental ratios <(M1)/k(E1) can be used for obtaining more unambiguous values of
radiative strength functions for EI- u MI-transitions and data on relation between level
densities of different parity in the frameworks of methods [1,2].

4. The main part of the primary gamma-transitions observed in (7 ,y) reaction corresponds,
probably, to population of levels with large and weakly fragmented phonon components of
wave functions.

5. Conclusion

Analysis of available experimental data on intensities of the primary gamma-
transitions following 2 keV neutron capture in compound nucleus '*Yb demonstrated
presence of step-like structure in level density and increase in radiative strength functions of
transitions to levels in region of this structure, at least, for the primary dipole transitions. I. e.,
it confirmed main conclusions of [1,2] and simultaneously showed necessity to reveal and
remove systematical experimental errors in alternative methods of determination only of level
density and all other parameters of cascade gamma-decay. That is why, two problems become
the most important - correct accounting for influence of level structure on probability of
nuclear evaporation and emission of cascade gamma-quanta in investigation of nuclear
reactions on beams of accelerators as well as considerable decrease of systematical errors of
experiment. Comparison of the data presented in figs. 5 and 6 with the obtained intensities of
two-step gamma-cascades allows preliminary conclusion that sharp change in structure of
decaying neutron resonances, at least, in interval of their energies of =2 keV is not observed.
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PARAMETERS OF CASCADE GAMMA-DECAY OF
COMPOUND-NUCLEI Nd, 1%Gd, 172Yb, 182Ta, 18¢W, 19105, 281:233Th, 239,
240py FROM EXPERIMENTAL DATA OF REACTION (7, )

A.M. Sukhovoj, V.A. Khitrov
Joint Institute for Nuclear Research, 141980, Dubna, Russia

Abstract

Re-analysis of experimental data on primary gamma-transitions averaged over
some energy intervals of neutron resonances has been performed. Approximation of
their cumulative sums together with extrapolation of the obtained distribution to
zero value allowed us to determine mean intensities of of E1- and M1-transitions,
their probable number and total dispersion of intensity deviations from the mean
value. The level density and sum of radiative strength functions determined in
this way confirm main peculiarities of these nuclear parameters determined from
intensities of the two-step gamma-cascades.

1 Introduction

Level density p and radiative strength functions k = I'/(E3D)A*?) of the dipole pri-
mary transitions of the neutron resonance gamma-decay provided us with a considerable
portion of experimental information on both nuclear properties on the whole and nuclear
resonances — in particular.

Nevertheless, there is an urgent necessity in determination of these data in new in-
dependent experiments. The ground for this is principle incompatibility of experimental
data on p and k(E1) + k(M1) obtained in two-step reaction (n,27) [1, 2] with analogous
data from one-step reactions like (p,n) [3, 4], (d,pv) [5] and (*He,a) [6].

Partial analysis of possible reasons for this discrepancy was performed, for example,
in [7]. It results in the following statements:

a) transfer coefficients of total errors in determination of partial cross-sections of two-
step reactions onto errors of the parameters under determination are much less than those
determined in one-step reactions like (d,py), (*He,ay) due to other form of functional
dependence between subjects “spectrum” and “parameters”;

b) the same concerns sensitivity of the determined parameters to degree of erroneous of
hypothesis by Bohr-Mottelson [8] (Axel-Brink [9, 10])for gamma-quanta) of independence
of interaction cross-section of final reaction product in reverse reaction with the excited
final nucleus.

In practice, error in absolute normalization of the two-step spectra by order of +£25%
changes the p and k(E1) + k(M1) values not more than by a factor of two [11] near
E.; =~ 0.5B,. This is the largest systematical error in these experimental data. Analogous
error of the total gamma-spectrum normalization for different excitation energies 0 <

230




AS/8 < 1% in onc-step (according to the used analysis method) reaction (d,py) or
(3He,ary) brings [12] to more than 100% errors in intensities of all the spectra of only
primary gamma-transitions, at least, for E, < 0.5 MeV. The coefficients of further transfer
of the indicated crror on the determined values of the parameters, until now, werc not
determined by anyone. It is possible to suggest in this situation, that p and k(E1)+k(M1)
determined according to [6] have arbitrary systematical errors for different excitation and
primary gamma-transitions encrgics.

Direct expcrimental verification of hypotheses [8, 9, 10] is impossible. But, the pos-
sibility of obtaining functionals directly depending on unknown partial cross-sections of
reaction for excited target-nucleus was found in [2]. Cascade population of levels deter-
mined there for the majority of = 20 nuclei up to excitation energy of E.; ~ 3 — 5 MeV
cannot be reproduced in frameworks of Axcl-Brink hypotcsis. However, they can be casily
enough reproduced under assumption of existing enhancement of primary and secondary
gamma-transitions to the region of “step-like” structure in level density [1, 2.

Unfortunately, complete notion of the observed by this method function k(E1) +
k(M1) = f(E,, Ees) cannot be obtained due to lack of experimental data. But, as it
is seen from comparison between the results {13, 14] and the data [1, 2], violation of
hypothesis [9, 10] is considerably larger than it was obtained in [2]. For this rcason,
level density obtained in [1, 2] can be overestimated by several times in excitation region
~ 0.5B,. Most probably, this error gradually decrcases at lower and higher excitation
cnergy of nucleus under condition that the experimental data on density of low-lying levels
and neutron resonances have significantly lesser errors. Strength functions k(E1)+k(M1)
arc, most probably, underestimated.

Due to this reason, authors (1, 2] performed independent model-free re-analysis of the
experimental data from the (7, ) reaction in frameworks of only mathematical statis-
tics with the least number of assumptions on parameters of small sets of the primary
gamma-transition partial widths. It was obtained that -the refusal from main postulates
of “statistical” theory brings to conclusion which confirms main results of [1, 2].

2 Main principles of analysis

Capture of neutrons in “filtered” beams, for example, noticeably enough averages the
gamma-transition partial widths in local resonances. This is true for nuclei with small
cnough spacing Dy between neutron resonances. It is possible to observe experimental-
ly the width I with relative statistical error o if its value exceeds practically constant
detection threshold L of experiment (in any given narrow interval of gamma-transition
cnergy).

The portion of primary gamma-transitions of the same multipolarity and practically
equal energy with I' < L is determined by concrete form of deviation distribution of T’

from mean value in individual resonances and their effective number for neutron beam in
experiment.
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It follows from main statements of modern nuclear theory that the amplitude of
gamma-transition between neutron resonance and low-lying level is determined by quasi-
particle and phonon components in wave functions of both levels (see, for instance, [16]).
Their concrete values are determined by fragmentation degree of the states like n quasi-
particles and m phonons over nuclear levels at different excitation energy. In accordance
with [17], this process is rather specific — strength of the fragmented state is distributed
very irregularly. In many cases, its strength is fragmented over the levels lying near the
initial position of non fragmented state.

In practice, this means that the I' values must strongly and locally depend on struc-
tures of decaying and excited levels. Their dispersion relative to the average must be
determined by number and value of the wave function components of these levels. There-
fore, fluctuations of I'/ < I' > cannot be described by universal distribution. Its deviation
from the generally adopted Porter-Thomas distribution [18] must be determined in ev-
ery case experimentally. Practically, it is adopted in analysis (see [13]) that the sum of
dispersions of experimental statistics uncertainty and “nuclear fluctuations” is equal to
o? = 2/v with unknown parameter v.

The second assumption of analysis is that the gamma-transitions of the same multi-
polarity with energy of about some hundreds keV have the same mean value. In princi-
ple, this assumption can be mistaken and, for instance, mean widths of all the gamma-
transitions involved in the set under analysis can belong to some rather wide interval of
possible values. Moreover, the probability of given mean value may increases as decreasing
<T>.

This possibility is to be investigated experimentally. Real width distribution around
the average determines reliability of both data presented below and conclusions of [1, 2].

3 The most reliable values

The values of level density and radiative strength functions of primary gamma-
transitions obtained by analogy with [13] are presented in figs. 1-4. The distribution
of cumulative sums of reduced intensities for the analyzed nuclei [19] - [28] and parame-
ters of approximating curve have no principle difference with that given in [13, 14, 15].
Therefore, they are not presented in this work.

The gamma-decay parameters of nuclei determined in {1, 2] are compared with results
of two different in principle methods of analysis. Accounting for results of theoretical
analysis [17] (possible dependence of the wave function components of levels determining
I on energy of neutron resonances) one can conclude that the discrepancy between results
of two methods of analysis mentioned above is less than their difference from the data
[4, 6].

It follows, first of all, from observation of “step-like” structure in level density in both
methods [1, 2, 13] and close to zero or negative derivative d(k(E1) + k(M1))/dE; for the
same excitation region of nucleus. Id est, the local peak in sum of strength functions must
be more or less clearly expressed.
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Fig. 1. Comparison of different data on level density for the M6Nd, 16Gd, !72Yb, 182Ta,
184W and 1°1Q0s nuclei. Curve represents the calculated within model [29] density of levels
populated by the primary gamma-transitions. Results of presented analysis - histogram,
points with errors ~ data [1] and [2].
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Fig. 2. The same, as in Fig. 1, for 21233ThL, 29U and 24°Pu. Points show approximation
of the experimental data by density of two- or three-quasiparticle levels of model [31] with
the independent on excitation energy coefficient of collective enhancement.
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The data presented in figs. 1, 2 confirm also conclusion on probable local increase in
density of vibration type levels in the region of the nucleon pairing energy for a nucleus
of a given mass. The shape of this dependence is presented in details in [13, 14, 15].

4 Conclusion

Unfortunately, energy interval of the primary gamma-transitions observed in experi-
ment is considerably less than that for 157159Gd, "1Yb and #*7U. Nevertheless, the data
shown in figs. 1-4 bring to the following conclusion: notions of a nucleus as a system of
non-interacting Fermi-gas and ideas of other analogous nuclear models [32] are insufficient
for reproduction of modern experimental data.
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NUCLEAR INTERACTION DYNAMICS IN **Fe(c,xn) REACTION

B.V. Zhuravlev, N.N. Titarenko, V.I. Trykova

State Scientific Center of Russian Federation — Institute for Physics and Power Engineering,
249033 Obninsk, Kaluga Region, Russia

Neutron spectra and angular distributions in “Fe((x,xn) reaction have been measured
at o-particle energies of 12, 16, 18, 27, 45 MeV. The measurements were performed by time-
of-flight fast neutron spectrometers on the pulsed accelerators. The analysis of the measured
data have been carried out in the framework of equilibrium, preequilibrium and direct nuclear
reaction mechanisms. The calculations are done using the exact formalism of the statistical
theory as given by Hauser-Feshbach with the nuclear level densities of Ni isotopes, excited in
this reaction, determined on the basis of new experimental data on the low-lying levels, the s-
wave neutron resonance spacing and neutron evaporation spectra [1]. The contributions of
equilibrium, preequilibrium and direct mechanisms of neutron emission has been studied in a
wide energy range of a-particles.

Introduction

Understanding of the nuclear interaction mechanisms is an overall objective of any
nuclear reaction study. In spite of permanent interest to -elaboration of fundamental
approaches in the description of nuclear interaction in mega-electron-volt range of the
energy, the complete understanding of nuclear reaction mechanisms yet it is not achieved.
Accordingly the models are not developed, allowing to predict differential cross-sections of
interaction with accuracy achievable in experiment. Three types of the interactions described
by mechanisms of equilibrium, preequilibrium and direct processes are traditionally
distinguished. The equilibrium mechanism of reaction is strictly enough formalized in
Hauser-Feshbach model, however big uncertainties arise at modeling of nuclear level density.
Analysis of a nonequilibrium part demands more clear split between preequilibrium emission
of particles and direct processes, especially one-step, as a rule negligible in the preequilibrium
mechanism. Study of the nonequilibrium neutron emission in (o, xn) reaction is represented a
little bit easier other reactions with complex particles as in this case the probability of
preliminary formation of a-particles is not considered, lack of Coulomb barrier in output
channel makes neutron decay predominated one, and the neutron optical potential is most
investigated.

In the present work differential cross-sections of 5°Fe(a,xn) reaction are measured at
o-particle energies of 12, 16, 18, 27, 45 MeV and analyzed within the framework of
equilibrium, preequilibrium and direct mechanisms of interaction. The nuclear level densities
of Ni isotopes, excited in this reaction, were determined on the basis of new experimental data

on the low-lying levels, the s-wave neutron resonance spacing and neutron evaporation
spectra [1].

Experiment

Spectra and angular distributions of neutrons from **Fe(c,xn) reaction are measured at
o-particle energies of 12.3, 16.3, 18.3, 26.8, 45,2 MeV. The measurements of neutron spectra
were performed by time-of-flight fast neutron spectrometers on the pulsed tandem accelerator
at o-particle energies of 12.3, 16.3 and 18.3 MeV in the angle range of (20-140)° [2] and on
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150 cm cyclotron at a-particle energies of 26.8 and 45.2 MeV in the angle range of (30-150)°
[3]. As a target were used the self-supporting metal foil with thickness of 0.6 mg/cm? and 2.6
mg/cm? and enrichment of 99.5 %. Neutrons were detected by the scintillation detector. For
decreasing of the background it was placed in the massive shielding and electronic
discrimination of gamma-rays was used. The detector efficiency was determined by
measuring of the ***Cf prompt fission neutron spectrum, yields of monoenergetic neutrons
from T(d,n), T(p,n), D(d,n) reactions and direct modeling of interaction of neutrons with
organic scintillator. The neutron spectrum measurement procedure has been consisted in
measuring with target and without it for the same o-particle flux, registrated by the integrator
of a current with Faradey-cup as a charge collector. The background was small in magnitude
and practically uncorrelated over time. Typlcal angle-integrated neutron emission spectra and
angular distributions of neutrons from **Fe(c,xn) reaction are presented in figs. (1-5). As the
o-particle energy increases, a high-energy component manifests itself in the neutron spectra,
angular distributions of which are asymmetric, that are a typical indication of nonequilibrium
processes in nuclear reactions.

Data analysis

For the calculation of an equilibrium part of differential cross-section of reaction we
used Hauser-Feshbach mathematical formalism of statistical theory of the nuclear reactions
[4], precisely taking into account laws of spin and parity preservation and also the
characteristic of low-lying levels of a residual nucleus.

FoEEH_ 1 2,41 , _
e e oy 787 1J vJ ‘ y Jr939,J 49,
dEQY 4K gzm%,(zs -5y 2&Sododoh) S Bl iy Sy dy )% o

XT- (B +Q,, —E,J,)- R(co9),
T,; (Eo) T, h(E )

2
2@ T,,+z jT,, P(Ey+Q,, - E,.J,) dU

@

B.(LS, j.d,,J) = (=D "" (@, +1)- 2j 4D (llol Ko)W (1.7, 1 KT ) - WU KS), (3)

where: (lololKo) - Clebsch-Gordan coefficients, W(J;Jijj;KJy) — Racah coefficients, Py(cos8)

-Legendre polynomials, Ko — wave vector of patticle, lo,k,jo,j2,J0,J2,E0.E2 — accordingly the
orbital moments, spins of particles and nuclei, energy of particles in input and output
channels, J; — spin of compound nucleus, Ty — transmission coefficients, p(Egq+Qqq-Ez,J2) —
nuclear level density, U = Eq+Qqq-E2 - excitation energy of residual micleus.

Initial distribution of a compound nucleus on energy and angular moment is
determined on the basis of optical model. Then distribution on energy and moment for a
residual nucleus is calculated. For each kind of decay and all possible values of energy and
moment relative probabilities of emission are calculated and on initial population and relative
probability of emission particle emission spectra are determined. After probabilities of the
parent nucleus decay are calculated, the obtained distribution of an affiliated nucleus becomes
initial on the next step of decay. Spectra of the particles emited at equilibrium decay of a
compound nucleus substantially are determined by level density of the residual nuclei excited
in researched reaction. Therefore in calculations we used the data on level density of °Nj,
5°Ni, **Ni and ¥'Ni determined on the basis of new experimental data on the low-lying levels,
the neutron resonance spacing and neutron evaporation spectra [1]. Fig. 6 shows the level

- density. of %Ni nucleus excited at the first step of neutron emission in *Fe(o,xn) reaction.
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One can see that the description of the experimental data in the framework of the different
model systematics differs markedly.

03 ¥ LILILI Ij LB L ] LI B l T 1 7 T‘ L L I B | LB S l O IR ) l ¥
10F 3
—%—E =123MV E
- —v—E =163MV ]
10k —A—E =183MV .
> F —0—E 268 MV E
% : —0—E =452MsV 1
" 10'F 4
~7F E
w °°°Oooo ]
o [ %09 -
of *0~0\0 .
i jaad
.l - .
10 EJ o | I L4 11 l b 1 1 I j I N 1 4 l Lt 11 l L1 4 1 I 1 E

0 5 10 15 20 25 30 35
E, MV

Fig.l. Angle-integrated neutron spectra from *Fe(o,xn)**Ni reaction.
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Calculations of preequilibrium neutron emission are executed in the framework of
exciton model [5,6].

%@:aa(g)-EA(n,E,)-r(n,E), (4)

A’(nE)_z_stl?uE G(E)R%?, (5)
. VF— n—l
o(p.h,E) = 58 B4

pthtn-1nt ' (6)
where: s, |1, En - spin, reduced mass and neutron energy,
g - single particle state density (g=A/13),
- 6{Eo) - absorption cross-section of w-particles by nucleus,
o:(E,) - inverse reaction cross-section,
~ E and U - excitation energy, respectively, for composite and residual nuclei,
n=p+h - exciton number of the system (p - particles, h - holes),
1(n,E) - mean life-time of composité nucleus in n-exciton state,
R - factor, which is taking into account distinction of neutrons and protons in the
internuclear cascade, was calculated in the assumption that in each pair interaction
the proton and neutron are created with relative probabilities Z/A and N/A.
A - Pauli correction function.
In calculations are taken into account surface, shell structure and pairing effects The initial
exciton number "n," is a parameter of model and we used a configuration 4p0h (n=4) in the
assumption, that all o-particles collapse on nucleons in a field of a nucleus-target. The
quantity of the square of the average matrix element in model was 135.6 MeVZ.
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All calculations within the framework of optical-statistical models of equilibrium and
preequilibrium decay of nucleus are carried out on modemized GNASH code [7], allowing to
trace the decay of the excited compound nucleus with account of the emission of neutrons,
protons, a-particles and ¥-quantums. For neutrons and protons the optical potential from work
[8], for a-particles - from work [9] and for deuterons - from work [10] was used.

For the full calculation of particle emission in nuclear reaction the separate direct
interactions it is necessary to consider in addition to exciton model of preequilibrium emission
[11]. At consideration of direct interaction effects it is important to know, what kinds of direct
processes are taken into account in the framework of exciton model and to find independent
ways of calculation of direct interactions which are not taken into account. In our case process
of direct stripping of three nucleons of a-particle and direct knockout process of neutron by
o-particle are not taken into account in the considered variant of exciton model, in which the
initial stage of preequilibrium emission is (n,=4, p=4, h=0), when a-particle collapses on four
nucleons in the field of a nucleus-target.

The general differential - cross-section formula for continuum stripping reaction
Fe(a,n)®Niis [11]

do(E,) _25,+1 Ay Ey0E) (o A pu (€ on h0i0 0o oy
dE, 2s,+1 A, A, E, E V Ay

where: s, , S« - spins of neutron and o-particle,

An, Ag, Ay; - mass number of neutron, o-particle and residual nucleus ¥Ni,
Eq - o-particle energy,
V- well depth (Va=12.5A,=50 MeV),
n - exiton number, n=Aq-A,=3 (p=3, h=0),
o{p,h,U) - accesible state density given by Eq (6).
The total residual state density however also takes into account more complex configurations
that can be excited by stripping reaction [11].

Direct knock-out process of neutron by a-particle also is not taken into account in the
considered variant of exciton model. For the account of this mechanism we considered an o~
particle as cluster, exciting a neutron particle-hole pair in a nucleus-target (n,=3, p=2, h=1),
by analogy to how it is realized in works [11,12]. The differential cross-section for continuum
knockout reaction is

do(E,)/ dE, = const-(2s,+1)-u-E, -0.(E)- g, 8, U -12g,-1/2g.), (8)
where: g,=N/13, g,=A/208, the normalizing multiplier "const” was determined from the best
~ fit of calculation and experimental data in a high-energy part of neutron spectra.

- The cross-section of direct neutron srlppmg and knock-out processes are calculated separatly
and cross-section of preequilibrium emission is overnormalized on their quantity.

Results

The tipical calculated according to the procedure described above neutron spectra
. from **Fe(o,xn) reaction at all investigated values of a-particle energy are shown in figs.(7 -
¢ 11). The calculated and measured angle-integrated neutron spectra are in agreement as a
- whole within the limits of errors of measurements. In the table integrated cross-sections of

- equilibrium, preequilibrium, stripping, knock-out neutron emission and total cross-sections of
- reaction are presented also.
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Table. Cross-sections of equilibrium, preequilibrium, stripping, knock-out neutron emission
and total neutron emission cross-sections of 56Fe((JL,xn) reaction,

Eq, MeV | oequil, mb o preeq., mb G strip., mb o knock., mb o total, mb
12.3 465 16 - - 481
16.3 606 45 - - 651
18.3 685 49 - - 734
26.8 1443 77 49 39 1608
45.2 1994 249 54 25 2322

One can see that the neutron emission spectra from **Fe(c,n)**Ni reaction at o-particle
energies of 12.3, 16.3 and 18.3 MeV mainly are caused by the equilibrium neutron emission;
contributions of the preequilibrium neutron emission are small (3-7%) and, practically, have
not influence on the shape of the neutron spectra. At higher a-particle energies (Eq=26.8 and
45.2 MeV) the hard part of the angle-integrated neutron spectra (E,215 MeV) are associated,
mainly, with nonequilibrium emission of neutrons and as, one can see from figs. 10 and 11,
taking into account of the direct interaction processes (stripping and knock-out) allows
reliably to describe the experinental data at these values of o-particle energies both in the hard
parts of the spectra and in the entire energy range of emitted neutrons. Though the cross-
sections of the stripping and knock-out processes at a-particle energy of 45.2 MeV put
together about 3.5 % from total neutron emission cross-section, the hard part of the observed
neutron spectrum with E, > 25 MeV can be described only if these direct processes are taken
into account in nuclear reaction mechanisms.
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Conclusion

The differential neutron emission cross-sections in **Fe(o,xn) reaction are measured at
a-particle energies of 12.3, 16.3, 18.3, 26.8, 45.2 MeV and are analysed within the framework
of equilibrium, preequilibrium, direct stripping and knock-out mechanisms of the particle
emission in nuclear reactions. The spectra of all four mechanisms of neutron emission are
calculated and is shown, that the calculation results are in an agreement with the measured
neutron spectra within the limits of measurement errors. Use of the new experimental data on
the nuclear level density of Ni, excited on a first step of neutron emission in 36Fe (0L, xn)
reaction, has allowed reliably to determine the contribution of equilibrium emission. Cross-
sections of equilibrium, preequilibrium, direct stripping and knock-out neutron emission in
reaction are determined at all investigated values of o-particle energies. It is shown, that the
cross-section of nonequilibrium emission is essentially increased with growth of a-particle
energy and at o-particle energy of 45.2 MeV the hard part of the observed neutron spectrum
" with E, > 15 MeV is associated mainly with nonequilibrium emission of neutrons.

This work has been supported in part by the Russian Foundation for Basic Researches
and Kaluga Scientific Center (grant 07-02-96400)..
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Abstract

Cross sections of the l47Sm(n,0t)]44Nd reaction were measured at E; = 5.0 and 6.0 MeV.
Experiments were performed at the 4.5 MV Van de Graaff accelerator of Peking University.
Neutrons were produced through the D(d,n)’He reaction with a deuterium gas target. A twin
gridded ionization chamber was used as charged particle detector and two large area '*’Sm,0;
samples placed back to back were employed. Absolute neutron flux was determined by a
small *U fission chamber. Present cross section data are compared with existing results of
evaluations and measurements.

1. Introduction

7Sm is a fission product nucleus. The Q value of the 7S m(n,0)"**Nd reaction is as big
as 10.13 MeV. Study of this reaction is important in astrophysics, in determination of the
parameters of optical model potentials and in the research of nuclear reaction mechanisms.
Several experimental and theoretical works have been done for this reaction [1-6], but
existing measurements are only confined in the resonance and in 14 MeV neutron energy
region. In the MeV neutron energy region, however, there is no experimental data up to now
mainly due to the small cross section of this reaction and low intensity of neutron flux. Thus,
for the "*’Sm(n,c)"**Nd reaction cross section very large discrepancies exist among different

" Project supported by National Key Project for Cooperation Researches on Key Issues Concerning
Environment and Resources in China and Russia (2005CB724804), and by The Russian Foundation for
Basic Research and National Natural Science Foundation of China (NSFC-RFBR 07-02-92104, 10575006,
and 10811120014).
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evaluated data libraries such as ENDF/B-VII, ENDF/B-VI, JENDL-3.3 and JEFF3.1.

Since the cross section of the *’Sm(n,a)'**Nd reaction is small in the MeV neutron
energy range and the sample should be thin enough to allow alpha particles to escape without
too much straggling, it is necessary to use relatively large area samples for measurement.
Furthermore, charged particle detector with large detection solid angle and high detection
efficiency should be employed. By using a twin gridded ionization chamber and two large
area '“Sm,0; samples, cross sections of the 7Sm(n,0)'**Nd reaction were measured at
E,= 5.0 and 6.0 MeV in the present work.

2. Details of experiment

The experiment was performed at the 4.5 MV Van de Graaff accelerator of Peking
University. The setup of our experiment is shown in Fig. 1 which mainly consists of three
parts: neutron source, neutron flux detector and charged particle detector.

$m,0y  “Sm,0,

\ / 238y .
!\ Deuterium
i gas target
BF3 long 1 } ! m =
|

counter Deuteron
beam

Fission
chamber

Gridded ionization
Chamber
Fig. 1. Setup of the experiment.

In the present experiment, quasi-monoenergetic neutrons were produced through the
D(d,n)*He reaction with a deuterium gas target. The Iength of the gas cell is 2.0 cm and it was
separated from the vacuum tube by a molybdenum foil 5.0 um in thickness. The pressure of
the deuterium gas was 3.0 to 2.9 atm during experiment. The energies of the deuteron beam
after accelerating before entering the molybdenum foil were 2.46 and 3.26 MeV. By Monte
Carlo simulation the corresponding neutron energies were 5.0 and 6.0 MeV, with neutron
spread 0.16 and 0.12 MeV, respectively.

A BF; long counter was used as the neutron flux monitor. The axis of the long counter
was set along the beam line, and from the front side of the BF; long counter to the gas target
was about 3.0 m. The absolute neutron flux was determined through a small parallel plate
28(J fission chamber with flowing Ar+3.73%CO; (a little more than 1.0 atm) as working gas.
The abundance of the **U sample is 99.997%. The diameter of the round-shaped 28 sample
is 2.0 cm, and the weight is 547.2+7.1 pg. The **®U sample was placed perpendicularly to the
beam line, and the center of the sample was at 0° to the beam line. The distance from the Py
sample to the center of the gas target was 3.4 cm.

A twin gn'dded ionization chamber was used as the charged particle detector. It is
composed of two symmetry sections with a common cathode. The cylindrical-shaped chamber
is made from aluminum and the thickness of the wall is 2.0 mm. The diameter and height of
the chamber are 37.0 and 29.0 cm, respectively. The shape of the electrodes (one cathode, two
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grids and two anodes) is rectangle. The center of the cathode was at 0° to the beam line, and
the electrodes were perpendicular to the beam line. Two round-shaped 7S m;03 samples with
aluminum backings were set back to back on the common cathode. Thus, the alpha events
were measured almost the entire 47 solid angle.

The abundance of the enriched '’Sm 1sotope in the sample was 95.3%. The thlckness
and diameter of each sample were 5.0 mgjcm and 11.0 cm, and the thickness of each
aluminum backing was 1.0 mm. The distances from the cathode to grid and from grid to
anode of the twin gridded ionization chamber were 7.5 and 2.0 cm, respectively. The distance
from the cathode to the center of the gas target was 35.0 cm. The working gas of the gridded
ionization chamber was Kr + 2.27% CO,, and the gas pressure was 2.20 atm. High voltages
applied to the cathode, grid and anode were -3400, 0 and +1700 V, respectively.

There were two removable compound alpha sources in the gridded ionization chamber
for energy calibration and for adjustment and checking of the electronics system.

Block diagrams of electronics for alpha events measurement is shown in Fig. 2. Forward
(0°~90°) and backward (90°~180°) direction alpha events were recorded simultaneously, and
the cathode-anode two-dimensional spectra were obtained for forward and backward events,
respectively.

: LAI—[LG'——‘AD(J—
| ——F >—iLA|'_'[LG =

|
LA — ADC
T "A>_|LA|_—‘ILG|—|ADC|'—_ DAS‘%

E Fig. 2. Block diagrams of the electronics for alpha events measurement.
: 1-Cathode, 2-Grid, 3-Anode,
HV-High Voltage Divider, PA-Preamplifier, LA-Linear Amplifier, LG-Linear Gate Stretcher,
ADC-Analog-to-digital Converter, DAS-Data Acquisition System, C-Computer

The number of forward and backward alpha events can be obtained from the
cathode-anode two-dimensional spectra. During experiment, the anode spectra of the 2*U
fission chamber were also recorded from which the number of the fission fragments can be
derived.

The cross section of the “’Sm(n,0)'**Nd reaction can be calculated from the following

N, N
formula: o, =Ko, WE———@”— )]

where 64 denote the cross section to be measured; Oy is the 23BU(n,f) standard cross section at
the same neutron energy taken from ENDF/B-VII library; N and Ny are numbers of the alpha
events from "’Sm(n,0))'**Nd reaction and fission fragments from 2¥U(n,f) reaction, respectively;
Nassy and Nygzsm are the atom numbers of 2*U and "’Sm in the samples, respectively; and X
is the neutron flux density ratio on *U and '¥’Sm,0; samples which can be calculated by
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using Monte Carlo method according to the dimensions and positions of the samples and
the gas target as well as the angular distribution of the D(d,n)*He reaction. For E, = 5.0 and
6.0 MeV, the calculated values of K are 94.4 and 92.5 with relative uncertainty 3%, respectively.

The deuteron beam intensity was about 2.5 PA during experiment. For E; = 5.0 and
6.0 MeV measurement, the beam time were about 28 and 22 h, respectively.

3. Results and discussions

Fig. 3 is the forward direction cathode-anode two-dimensional spectrum for 6.0 MeV measurement.
250}

200

150

Anode Channel

u T S—
0 50 100 150 200 250

Cathode Channel
Fig.3. Two-dimensional spectrum of forward events at E,=6.0 MeV.

One can see from Fig.3 that the counts corresponding to higher anode channels between
the 0° line and the 90° line [7] are alpha events from the 17Sm(n, 0)'*Nd reaction. Those for
lower anode channels distributed from 90° line to very low cathode channels are alpha events
from working gas through (n,0t) reaction. Apparently, the number of alpha events from the
7Sm(n, o)) "**Nd reaction is much less than that from the working gas.

From the two-dimensional spectrum, one can get the anode spectrum of the alpha events
- between the 0° and the 90° lines, as shown in Fig. 4. The counts corresponding to higher
~ anode channels are alpha events from the '“’Sm(n, o) *Nd reaction. According to the fact that
the two-dimensional spectrum of alpha events from the working gas is uniformly distributed
along the cathode channel in Fig.3, the background from the working gas between 0° and 90°
~ lines can be estimated by counting the equivalent region at the left side of the 90° line as the
dash line shown in Fig.4. Then the number of alpha events with higher channels Ny; (2130
- channel in Fig.4) can be obtained after background subtraction. Because of Coulomb barrier
effect, higher energy alpha particles corresponding to the ground state and low energy excited
 states of **Nd are dominant, and those corresponding to higher excited states (lower energy
- alpha particles) should be much less.
In addition to the higher channel part, the anode spectrum of the measured alpha
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particles should go continuously to lower channels until zero channel due to energy loss
inside the sample although the number of low energy alpha particles is not many for the
present experiment. Besides, since the '¥Smy0; sample is 5.0 mg/cm2 in thickness, some
alpha particles can’t go out and will be absorbed by the sample.

100 T T T T
alpha events from
80 working gas )
60 .
2
g 1 alpha events
8 40 from *7Sm(n, a)
204 4
wh
0 —— L | PSR . Il
0 5 150 200 250

100
Anode Channel

Fig. 4. Anode spectrum of forward events at E,=6.0 MeV between 0° line and 90° line.

The ratio of the lower channel part together with the self absorption part of alpha
particles over total alphas Ry can be estimated by Monte Carlo method. According to alpha
stopping power in the sample, the measured ratio of forward/backward alpha events, and the
fact that alpha particles corresponding to the ground state of 1*4Nd are dominant, the ratios of
lower channel part plus the self absorption part over total alphas were calculated. At
Eq=5.0 MeV, the ratios are 6.6% and 9.7% for forward and backward alphas, respectively; and
at En = 6.0 MeV, the ratios are 5.3% and 10.6% for forward and backward alphas. Error of the
calculated ratio R, is about 25%.

Total number of alpha events from the 147Sm(n, o) 1Nd reaction Ny was obtained
according to the measured alpha number Ny and the calculated ratio R, ;

anan/(l_Rl) (2)

Error of Ny comes from statistics (2.5~5%) and uncertainty of background subtraction
(3.5~5%). Total error of Ny is 5.5~8.5 %.

The number of fission fragments Ny was derived from the anode spectrum of the By
fission chamber. Fig. 5 is the anode spectrum of the fission chamber at 5.0 MeV.

Forward and backward cross section data can be calculated from equation (1). In
addition, the forward/backward cross section ratio can be calculated. According to equation (1)
the forward/backward cross section ratio equals the forward/backward alpha events ratio.
Results of cross section data (forward plus backward) and forward/backward ratios in the
laboratory reference system for the '#’Sm(n,cr)'**Nd reaction are listed in Table. 1. Error of
the cross section comes from the uncertainties of the alpha event Ny (5.5~8.5%), fission count
N; (2.5%), 2*U and “'Sm;0; neutron flux density ratio X (3%), 2*U fission cross section
(1%), the atom number of 41Sm (1.5%) and %U (1.3%). Total error is about 10%.
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Fig. 5. The anode spectrum of the 38(J fission chamber at 5.0 MeV.

During data processing, corrections from the neutron flux attenuation through the
2-mm-thick aluminum wall of the chamber and through the 2-mm-thick aluminum backing of
the two samples were carried out. According to the total neutron cross section data of
aluminum taken from ENFD/B-VII, the cormrection factor from attenuation for 5.0 and
6.0 MeV neutrons through 2-mm-thick aluminum are 0.972 and 0.975, respectively.

Table 1: Cross sections of the "*’Sm(n,o)'**Nd reaction and forward/backward ratios in the
laboratory reference system.

E,/ MeV One/ mb forward/backward ratio
50=+0.16 0.23+0.02 1.65+0.17
6.0+0.12 0.28 +0.03 2.54 £0.25

Present results of cross section are compared with existing evaluations and experiments
in Fig. 6. Cross section data at 12.1, 14.1 and 18.2 MeV were obtained via integration of
differential cross section data of Glowacka et al. [4].

As can be seen from Fig. 6 very large discrepancies exist among different evaluations,
especially in the MeV neutron energy region. Our results are in agreement with the evaluation
of ENDF/B-VII if the linear-logarithmic interpolation instead of linear-linear is applied from
0.45 to 7.0 MeV. This work is the first one to measure cross section of the '47Sm(n,ot)l44Nd
reaction in the MeV neutron energy region and our results are very useful in determining the
threshold behavior of the 147Sm(n,ot)"“‘Nd reaction. The forward/backward ratios of the
147Sm(n,0f) reaction are as large as 1.65 and 2.54 at 5.0 and 6.0 MeV which is an indication of
direct reaction mechanism.
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Abstract: The statistical model, Griffin’s exciton model and PWBA are used for systematical
analysis of (n, p) reaction cross sections at the 18 and 20 MeV neutrons.

1. INTRODUCTION

Investigation of charged particle emission reactions induced by fast. neutrons is
important for both nuclear reactor technology and the understanding of nuclear reaction
mechanisms. In particular, the systematic study of (n, p) reaction cross sections is necessary
to estimate radiation damage due to hydrogen production, nuclear heating and transmutations
in the structural materials of fission and fusion reactors. In addition, it is often necessary in
practice to evaluate the neutron cross sections of the nuclides, for which no experimental data
are available. Because of this, in last years we carried out the systematic analysis of known
(n,a) and (n, p) cross sections and observed so-called isotopic effect in the wide energy
interval of neutrons for the broad mass range of target nuclei [1-3]. Also, some formulae for
the systematic analysis of the fast neutron induced (n, p) reaction cross sections using the
statistical model, exciton model and PWBA were obtained [4-6]. In this paper the systematic
analysis of known (n, p) cross sections for 18 and 20 MeV neutrons using the theoretical
model formulae is described.

2. THEORETICAL FORMULAE OF (n,p) REACTION CROSS SECTIONS
2.1. Statistical Model

For fast neutrons using the evaporation and constant nuclear temperature models,
semi-classical approach for an inverse reaction cross section and I' =T, approximation we
can obtain the following formula for (», p) cross section:

_ehezn
o, =Cn(R+%)e a -, ¢)!
{ A
where K=4F |— 2
d 13.5(E, +Q,,) @
and C=explzave L1 3)
1/13.5(E,, +0,)
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Here: R,Z,N and A are the radius, the proton and neutron numbers, and the mass number of
the target nucleus, respectively; X is the wavelength of incident neutrons divided by 27 ; £
and y are the constants of Weizsacker’s formula; E, and @, are the neutron and reaction
energies, respectively. The parameters C and K in eq.(1) are usually determined by fitting to
experimental cross sections. However, the parameters C and K can be obtained directly from
egs. (2) and (3).

So, from eqs. (2) and (3) it can be written that the parameters C and K are related as follows:

Z (2y-1
Using the following designation B= -[%(25—;1) 5)
we can get following relation between the parameters C and K:
C=e™. ©6)
2.2. Exciton Model

In the framework of the pre-equilibium nuclear reaction mechanism using the
Griffin’s exciton model we can write following expression for (n,x) cross section [5]:

pre

e ok, )2,1 (n.E,)7(n.E). ™

Here: o,(E,) is the total reaction cross section for neutrons; A, (n,E,) is the emission rate
from an n exciton state (n= p+h); p is the particle number; % is the hole number; 7 is the
mean lifetime of an n-exciton state. We assume the probability of nucleon emission from
state with n excitons ¥, =0 and depleting factor D = 1. Also, for the transition probability is
used following approximation:
A>>A>>A . 8

Then, the cross section formula for (n, p) reaction can be obtained from eq.(7 ) as follows:
2M, [(E, +0,)-V,}
K,A (E,+B)

, ®

re 7[6 2
o= 68'3FR o,(E,)
where M, is the mass of protons; K, =400 MeV?>.

2.3. Plane Wave Born Approximation

The transition probability of a system from the initial state to the final one is given by
27 . 2
w=—h—|j‘}’fH‘{’,.dr| p,(E), (10)

where H is the perturbation operator; o, (E) is the final states density; ¥, and ¥, are the

wave functions for the initial and final states, respectively.
In the case of (n, p) reaction we use following approximations for the initial and final states
of system [6]:

¥, =UU, and ¥, =U,U,, an
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where U,,U,,U, and U, are the wave functions of the target nucleus, product nucleus,
neutron and proton, respectively. Also, we assume the perturbation operator is equal to a
constant:

H =C=const. (12)
The effect of the Coulomb field of nuclei was neglected as following

U,=U,=U. (13)

In the case of plane wave Born approximation (PWBA) for neutrons and protons from
egs.(10)-(13) can be written following formula for the (», p) cross section

ol = CynR? ,1+-%l 14)

where C, is the fitting parameter which can be interpreted as a proton emission probability in
the asymptotic total cross section for E, >>Q, .
So, total (n, p) cross section is determined as following

— com pre dir
0,=0,," to. +0, . (15)

From egs. (1), (9), (14) and (15) the parameter C,, is obtained as best fit to experimental data.

3. ANALYSIS OF (n, p) CROSS SECTIONS

3.1.Systematics of (n, p) cross sections

For E,=18 and 20 MeV the dependence of reduced (n, p) cross section on the relative
neutron excess parameter is shown in Fig.1. From the theoretical line used eq.(1) and fitted to
experimental data were obtained the parameters C and K which are given in Fig.1, also.
These values and other data of the parameters C and K obtained for E,=6, 8, 10, 13, 14.5 and
16 MeV [7] are given in Table 1.

The dependences of the parameters K and C on neutron energy are shown in Figs.2
and 3, respectively. The values of A,Z and Q,, are fitted as averaged and constant

parameters for all isotopes and given in Figs. 2 and 3, also.

1 T T 1 T T
i} E =18 MeV E,=20 MeV
_— \ e o . i
3 0 b 0.4 ¥
E 5 <G . \ P
(54 - L . v . .
o B d i N I
0.01 ¥ 0.01 * ¥
C=0.39 . \\ C=0.25 T
K=22.4 ¥ K=17.9 .
1E-3 i i 1E-3 i -1
0.04 0.08 0.12 0.16 0.20 0.04 0.08 0.12 0.16 0.20
(N-Z+1)/A (N-Z+1)/A

Fig.1. The dependence of reduced (n, p) cross sections on the relative neutron excess
parameter (N —Z +1)/A for neutron energies 18 and 20 MeV.

257



R?=0.90
A=19.63+3.86 |
Q,_=-3.860.64

o

10 12 14 16 18 20 22
(MeV)

Fig.2 Energy dependence for parameter K.

&l e
sl R*=0.86 1
1l ZA"®=38.3617.46 ]
12 I . an=-3.70::0.97
10f

O gl
6L
4+t
2F
0 A 1 1 L]

46 8 10 12 14 16 18 20 22
E (MeV)
Fig.3 Energy dependence for parameter C.

Fig.4 shows the dependence between the parameters C and K. Here the solid squares
are the fitted to experimental data values (table 1) and the solid curve is the theoretical. In
addition, the fitted value for parameter B of eq.(5) is given in Fig.4.

Table 1.
E, (MeV) K C
6 75.2 17.5
8 62.8 11.9
10 52.1 6.80
13 38.8 2.74
14.5 37.3 2.43
16 33.5 1.42
18 22.4 0.39
20 17.9 0.25

T T T T T T

18[- 4
16 | R?=0.93 1
14+ 1 B=0.038+0.001 ]

Fig.4 The relationship between the
parameters C and K.

From Figs.2, 3 and 4 it can be seen that the fitted values of parameters C and K are
satisfactorily described by the statistical model formulae (2), (3) and (4).

3.2. Theoretical and experimental (n, p) cross sections

The comparisons of the absolute values for theoretical (n, p) cross sections calculated by
statistical model, exciton model and PWBA with known experimental data at E,=18 MeV are
shown as examples in Fig.5. It is seen that theoretical total (n,p) cross sections are in

agreement with known experimental data (see Fig.5 d).
Similar picture was obtained for E,=20 MeV (see Fig.6).
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Fig. 5. Theoretical and experimental data of (n, p) cross sections at 18 MeV
a) statistical model, b) exciton model, c) PWBA, d) total.
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Fig.6. Experimental and theoretical total (n, p) cross sections at 20 MeV.
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POSSIBILITY OF SOME RADIONUCLIDES PRODUCTION
USING HIGH ENERGY ELECTRON BREMSSTRAHLUNG
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" Flerov Laboratory of Nuclear Reactions of the JINR, Dubna, Russia
2Nuclear Ressarch Center of NUM, Ulan-Bator, Mongolia

Abstract

The method of some radio nuclides production using high energy Bremsstrahlung of electron
accelerators and determination of photonuclear reaction yield and specific activity for some radio
nuclides is described. Photonuclear reaction yield and specific activity for some radio nuclides
were determined for ''"™Sn, "'In and '*™pt.

Based on the experimental data obtained at low energy (E.-<30 MaB) electron accelerators as
well as the microtron MT-25 (FLNR, JINR) with the power 0.5 kW, photonuclear reaction
yields are estimated for some radio nuclides for the linear electron accelerator (Ee- = 75 MeV)
of the IREN fucility, FLNP JINR at irradiation of high purity platinum and tin metals.

INTRODUCTION

At present, the requirements lor an acceptable radionuclide are still considerably high. The
nuclear reactors and cyclotrons are mainly used for the radionuclide production. However, they
are not able to produce all the required types of radio nuclides, therefore, electron accelerators as
Linac and Microtron, that can be produced radio nuclides using the Bremsstrahlung, are suitable
complements.

Properties of the radionuclide ''""™Sn are acceptable for clinical and therapeutic use: the
short half-life of 13.6 days is necessary to minimize the patient exposure, the gamma emission of
photons of 158.4 keV (84 %) for imaging, and abundance (116 %) of low energy (127-129, 152

keV) Auger and conversion electrons for delivering a h1 h radiation dose to sites of a bony
metastatic disease {1, 2. Also the platinum radionuclide !®™Pt can be used for cancer diagnosis
and therapy.

The yields for a number of radio nuclides produced by the Bremsstrahlung beam
irradiation were measured by different groups. Oka et al. [3] measured the yields of radio
nuclides induced by the (y, n) reactions with the 20 MeV Bremsstrahlung from a linac on 37
elements. Analogous measurements were performed at the Czech microtron by Randa et al. {4)
with the 19 MeV Bremsstrahlung beam. Detailed measurements were also performed by Gerbish
et al. [5] and Thiep et al. [6] at the microtron in Dubna, FLNR, JINR for practically all natural
nuclides at different electron 14, 18 and 20 MeV energies. Properties and activity yields of radio
nuclides obtained from photonuclear reaction data are based exclusively on experimentally
+ obtained results for the majority of elements and are presented in book by Segebade et al. [7].

THE AIM OF THESE EXPERIMENTS

In the work will try to give some information on the possibility of application of the
. Bremsstrahlung beam of the linac of the new Intense REsonance Neutron pulsed source (IREN)
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for fundamental and applied nuclear physics is being realized in the 2008 in Frank Laboratory
Neutron Physics of JINR, Dubna.

ACCELERATOR

The methods of multielemental photon activation analysis (MPAA) and radionuclide
production will be developed at the Linac of the IREN facility.
Some technical characteristics for the Linac of the IREN facility are as follows:
— Maximum Energy of Electrons - 75 MeV

— Peak current -2.84 A;

— Pulse frequency - 50 Hz;

— Electron burst width (FWHM) - 140 ns.

— Power - 1,1 kWt
2 4

&
I P RN
=

P ey @

Fig 1. Simple geometry of radiation target by bremsstrahlung
1 - electron source; 2 - exit foil ( ~ 0,1-0,3 mm thick Ti); 3 - converter
(W or Ptplate ~2,5 and S mm); 4 — target.

A water cooled tungsten or platinum target has been used for thé Bremsstrahlung converter.
The temperature on the surface of the W or Pt disk of the target must be lower than ~900 °C.

The preliminary methodical experimental investigation was carried out on the cyclic
electron accelerator Microtron MT-25 of FLNR, JINR. The Microtron MT-25 was used as the
Bremsstrahlung source to determine specific activities and yields of the photonuclear reactions.
The 0.57 kW power irradiation targets of the Microtron MT-25 were operated with the electron

beam -15 pA current and 23.5 MeV energies. The results of methodical study are given in the
present work.
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EXPERIMENTAL PROCEDURE

To estimate the activity and yield of the radionuclide '7™Sn, '''In, ***™Pt production, the
natural pure tin, platinum and enriched ''®Sn (98.5 %) isotope have been irradiated at the
Microtron MT-25 in Dubna, FLNR, JINR by the bremsstrahlung beam of 23.5, 22, 21, 20, 19
MeV with the current of 13 — 14,5 pA during 1-2 h at the radial distance of 2 cm from the
tungsten target (4 mm thick). For determination of photonuclear reaction specific activity and
yields of Sn, Pt isotopes several experiments have been carried out:

Bremsstrahlung Mass of Irradiation time,
No Elements
Encrgy, (Mev) sample, (ing) hours
Au-1 5
Zr-1 1,2
1 23,5 Sn-1 46,1 1
Sn-118(9) 31,3
Cu-1 49,5
Au-2 6.2
Zr-2 0,6
2 2 Sn-2 19,2 L3
Cu-2 48,8
Au-3 6,9
Zr-3 0.7
Sn-3 28,5
> o Cu-3 44,2 b
Pt—1 8.6
Sn- 112 12
Au-4 5,5
Zr-4 4
4 20 Sn-4 14 [
Cu-4 35,8
Pt~2 8,4
Au-35 1,2
Zr-5 !
5 19 Sn-3§ 374 1.5
Cu-5 43.5
Pt-5 6,3
Au-6 1,2
Zr—6 1,1
6 Sn-6 374
1 Cu=6 39 L3
Pt—6 6,3
Sn-118(9) 29,7

Activity of the irradiated high purity natural platinum, tin and enriched ''®Sn samples and
monitors were measured by HP Ge detectors® of the gamma S£ectrometer of FLNP, JINR with
the energy resolution of 2 keV at gamma line of 1332 keV for *®Co radionuclide. To the monitors
of the high energy electron’s Bremsstrahlung flux were used pure metal foils of Au, Cu and Zr.
Gamma lines of the radio nuclides, which are detected from samples and monitors [2, 4] have
been given in Table 1.

Equation (1) and (2) were used for calculation of specific activity, yield and integrated cross
section of the photonuclear reaction.
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Where:

S - net peak area

N, - Avogadro’s number (mol™)

0 - isotopic abundance of the target isotope (%)

v - gamma ray abundance (i.e. probability of the disintegrating nucleus
emitting a photon of this energy, photons per disintegration).

w - Mass of the irradiated element (g)

M - Atomic mass (g.mol)

£ - Photo peak efficiency of detector (i.e. probability that an emitted
photon of given energy will be detected and contribute to the photo peak
in the spectrum).

Gt - effective cross-section (mb or 107 cm?)

b - photon flux (cm? pAfs™)

A - decay constant

t,,, - irradiation time (s)

t, - decay time (s)

t, - measuring time (s)

A, - Specific Activity (Bq/mg)

Enux - Irradiation energy (MeV)

Ew - Reaction threshold energy (MeV).

Table 1. Nuclear data of TIN (Sn) and PLATINUM (Pt) radioisotopes.

2 8 . Threshold 8
.2 | 5= | B g resho £ g
g'gz s 2 2R et energy of S E‘a‘)b\e
2 - £ & 2 3 reaction _§ =
g - S = a E,, MeV <°
11Img S0 (v,y) 032 75
n 158.40 | 84.00 '85n (y,n) 9.65 24.01
13.64d ' 1950 (7,2n) -16.13 8.58
IT7m .
3 652 15840 | 8400 | Sn(yn) 965 98.50
M 17129 ] 91.00 N2
. 7.7 0.
2.83d 24535 | 9400| Sn(y.p) 3 95
To5m Pty -0.26 33.80
. 1‘;‘ 192%8764 1101 | Pt (y.n) 818 2520
) : 198pt (y,3n) -21.60 7.19
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Radionuclide of this class is therapeutically and diagnostically useful in skeletal imaging

and for the radiotherapy of bone tumors and other disorders [9-12].

From the measured gamma spectrum data the experimental photonuclear reaction activity
and yield have been determined for radio nuclides ''"’"Sn; "'In and '®*™Pt. Their experimental

values are shown in Table 2.

Table 2. Experiment's results of specific activity and yield for some radio nuclides.

& g 4
o 2 - . 5 = ~ X © 8 a5
253 B | g2 | Ef | 23v | tef |Eess
No |[HEE g g5 | s e — E g & 2385%
s 2 S s 28 R §EZ | SEER
S ga H = B < 2 Sy | REel
& & :
Wimgn 8.17E+05 5.45E+04 0.44
Sn—1 Mg 8.76E+06 5.84E+05 0.09 5.1
I 235 gn 7.01E+06 4.68E+05 0.116 3.46
’ Bgn 1.52E+06 1.01E+05 0.54 0.93
Sn-118 Wimgn 5.77E+05 3.85E+04 031
78S 3.14E+05 1.39E+04 028
2 2 Sn-2 "in 3.15E+06 1.4DE+05 0.09 312
13sn 2.62E+06 1.16E+05 0.12 201
Bsn 6.17E+05 2.74E+04 051 0.64
TT&Sn 3.02E+05 1.33E+04 0.40
Sn-3 Mn 3.30E+06 1.47E+05 0.09 4.84
3 21 3gn 2.60E+06 1.16E+05 0.115 312
Bsn 6.02E+05 2.68E+05 0.49 092
Pi1 TSSpy 6.56E+05 2.92E+04 1.63
191pg 446E+06 1.98E+05 0.15 10.77
RIS 2.75E+05 1.20E+04 041
Sn-4 MIn 2.99E+06 1.30E+05 0.09 5.08
4 2 Sn 2.33E+06 1.02E+05 0.12 3.18
, Bsn 5.07E+05 2.21E+05 0.54 0.89
-3 TPt 1.96E+05 8.55E+03 0.15 0.56
'Pt 1.30E+06 5.70E+04 : 3.62
TT5Sn 1.1E+05 3.77E+03 0.31
Sn-s ::;In 1.25E+06 4.29E+04 0.08 4.12
P 19 oSn 1.05E+06 3.59E+04 0.105 2.70
Sn 2.49E+05 0.85E+04 0.44 0.84
P3| R 4.04E+05 1.38E+04 0.15 223
Pt 2.66E+06 0.91E+05 : 14.6
T7mgn 9.73E+04 4.11E+03 0.07
Sn-6 ::;In 1L.OTE+06 4.51E+04 0.09 078
Sn 8.69E+05 3.67E+04 0.11 0.54
6 245 B35 1.86E+05 7.86E+03 0.52 0.14
P-6 | P 8.03E+05 339E+04 1.0
Pt 6.95E+06 2.93E+05 0.116 0.84
Sn-118 Himgy 5.43E+5 2.29E+4 0.06
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Fig.3. The distribution of relative integrated cross section { 0*/0**““] for some
radio nuclides in irradiation energies of Bremsstrahlung.
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DISCUSSION AND CONCLUSION.

1. Results of the experiments have shown a possibility of the "'™™Sn, "In, '*™Pt radionuclide
production using the Bremsstrahlung of high energy electron accelerators. In case of
irradiation of the natural pure tin, radioisotopes mgn and ''In have been produced, which
both are useful for medical purposes.

The experimental yield of photonuclear reaction is several times higher than when an
enriched ''%Sn (98.5 %) isotope is used in the target, and from the gamma spectrum can see
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the gamma line of 158.4 keV of only one radionuclide '""™Sn. The photonuclear reaction
yields of the "''In have been compared with the data determined in other works and they have
sufficient coincidences.

The isomeric ratio of ''"""Sn was estimated from the experimental data of activities of
158.4 ("'"™Sn); 391.7 (***Sn) and 1089 (‘¥Sn) keV energy gamma lines. The isomeric ratios
for '"™Sn were estimated and determined 0,114 % 0.005 and 0,506 = 0.038 for the radio
nuctides '>Sn, '%Sn, correspondingly. A isomeric ratio for 195mpt determined 0.141x
0.005.

The activities and yields of the 7mgh and M'In radio nuclides will be (10 times) increased at
the Bremsstrahlung beam of the Linac of the IREN facility, which is constructed in FLNP,
JINR.

In the Table 2. have shown the calculated specific activities, photonuclear  reaction yields
and relative integrated cross section for the radio nuclides ( 96Au, 89Zr, ”7er1, mln, 113Sn,
123G, 195wpy gnd 191py),

In Fig. 3 have given the histograms of distribution for relative integrated cross section of the
above mentioned radio nuclides in absorption energies of Bremsstrahlung.

From the calculated integrated cross section can be determined isomeric ratio and
o(y.n)o(y,p) for Sn have find 0.088 + 0.004.

From the results of experiments can concluded the possibility production more useful radio
nuclides as well as "™Sn, "In, and **™Pt for nuclear medicine, science and technology
using high energy Bremsstrahlung of electron accelerators.
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Heavy metals and REE in bottom sediments and dreissenids of the Rybinsk
reservoir
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The Rybinsk reservoir is the largest artificial water body in Europe and water supply of fresh water
for Central Russia. This reservoir is affected by largest in Europe metallurgical plant situated in its northeast
part in the town of Cherepovets. To assess the possible impact of this plant on the abiotic and biotic
components of the reservoir ecosystem sediments and mollusk Dreissena polymorpha samples were
collected in different compartments of the reservoir in 2005. A total of 33 elements including some heavy
metals were determined in sediments, zebra mussel shells and soft tissues by means of NAA. High
concentrations of some heavy metals were revealed in sediments, shells and soft tissues of zebra mussel in
the close vicinity of metallurgical plant.

1 Introduction

Heavy metals from industrial and urban discharges are deposited in different
components of the aquatic ecosystem, such as water, sediments, soils and biota. All heavy
metals are potentially harmful to most organisms at some level of exposure and absorption.
Under certain environmental conditions, heavy metals may accumulate to a toxic
concentration, and cause ecological damage. During the last decades mining and industrial
production of rare earth elements increased drastically, which led to enlarged input of these
elements into the environment, primarily water bodies.

The Rybinsk Reservoir, the largest artificial water body in Europe, is the main
source of drinking water for the towns located along its cost-line. The greatest potential
risk of environmental contamination to this man-made lake is posed by the town of
Cherepovets with its steel producing plant, largest in Europe.

‘Bottom sediments represent a sink for suspended matter including organic and
inorganic pollutants in the freshwater ecosystem. They are frequently used for determining
the contamination level of the water ecosystem as well as for assessing risk of potential
remobilization of pollutants into the ecosystem.

For biomonitoring purposes in the Rybinsk reservoir two species of bivalve mollusk
(Dreissena polymorpha and D. Bugensis) were used. These mollusks are characterized by
their sedentary life style (which unsure representativeness towards a given water body or its
part), good filtration capacity and resistance to acute toxicity of pollutants (Klerks et al.,
1997; Pavlov, Frontasyeva, 2005). Although dreissenids are. considered as reliable
bioindicators by many authors (Bervoets et. al., 2001), some_investigators debate this fact
(Wiesner et al.,2001). The latter study revealed that the mean concentrations of some heavy
metals in soft tissues of the mollusks were 9, and in some cases 170 times Jower than those in
seston and bottom sediments. The authors suggest that dreissenids have great ability to
detoxicate heavy metals, which diminishes their bioindicating importance. Bottom sediments
in this context can serve as more trustworthy and simple indicators.

The aim of the study is first of all to determine chemical elements, including heavy
metals and rare earth elements in tissues of the dreissenids and sediments in different
compartments of the reservoir. This can make it possible to assess the contamination level
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of the reservoir as well as to evaluate the possibility of using dreissenids for monitoring
fresh water ecosystems.

2 Methods and materials

Sampling was carried out from research ships of the Institute of Inland Water Biology
in 2005-2006 at different areas of the reservoir (Fig. 1). Sediment samples were collected
using bottom sampler and dreissenids — using bottom drag.

Mollusk samples were frozen at -18°C for further sample preparatiori. Mollusks were
dissected into a soft part and a shell being preserved separately.

\\%{:—h/.{.povels

0

Fig. 1. Study area with sampling sites

Both sediment and mollusk specimens were dried at 40 C° and then homogenized
with the help of mortar and pastel. The specimens were packed into aluminum cups and
polyethylene bags for long and short irradiation, respectively, and analyzed for elemental
composition using instrumental epithermal neutron activation analysis (ENAA) at the IBR-2
reactor (JINR, Dubna).

The statistical analyses were performed using the software package Statistica 6.0 for
Windows (Statsoft). P values <0.05 were considered statistically significant.

3 Results and discussions

ENAA enabled identification of 31 elements in bottom sediments and zebra mussels.

Concentrations of such elements like scandium, vanadium, manganese, barium,
lanthanum, samarium, hafnium, tantalum in the soft tissues of dreissenids differ
insignificantly from those in the shell. La, Sm, Hf, Ta content in the soft tissues is no more
than twice as much as their shell content, while Mg and Ba concentrations are a little higher in
the shell. At the same time cobalt, nickel, zinc, selenium and bromine concentrations in the
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soft tissues are 1-2 orders of magnitude higher than those in the shell, while strontium and
calcium contents in the shell substantially exceed those in the soft tissues (Fig. 2 and 3). The
last observed phenomenon is explained by the fact that calcium is a bulk material for a
mineral matrix of the shell and strontium actively replaces calcium in this tissue.

Bottom sediments concentrations for most elements are one order of magnitude higher
than those in the soft tissues of the mollusks. The reverse pattern is observed for Ca, Co, Ni-
and Zn, whose concentrations in the soft tissues differ from those in. the sediments
insignificantly, while Se and Br concentrations are ten times higher in the soft tissues than in
the sediments (Fig. 2 and 3).

—o—Shell

—0 —Softtissue

—tr— Sadiments

Fig. 2. Concentrations of some elements in the shell, soft tissue of the mollusks
and bottom sediments (logarithmic csale)

o= Shell

—0 =~Softtissue

—u—= Sediments

Fig. 3. Concentrations of some elements in the shell, soft tissue of the mollusks
and bottom sediments (logarithmic csale)
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This means that most elements consumed by the mollusk are not accumulated, but
cleared from its body (Wiesner et. al., 2001). Such elemental pattern also demonstrates
physiological importance of the above-mentioned elements being not toxicants but essential
macro and micro components for the mollusk organism. However, it is well known that under
strong anthropogenic contamination microelements can accumulate in an organism in
concentrations exceeding their physiological levels. In such conditions the organism cannot
control the processes of element consumption and excretion. Thus it may be suggested that
the high concentrations of Zn, Co, Ni in the mollusk body are explained by the influence of
Cherepovets metallurgical complex.

No significant spatial differences were revealed in shell and soft tissue concentrations
for the majority of heavy metals except for zinc and cobalt, whose concentrations in the shell
and soft tissues sampled in close vicinity of Cherepovets exceed those from the other
sampling points (Fig. 4). Though absolute metal concentrations in soft tissues are higher than
those in shells, the latter reflects anthropogenic contamination much better. Trace metal
content in the mollusk body depends very much on numerous varying extraneous and intrinsic
factors. As the element turnover in the shell is much slower, the shell reflects long-term input
trends.

Fig 4. Spatial distribution of Co and Zn in the zebra mussel showing the element content
in the soft tissue (left) and in the shell (right)

To establish the spatial distribution of heavy metals in the reservoir sediments cluster
analysis was performed (Fig. 5). Clusterization was carried out on the basis of the
concentrations of cobalt, nickel, zinc, antimony and tungsten normalized to scandium as a
conservative element.
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Fig. 5. Cluster analysis of bottom sediments. Hierarhical tree plot

@ Cluster 1
O Cluster 2
Q Cluster 3

Fig 6. Results of clusterisation for some trace metal concentrations normalized to
scandium in sediments from the Rybinsk Reservoir

The first cluster, represented by one sampling point, is characterized by extremely
high heavy metal concentrations (Tab. 1). It is located in the Serovka River which is directly
exposed to Cherepovets steel producing plant effluents. The second cluster is characterized by
moderate heavy metal concentrations and the third cluster corresponds to relatively clean sites
(Table 1). As it is evident from the map (Fig. 6), the area of the Cherepovets industrial
complex influence is confined to the northeastern part of the reservoir whereas in the central
part it is negligible.
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Table 1. Mean concentrations of some metals in different sediment cluster (pg/g)

Cluster | Co Ni Zn w Sb
1 270 3920 18700 180 6.0
2 100 310 1980 30 08
3 32 83 215 1.0 01

4 Conclusions

Our study confirmed that the steel producing complex in Cherepovets exerts negative
influence on the reservoir ecosystem. Bottom sediments are reliable objects for monitoring
heavy metals and rare earth elements in fresh water ecosystems. Mollusks and dreissenids, in
particular, may serve as contamination indicators. Nonetheless, the shell composition reflects
permanent source of anthropogenic pollution better than the soft tissue composition does. The
feasibility of ENAA for freshwater monitoring has been shown.
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DETERMINATION OF MAJOR AND MINOR ELEMENTS
IN SEDIMENTS OF SOME CENTRAL AND NORTHERN
MONGOLIAN RIVERS USING INAA

Sh. Gerbish, N. Baljinnyam, G. Ganbold*, G. Ganchimeg”

*. NUM, Ulan-Bator, Mongolia

Abstract

The sediment samples from rivers of the central and northern part of Mongolia were studied
and the concentration of 41 elements (Na, Mg, Cl, K, Ca, Al, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu,
Zn, As, Se, Br, Sr, Rb, Sr, Zr, Nb, Sb, Cs, Ba, La, Ce, Nd, Sm, Eu, Tb, Dy, Tm, Hf, Ta, W, Au,
Hg, Th, U) was determined by instrumental neutron activation analysis using epithermal neutrons
(ENAA) at the IBR-2 reactor, FLNP JINR, Dubna.

The obtained results of heavy metals and other trace elements in these samples were
compared with the reference materials and other clean area data.
This work done under RFFI-Mongolia 08-05-90214 MONG_a

INTRODUCTION

Many of the sediments in rivers, lakes, and oceans have been contaminated by pollutants
and most of the contaminants were released years ago while other contaminants enter our water
every day. Some contaminants flow directly from industrial and municipal waste dischargers,
while others come from polluted runoff in urban and agricultural areas. Still other contaminants
are carried through the air, landing in lakes and streams far from the factories and other facilities
that produced them. The samples of sediments were collected from the Selenga inflow rivers,
which are mainly contaminated by anthropogenic pollutants from industrial, urban and
agricultural areas of Mongolia in 2002-2003 years. The sediment analysis of minor and trace
elements must be useful to estimate sufficiently the pollution area and river’s water. As the rivers
flow they are carrying soil, sand, and sediment along with them. The sediments that rivers
transport actually play quite an important role in shaping the environment and even in our own
lives. When it rains, soil and debris from the surrounding land are eroded and washed into
streams. From there, sediment particles ranging from as small as clay to as large as boulders flow
along with the water.

1. EXPERIMENTAL PROCEDURE

Monitoring studies of concentration of heavy metals and trace elements in the sediments of
the Selenga inflow rivers are important for assessing the effect of contamination by pollutants
from industrial, urban and agricultural areas. Sampling points of the sediment have been chosen
from the rivers near the. most industrial, urban and agricultural areas of the central and northern
part of Mongolia (for example: the Tula river near Ulan-Bator, the Khara river near Darkhan and
Khangal river near Erdenet) and are shown in Table 1.

After the thermal procedure the sediment powder samples were prepared for irradiation
and analyzed at the IBR-2 reactor of FLNP JINR, Dubna, using thermal and epithermal neutrons.
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The samples were irradiated in channels of the fast pulsed IBR-2 reactor, the flux pardmeters of
neutrons at irradiation channels: thc thermal neutron flux density was 1.1E+12 cm? s and the fast
neutron density was 1.4E+12 em™ 571, For the neutron flux density measurement, the gold foil was
used [1-3]. Two kinds of analysis were performed: the long irradiation (for 100 h) in channel
(Ch.1) was used to determine the elements associated with long-lived radio nuclides of elements
(As, Cd, Ba, Br, Ce, Cs, Eu, Fe, Ni, La, Rb, Sb, Sc, Se, Sm, Th, U, Zn) and the short irradiation
(for 20 min) in channel (Ch.2) was used for short-lived radio nuclides of elements (Al, Ca, Cl, I,
K, Na, Mg, Mn, V, Cu).

Gamma-ray spectra were recorded 4-5 times using the gamma spectrometers with HP Ge
detector. The cooling times of 5 and 10 min were chosen after the decay periods following the
short irradiation and those of 5, 13, and 20 days for the long irradiation.

2. DISCUSSION AND CONCLUSION

Out of 41 determined elements biogenic or essential macro elements (Na, K, Mg, Ca, Cl)
were found; biogenic or essential microelements (Fe, Cu, Zn, Mn, Cr, Se, Co, V, Ti, Ni, As); non-
biogenic or other elements (Hg, Sb, Ba, Sr, Cs, Al, Rb, Zr, Nb, Au, Br, Sc, La, Tm, Hf, Ta, W,
Th, U and some REE: such as Ce, Nd, Sm, Eu, Tb, Dy) were determined by INAA and shown in
Table 2 and 3.

Heavy metals and trace clements in sediments of central and northern rivers have been
accumulated from polluted industrial, urban and agricultural areas. The results of our study are
important for assessing the effect of contamination pollutants and confirmed by the conclusions.

e We concluded that sediments of rivers are suitable and useful indicators for monitoring

studies of environmental pollution of rivers.

¢ The Nuclear Analytical (INAA) Technique has the sensitivity and accuracy method for
the heavy metals and trace element studies of the environments.

* From Table 2 and 3 one can see that contents of the elements Cr, Ti, V, Cu, As,

Se and Sb are higher than in crust rocks [4].

e From Fig. 1 and 2 one can conclude that the accumulation of biogenic elements such as
Na, Mg, Cl, K, Ca and Fe are higher in sediments No. 3, 9, and 10. Also, the
microelements: Ti, V, Cu, Sb and Se have been found higher than others in samples of
these sediments,

e It is shown that the main pathway of these (Ti, V, Cu, Se and Sb) elements to sediments
No. 5, 9 and 10 is from the polluted area and the waste water of the rivers Khangal and
Govil near the storage of Slag-heap tail [5].

¢ From Fig. ! one can conclude that the accumulation of U and Th are higher in sediments
No. 1, 2, 3, 13 and 7 near Ulan-Bator than other samples of sediments and it means that,
the mean pollution sources of these elements are burning brown coal in power plants and
heating systems.

* Results of studies of such kind will be important to determine biogenic or essential macro,
micro and non-biogenic or other elements in sediment samples of rivers to determine the
pollution sources.
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Table 1. Sampling places of the sediment samples

No Name of rivers Location
1 Tula Ulan ~ Bator, (south part)
2 Dundgol Peace bridge, Ulan — Bator
3 Selbe Lion bridge, Ulan — Bator (central part)
4 Uliastai Uliastai bridge, Ulan — Bator (east part)
5 Govil Erdenet town
6 Soil Erdenet town (central part)
7 Shariingol Bridge, Selenga aimak
8 Kharaagol Darkhan bridge, Darkhan
9 Khangal Ulaantolgoi, Erdenet
10 Khangal Erdenet bridge, Erdenet (central part)
11 Tula Zaamar bridge, Central aimak
12 Tula Ovoot bridge, Central aimak
13 Tula Gachurt bridge, Ulan — Bator (east)
14 Tula Altan Domot, Zaamar, Central aimak
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Table 2. Contents (mg/kg) in sediments of inflow rivers Selenga (Mongolia); (Ct AC, %).

4

=

:'g Ne 1. Ne 2, Ne 3. Ne 4, Ne 13. Ne 11. Ne 12.
5]

Na | 24800(10) 16900(10) | 18200 (10) 13100 (10) 28100 (10) | 21400(10) | 21400(10)
Mg | 27900(28) | 32000(28) | 27900(28) | 23700(13) | 22900(29) 30700 (29) 23600 (29)
Al | 58900(20) | 80300(20) [ 71500(20) | 67400(20) | 65700(20) | 70600(20) | 74000 (20)
a 322(3%) 322(33) 322033 491(33) 322(33) 8.86 (33) 322(33)
K | 28000(23) | 23500(23) | 27400(23) | 23800(23) | 34600(23) | 26300(23) | 24200(23)
Ca | 48100(33) 36000(33) 93500(33) | 21000 (33) 21200(33) | 30900(33) | 32600(33)
Sc | 998(13) 121(13) 9.60 (13) 5.90 (13) 4.00(13) 8.51(13) 4.35(13)
Ti | 4150 41) 5110 (40) 4730 (42) 2950 (45) 2800 (42) 4120 (42) 4240 (A1)
v 114 21) 101 (22) 140 (20) 63.1 24 42.9(29) 93.5(22) 74.8(23)
cr | 54323 66.7 (24) 60.7 (23) 263 (24) 20.8 20) 29.0 (25) 20.3 (20)
Mn 880 (6) 610 (6) 921 (6) 473 (6) 576 (6) 378 (6) 542 (6)
Fe | 26200(4) 31400 (5) 25200 (4) 18100 (4) 10500 (4) 21500 (4) 9460 (4)
Co 117011 132311 13.6(11) 576 (1D 394(12) 9.20(11) 3.61(12)
Ni 14027 218(23) 23(23) 3.42 (30) .26 (28) 17.2(23) 9.17 (26)
Cu ND ND ND ND ND ND ND
Zn 97.7 (6) 120 (5) 160 (5) 63.9 (6) 31.5(8) 57.3 (6) 20.6 (9)
As 14.0(6) 7,61 (6) 20.7 (6) 7.16 (6) 872 (8) 102 (6) 3.58(7)
Se | 0290(25) 0.016 (14) 022 (27) 0.016 (17) 023 (23) 0314 (25) 0016 (I7)
Br | 7.06(25) 6.28 (25) 12.2(25) 1.96 (25) 6.3 (25 742 (25) 162 (27)
Rb 741(9) 102 (9) 724 (9) 84.2(9) 67.1(9) 63.4(9) 49.6 (9)
Sr 316 (8) 318 (D) 310 8) 309(T) 192 (8) 214 (8) 183 (8)
Zr 315(D 345 (1) 176 (1) 203 (8) 181 (8) 227 (8) 248 ()
Nb | 223D 237 21) 13.221) 14.7 (22) 10.9 (22) 16.7 (22) 16.4 (21)
Sb | 238(13) 241 (13) 329 (13) 2.06(13) 077 (15) 1.06 (14) 0.536 (16)
Cs | 54103 6.47(13) 6.12(13) 3.96 (13) 243(13) 4.03(13) 1.95 (14)
Ba 502 (8) 677 ®) 523 (9) 629 (8) 405 (9) 383 (8) 347 8)
La 51.8(7) 370 413(D 2247 334D 34.4(7) 267 (7)
Ce 124 (11) 126 (11) 107 (11) 773(11) 66.2 (1) 94.4 (11) 464 (11)
Nd | 228(32) 34.0(19) 17.0 (38) 11.0 (47 13.8(37) 17.1(35) 21.5 (25)
Sm 8.85(7) 8.01 (D 898 (T) 5.00(T) 5.51(D 825 (D 485(T)
Eu ND 1.09 (38) ND ND 0.588 (35) 0346 (1) 0.626 (40)
T | 0679(33) 0.828 (33) 0.604 (33) 0516 (33) 0380 (33) 0591 (33) 0.386 (33)
Dy | 640(3%) 6.37 (39) 9.96 (39) 3.83 (55) 567 (39) 5.12(43) 5.93(39)
Tm ND L12(3) ND 0.601 ©9) ND ND 0.549 (9)
Hf 8.0 (8) 839(8) - |  4.06(9) 556 (8) 4.05(8) 5.02(8) 5.96 (8)
Ta | 099025 |- 11725 0.74 (25) 0.76 (25) 0.51 (25) 0.76 (25) 0.61 (25)
W 11(13) 973 (11) 139 (11) 540 (13) 42(16) 5.17(15) 3.94(15)
Au ND 0.012 (24) 0.047 9) 0.003 £ 34 ND ND ND

He ND ND ND ND ND ND 0.076 (45)
T 155 (10) 17.0 (10) 138 (10) 9.27 (10) 103010y 10.9(10) 6.26(10)
u 10.5 (15) 8.13(15) 12.4(14) 4.19(14) 9.98 (14) 741 (14) 5.0 (14)

Note: ND - no detected
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Table 3. Contents (mg/kg) in sediments of inflow rivers Selenga (Mongolia); (Ct AC,%).

2

=

E|l Nes. Ne9. | Nelo. | Ne7. | Ne8 | MNe6. | MNeld.
3

Na 18000 (10) 28000 (10) 22400 (10) 30900 (10) 22300 (10) 14000 (10) 6020 (10)
Mg 31800 (29) 27400 (28) 29400 (29) 23500(13) 27700 (28) 28900 (28) 33800 (28)
Al 75400 (20) 76700 (20) 68200 (20) 61800 (20) 74700 (20) 61600 (20) 75200 (20)
Cl 13.1(33) 5.76 (33) 12.1(33) 3.22(33) 4.36 (33) 5.00(33) 322(33)
K 20900 (33) 23600 (33) 21600 (23) 25500+ 24 19800 (33) 19400 (33) 19700 (33)
Ca 99600 (33) 58200 (33) 53900 (33) 47300 (33) 44800 (33) 39500 (33) 33000 (33)
Sc¢ 4.80 (13) 9.64 (13) 6.85 (13) 7.87 (13) 7.80(13) 11.8 (13) 14.1 (13)
Ti 6510 (41) 7610 (40) 4260 (42) 4530 (41) 4830 (41) 5550 (40) 6240 (41)
\ 143 (19) 165 (19) 98.6 (20) 81.8 (22) 88.6(22) 120(19) 1372hH
Cr 32.5(24) 56.1(33) 37.7(33) 20.8 (28) 42.6 (33) 58.1(22) 20.8 (20)
Mn 900 (6) 831 (6) 611 (6) 628 (6) 684 (6) 839 (6) 863 (6)
Fe 12000 (4) 27100 (5) 19300 (4) 16300 (4) 16500 (4) 31500 (3) 35200 (3)
Co 590(11) 9.48 (11) 8.76 (11) 581 (11) 5.84(12) 13.0(11) 15.3(10)
Ni 13.524) 15.4(24) 13.9(24) 9.30(29) 8.24 (31) 20.7 (22) 41.5(19)
Cu 1030 (53) 1510 (11) 1630 (28) ND ND ND ND

Zn 249 (11) 50.0(7) 52.8(6) 41.0(7) 278 (9) 82.7 (6) 206 (9)
As 8.35(6) 19.1 (6) 16.1 (6) 3.34(8) 5.50(7) 9.53 (6) 50.5 (6}
Se 0.249(33) 1.23 (25) 0.518 (24) 0.249 (24) 0017 (33) 0.017(17) 0.023 (21)
Br 9.54 (25) 4.86 (25) 2.68 (26) 3.52 (26) 1.93 (26) 7.02 (25) 0.324 (33)
Rb 27.7(10) 51.1(9) 42.9(9) 49.7(9) 61.0(9) 68.3(9) 719(9)
St 176 (8) 385(7) 351 (7) 283 (7) 291 (7) 371(7) 125 (8)
Zr 111 330(7) 197 (8) 482 (6) 514 (6) 312(8) 205 (6)
Nb 8.01(23) 22.4(21) 14.721) 31.8(21) 329(21) 16.7 (22) 16.4 (21)
Sb 0.414 (16) 1.85(13) 2.70(13) 0.37(17) 0.66 (16) 1.18(14) 1.27(13)
Cs 1.51 (14) 1.90 (14) 1.63 (14) 2.03(14) 2.35(14) 3.58(13) 1.95 (14)
Ba |  226(8) 452(8) 453 (95 412(8) 451 (8) 579 (8) 425 (8)
La 31.2(7) 35.6(7) 23.7(7) 44.8 (7) 30.7(7) 30.6(7) 29.6 (T)
Ce 42.9(12) 81.1(11) 54.8 (11) 80.8 (11) 83.4 (11) 97.0(11) 84.8 (11)
Nd ND 20.1 (33) 11.1 (42) ND 17.8 (29) 21.2(31) 25.6 (26)
Sm 7.08(7) 8.17(7) 491 (D 8.47(7) 7.29(7) 7.13(7) 7.13(7)
En ND 0.881 (37) 0.374 (66) 1.02 (32) 0.986 (34) 0.916 (38) 1.14 (26)
Tb 0.283 (33) 0.541 (33) 0.382 (33) 0.626 (33) 0.661 (33) 0.687 (33) 0.622 (33)
Dy 6.89 (40) 6.05 (39) 7.21 (48) 5.99 (39) 3.83 (55) 6.54 (40} 6.48 (40)
Tm ND 1.14(8) 0.471 (9) ND 0.776 (8) 0.771 (8) 0.638 (7)
Hf 2.43(9) 7.69 (8) 497 (8) 11.1(7) 12.0(7) 2.43(9) 475 (8)
Ta 0.343 (26) 0.787 (25) 0.537 (25) 1.01 (25) 0.922 (25) 0.965 (25) 0.719 (25)
w 3.68(17) 5.60 (14) 5.46 (14) 39718 4.40(14) 3.89(13) 5.61(12)
Au ND ND 0.0083 (27) ND 0.0033 (48) ND 0.008 (21)

| Hg ND ND ND ND 0.128 (40) ND 0.076 (45)

Th 5.11(0) 7.60(10) 542 (10) 9.71(10) 9.52(10) 12,5 (10) 9.67 (10
3] 4.82(15) 5.63 (15) 3.64(15) 77104 5.16(14) 4.52(14) 4.60 (14)

Note: ND — no detected
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Fig. 1. Histogram of distribution for macro elements in sediments
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Fig. 2. Histogram of distribution for some micro elements in sediments

Distribution of Zn kn sediments Distribution of Cu in sediments
100 2000
‘i -4
fw Ensou
g £ 100
§ 10 E 500
1 0
o + M= Nowoag w e %
£ k£ £ £ ;3 ¢ £X 3 £ %X 3
Saples
Distribution of As in sediments Distribution of Cr in sediments
80
‘ \
E, 6
f “
g 20
© i °
: = 8 m w M = 8 moe 8 we
¥R % ;33 £%gAf LG
Sunples
. ,;‘
w
- £
g H
£ E2
E §
°
- M me = R oe e o e =
¥ 2 X X 3 3z £ £ 3 %% 4§
Sanples
Distribution of Tt in sedimems Distribution of V in sedbments
- =
gum E"“
g 4000 i 100
gm 50
° o o a6 2 o~ . X °
- = - 2 x - g -
P B B I T I iRigisiiiiyoig
Sarphes Samples

280




WDXRS OF MINOR AND TRACE ELEMENT CONTENTS IN SOILS OF THE
KHAMAR-DABAN MOUNTAIN RANGE

E. Grosheva', D. Zaichick?, S. Lyapunov?, E. Schevchenko’

Unstitute of Ecological Toxicology, Baikalsk 665932, Russia,
e-mail: egrosheva@list.ru

Moscow State Agricultural Academy, Moscow 127550, Russia

3Gealagical Institute of Russian Academy of Sciences, Moscow 109017, Russia

Introduction

With consideration of predominating winds in the region, the Baikal Pulp-and-Paper
Complex (BPPC) is likely to be a key source of industrial air emissions on the southern shore
of the Baikal Lake to the North-East of the Baikalsk city. Indirect retrospective assessment of
the regional pollution level is achievable through a survey focused on environment objects
that accumulate chemical elements present in industrial air emissions. Such objects normally
include topsoil, mosses, lichens, mushrooms, etc. Topsoil is a more appropriate subject for
such surveys. Opposite to other environment components (air, water) where periodic self-
treatment processes may occur, soil is an active acceptor of chemical contaminants and
virtually has no inherent self-treatment ability. Contaminants are retained in soil for
significantly longer time than in other biosphere components (mosses, lichens, mushrooms,
etc.) - most likely eternally. Soil serves as a mighty absorber of many chemical elements. It
retains them in topsoil, which is the most fertile soil layer. North-western slopes of Khamar-
Daban mounts are most representative for regional BPPC impact assessment.

The range of chemical elements emitted to air by solid fuel burning is very diverse.
Key air emission contaminants are: Al, As, Ca, Ce, Cl, Co, Cr, Cs, Cu, Eu, F, Fe, Hf, K, Mg,
Mn, Mo, Na, Ni, P, Pb, Rb, S, Sb, Sc, Se, Si, Tb, Th, Ti, V, Yb, Zn, etc.* That is why for
properly assessing a region's man-caused degree of pollution it is necessary to maximize the
number of chemical elements that can be determined for study. These elements should
obviously include top-priority toxicants. The existing Russian environmental standards for
soils® identify 11 chemical elements, namely As, Cd, Cr, Cu, Hg, Mn, Ni, Pb, Sb, V, and Zn.

This research aims at a more detailed examination of the pollution level across the
region to the north-east of BPPC caused by some chemical elements of industrial air
emissions.

Topsoil samples were taken on the Khamar-Daban mounts to the North-East of BPPC
at a height of about 1200 - 1500 m above sea level in two areas located 11 and 84 km away,
respectively. The first sampling area (Area 1) is located on the Osinovsky bare mount in
upper reaches of the Bolshaya Osinovka River 10 km away from the Baikal shoreline and in
11 km from BPPC. Five topsoil samples were taken in various points of slopes and top of the
mount. Investigated samples were classified to mountain-tundra low-capacity soil, cedar elfin
woods and reindeer, cowberry-reindeer or grass-reindeer mosses vegetation. The second
sampling area (Area 2) is Jocated on the Osinovsky bare mount in upper reaches of the
Osinovka River 10 km away from the Baikal shoreline and in 84 km from BPPC. The area is
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a part of the Baikal nature reservation and is located 3 - 5 km east from the Tankhoi city right
opposite the Angara River heads in the West. Four topsoil samples were taken in various
points of slopes and top of the mount. Investigated samples were classified to mountain-
tundra low-capacity soil, moss and lichen vegetation.

Experimental

Samples. For chemical element analysis soil samples were taken from topsoil 4 cm
thick as an average mixed sample by the plastic knife and the plastic scoop. Soil samples were
dried in the air in enclosed space at room temperature during a few days. Air-dry scattered
soil samples were cleaned from roots, impurities, neoformations and sod, from which soil
clods had been carefully shaken off. Then each sample was mixed, homogenized,
mechanically ground using the porcelain mortar and sieved to <2 mm using nylon screening.
Then a randomized 5 g weight portion of each sample was milled for 5 min using an “IB-
micro” mill. This time was enough to reach about 200 mesh dispersion level controlled
visually by comparing with the standards. The fine milled soil samples were poured into
special dashboard capacities filled up to their edges.

Standards. Quality control of the developed procedure and analytical results was
implemented in parallel by examining samples prepared from the IAEA international standard
reference material (SRM) - IAEA Soil-7.

Analytical method. Instrumental wave-dispersive X-ray fluorescent analysis (WD-
XRF) was used to determine contents of chemical elements. Mass fractions of Mo, Nb, Y, and
Zr were measured using an ARF-6 analyzer with an Ag-tube. The same analyzer, but with a
Mo-tube was used to determine contents of As, Ba, Br, Pb, Rb, Sr, Th, and U in the samples.
Mass fractions of Co, Cr, Cu, Fe, Mn, Ni, Ti, V, and Zn in the soil samples were analyzed
using a SPM-25 Quantometer equipped with a Rh-tube. Measurements with the ARF-6
analyzer were carried out twice. The duration of each measurement was 100 s. Measurements
of 100 s duration were carried out once using the SPM-25 Quantometer. The Kq;-lines were
used to register intensities of characteristic X-rays of Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As,
Br, Rb, Sr, Y, Zr, Nb, Mo, and Ba, while the Lg;-lines were used to register intensities of X-
rays of Pb, Th, and U. The sample matrix effect was account by noncoherent scattered Kq-line
of the X-ray tube.

Calculations. Standard program for calculations of an arithmetical mean (M), standard
deviation (S.D.), and standard deviation of the mean (S.E.) was used for the statistical
treatment of the results.

Results and discussion

The accuracy of the obtained results was estimated by determination of the element
contents in samples of the IAEA Soil-7 international certified reference material. The Table 1
results show that application of instrumental WD-XRF analysis makes it possible to
determine mass fractions of not less than 21 chemical elements in the soil samples. The
relative errors of a single measurement of different element mass fractions vary within a
rather wide range to be no more than 5% for Fe, Mn, Rb, Sr, Th, and Zr, 6% to 10% for Ba,
Br, Co, Cr, Cu, Nb, Ni, Pb, Ti, V, and Zn, and above 10% for As, Mo and U. Coincidence of
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the WD-XRF mean values of chemical element contents in the IAEA Soil-7 reference
material with certificate data in the range of 95% confidential interval was obtained for 17
elements from 21. The only exclusion was the results of Fe (not certified), Mn, V, and U for
which the difference between means of mass fraction were +31%, +19%, +48 and -38%
respectively. Thus, a systematic error might be available only while determining Mn, V, and
U contents by WD-XRF analysis. In general, good coincidence with certificate data indicates
high accuracy of the used technique and the correctness of the obtained results.

Table 1. WD-XRF data of some minor and trace elements of the IAEA Soil-7 reference
material compared to certified values

No Element Certified values Our results
Mean 95% confidence Type* Mean
interval
1 As, mg/kg 13.4 12.5-14.2 C 14
2 Ba, mg/kg 159 131-196 N 184
3 Br, mg/kg 7.0 3.0-10.0 N 8
4 Co, mg/kg 8.9 8.4-10.1 C 9
5 Cr, mg/kg 60 49-74 C 74
6 Cu, mg/kg 11.0 9.0-13.0 C 12
7 Fe, g/kg 25.7 25.2-26.3 N 33.6
8 Mn, mg/kg 631 604-650 C 750
9 Mo, mg/kg 2.5 0.9-5.1 N 3
10  Nb, mg/kg 12 7-17 N 10
11 Ni, mg/kg 26 21-37 N 22
12 Pb, mg/kg 60 55-71 C 55
13 Rb, mg/kg 51 47-56 C 51
14 Sr,mg/kg 108 103-114 C 107
15  Th, mg/kg 8.2 6.5-8.7 C 6.8 -
16 Ti, g/kg 3.0 2.6-3.7 N 34
17 U, mglkg 2.6 2.2-33 C 1.6
18 V,mglkg 66 59-73 C 98
19 Y, mg/kg 21 15-27 C 26
20  Zn,mg/kg 104 101-113 C 102
21 Zr, mg/kg 185 180-201 C 185

* C - certified values, N - non-certified values

A considerable remoteness of Area 2 from BPPC (84 km), as compared to Area 1 (11 km),
allows to assuming it as a checkpoint (background levels) in BPPC air emission impact
assessment. The comparison of mean values in topsoil on the Osinovsky slopes in Areas 1 and
2 made for 19 chemical element mass fractions did not reveal any statistically valid increases
(Table 2) with Y exclusion only. Moreover in soil of the mount top in Area 2 contents of such
elements, as Sr and U, were correspondingly 1.18 and 1.67 times higher (statistically valid)
than in Area 1 (Table 2).
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The comparison of the obtained results with literature data makes it possible to conclude
that mean contents of all 19 elements in Osinovsky topsoil are within the range characteristic
of non-polluted soils on the territories of former USSR, CIS and across the world (Table 3).

Table 2. Means (MzS.D.) of chemical elements mass fraction in soils of slopes and
tops in areas 1 and 2 (air-dried soil)

Element Slopes Tops

Areas 1 Areas 2 p< Areas 1 Areas 2 p<

Reservation  r—test Reservation  ¢-test

As, mg/kg <3.0 <3.0-3.1 - 3.6:0.4 4.310.1 -
Ba, mg/kg 325449 355+120 - 395+7 40014 -
Br. mg/kg 1.9£1.6 2.8+2.7 - 2.6+0.1 3.410.6 -
Co, mg/kg 4.0+1.4 12.0+5.7 - 7.520.7 7.5+0.7 -
Cr, mg/kg 51+4 52434 - 86.0x15.6 72.540.7 -
Cu, mg/kg 16.5+6.4  38.5+26.2 - 37.0+4.2 37.0+2.8 -
Fe, g/kg 193+4.2  36.2+25.2 - 44.0+2.0 43.6x1.1 -
Mn, mg/kg 410242 580+367 - 715+162 6057 -
Ni, mg/kg  2.85+0.78  3.50+0.28 - 23.0x1.4 19.0+1.4 -
Pb, mg/kg 4.0+0.1 5.5+3.5 - 7.5+0.7 8.540.7
Rb, mg/kg 54.5+9.2  82.5x14.8 - 67.0x7.1 80.5£0.7 -
Sr, mg/kg 125+35 1557 - 165+7.1 1957 0.05
Th, mg/kg  3.25+035  3.25x3.18 - 6.35+£0.92  6.80+0.14 -
Ti, g/kg 5.7540.35  4.20x1.27 - 5.75£1.06  6.0510.07 -
U, mg/kg <1 <1-2.1 - 1.3540.07  2.2540.07 0.01
V, mg/kg 90.5+14,8  79.0+39.6 - 1076 1062 -
Y, mg/kg 24.0+1.4 17.5+6.4 - 22.0+1.4 13.0+£1.4 0.01
Zn, mg/kg 314 32+13 - 22.0+4.2 15.540.7 -

Zr, mg/kg 19547 145£35 - 205457 215+7 -

The attained results provide evidence that the BPPC air emission total for the overall
operation period did not induce any shifts in the chemical composition of soils in the adjacent
region that would be beyond background (natural) values. However, this conclusion does not
allow to generally rule out any impact from the BPPC operation on the chemical composition
of regional soils but just defines a scale of such exposure. It is known that in nature there exist
so-called biogeochemical provinces where either a deficit or excess of chemical elements in
soils leads to human or animal diseases as well as suppresses plant growth. Development of
understandings about "healthy soil" and optimum chemical element contents in soil is a
challenging and multi dimensional endeavor. Available scientific literature offers only a few
Russian and infernational references, which provide data on upper and lower limits of
optimum chemical element contents in soils accompanied by rather convincing
justification.6'10"2”6’19’20 For 11 chemical elements (As, Cd, Cr, Cu, Hg, Mn, Ni, Pb, Sb, V,
and Zn) the existing GOST (Russian State Standard) defines maximum permissible level
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(MPL) or tentative permissible level (TPL) on the basis of a few soil characteristics (Table
4).5‘21 Among the 19 chemical elements, mass fraction of which were determined in soils of
the Osinovsky mount, recommended ("Norm") or regulatory (MPL and TPL) data is available
for only 10, namely for As, Co, Cr, Cu, Mn, Ni, Pb, Sr, V and Zn (Table 4). Mean mass
fractions of these elements in Osinovsky topsoil fall within the optimum range and do exceed
neither MPL nor TPL. Thus, soils of the Osinovsky bare mount are to be characterized as
"healthy" and "non-toxic" in terms of chemical element contents.

Table 3. Comparison of the obtained results with the published data on chemical
element mass fractions (median and range of means) in soils of the former USSR, CIS and

globally (air-dried soil)
Element Soils of the former World’s soils Soils of Osinovsky
USSR and CIS (Bowen'’; mountains
(Russian Ure & Berrow™ and
references™* %) Russian references>*'¢)
Range of means  Median & Range of means Range of means
As, mg/kg 1-40 11.3 (0.1-194) <3.0-43
Ba, mg/kg <10 - 30000 568 (<1-10000) 325-400
Br, mg/kg 0.8-5.0 42.6 (0.27-850) 1.9-34
Co, mg/kg 0.4-90 12 (0.3-200) 4.0-12.0
Cr, mg/kg 8.0-614 84 (0.9-4000) 51.0-86.0
Cu, mg/kg <1.0-500 25.8 (<1-390) 16.5-38.5
Fe, g/kg 0.0003-3.9 3.2 (0.01-55) 19.3-44.0
Mn, mg/kg 10 - 7400 760 (<1-18300) 410-715
Ni, mg/kg 1.9 - 3000 33.7 (0.1-1520) 2.85-230
Pb, mg/kg <1 -3000 29,2 (<1-3000) 4.0-8.5
Rb, mg/kg 70-194 120 (1.5-1800) 54.5-82.5
Sr, mg/kg 1-3500 278 (1-3500) 125-195
Th, mg/kg 0.04-22 14 (0.04-72) 3.25-6.80
Ti, g/kg 0.0006 - 1.5 0.51 (0.000017-3.4) 4.20-6.05 .
U, mg/kg 04-14 2.18 (0.1-14) <1-2.25
V, mg/kg 3.0-700 108 (0.8-1000) 79.0-107
Y, mg/kg 5.8-50 27.7 (5-250) 13.0-24.0
Zn, mg/kg 0.5 - 7000 59.8 (1.5-7000) 15.5-32.0
Zr, mg/kg 100 - 870 345 (<10-3000) 145-215

Conclusion

1. It was shown that the instrumental WD-XRF analysis allowed determining with high
accuracy mass fractions up to 21 chemical elements such as As, Ba, Br, Co, Cr, Cu, Fe, Mn,
Mo, Nb, Ni, Pb, Rb, Sr, Th, Ti, V, U, Y, Zn, and Zr in thc air-dried soil samples even at the
natural (uncontaminated) levels. This method is non-destructive, i.e. non-utilizing a sample
under study. To prepare a sample for the analysis, it should only be dried and mill. The
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method is very express (only 1 t6 2 min is required for an element determination) combined
with high enough sensitivity, reproducibility, and accuracy of the results. The whole process
of the analysis can be partially or even fully automated. The equipment required for the
analysis is comparatively cheap, fully autonomous and compact.

Table 4. Comparison of mean mass fractions of chemical elements in Osinovsky mounts soils
with maximum permissible and tentative permissible levels (MPL and TPL) adopted for soils
in Russia and existing limits for “normal” soil

(air-dried soil)
Element “Norm”* MPL & TPL>*" [ Soils of
Kovalsky"!  Thornton' Nin® (1:2;3)* Osinovsky
mountains
As, mg/kg - <5-40 <15-20 20(@2,5,10) <3.0-43
Ba, mg/kg - - - - 325-400
Br, mg/kg - - - - 19-34
Co, mg/kg 7-30 - 7-20 - 4.0-12.0
Cr, mg/kg - 15 - 300 <200 100 51.0-86.0
Cu, mg/kg 15-60 2-60 <25 55 (33, 66, 132) 16.5-38.5
Fe, g/kg - - - - 19.3-44.0
Mn, mg/kg 400 - 3000 - 400-800 1500 410-715
Ni, mg/kg 2-100 <40 85 (20, 40, 80) 2.85-23.0
Pb, , mg/kg 10 - 150 <50 32(32, 65, 130) 4.0-8.5
Rb, mg/kg - - - - 54.5-82.5
Sr, mg/kg <600 - <600 - 1000 - 125-195
Th, mg/kg - - - - 3.25-6.80
Ti, g/kg - - - - 4.20-6.05
U, mg/kg - - - - <1-2.25
V, mg/kg - - <200 150 79.0-107
Y, mg/kg - - - - 13.0-24.0
Zn, mg/kg 30-70 25-200 10-70 100(55, 110, 220) 15.5-32.0
Zr, mg/kg - - - - 145-215

* . normal levels of “health soil”
** _ MPL & TPL (1;2;3) — maximum permissible limit (MPL) or tentative permissible limit (TPL) of
sand and subsand (1), acid (2), loam and clay (3) soils respectively

2. The attained results evidence that the BPPC air emission total for the overall operation
period did not induce any shifts in the mean contents of 19 elements of soils in the adjacent
region that would be beyond background (natural) values.

3. Soils of the Osinovsky bare mount are to be characterized as "healthy" and "non-toxic" in
terms of chemical element contents.

4. The results of expert assessment do not fully rule out the availability of any impact of the
BPPC on the regional soils but just define a scale of such exposure. For high precision
evaluation of the impact of BPPC on region's soils, a series of researches on regular-basis
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with 2 -3 year frequency are needed. Such researches are in plan of the Institute of
Environmental Toxicology as the issue of BPPC shutdown still remains open and the
Complex continues its operation.
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NEUTRON ACTIVATION ANALYSIS OF TRACE ELEMENT CONTENTS IN THE
CROWNS OF HUMAN PERMANENT TEETH

V. Zaichick
Medical Radiological Research Centre of RAMS,

Koroleva str., 4, Obninsk, 249020, Russia,
e-mail; vezai@obninsk.com

Introduction

The apatite phases of teeth can apparently be affected by trace element incorporation
into teeth with effects on the physicochemical propertiesl'4. It is the reason why deficiency or
excess of F, Sr, Mn, Fe and some other trace elements is one of the factors which determines
the degree of susceptibility of caries and other dental diseases.>® So, chemical element
analysis of teeth expands the knowledge of etiology of dental diseases and may be apply for
diagnostic, therapeutic and preventive purposes. Furthermore, teeth have been suggested as
dose monitors for the exposure of human body to elements concentrated in calcified tissues.”®
In accordance with it teeth are used in an occupational medicine and environmental health
studies.>'? Moreover, a chemical element analysis of human teeth are often used in
paleoanthropology for dietary and environment reconstruction, assessment of the social and
economic status of human groups.”'18 It developed that for efficient application of teeth
analysis in all above-mentioned directions it is necessary to know the normal levels and age-
related changes of teeth trace elements in large scale.

There are several reviews and text in regard to trace elements of teeth, using chemical
analysis techniques and instrumental methods. 251922 However, the majority of these data
are based upon non intact teeth but separated tissues of teeth such as enamel, dentin or
cement. It was shown that samples are contaminated some trace elements from stainless steel
tools during the separation.”’24 In most cases, teeth samples are treated with solvents in order
to remove organic matrix, and are then ashed and acid digested. There is evidence that by
these methods some chemical elements are lost, their relationship also being affected.”?

In the present study the effect of age on Co, Eu, Fe, Hg, Sb, Sr, and Zn mass fraction
in crown of permancnt tecth were analyzed with two objectives. The first objective was to
use intact teeth. The second objective was to perform measurements on crown — the only part
of teeth available for in vivo cxamination.

Experimental

Samples of human permanent tecth were obtained at postmortems, from intact
cadavers (24 males, with ages from 16 to 55 years) within 24 hours of death. Each death had
resulted from trauma, duc to automobile accidents, falls, shootings, knifings, hanging, acute
alcohol poisoning, and frcezing. Mainly molars and premolars were extracted. The crowns
contacted with the stainless steel surgical instruments were clean by the alcohol moist gauze
tampons. A tool madc of titanium was used to cut and to scrub soft tissue and blood off the
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roots. After separating the crown from root with a titanium knife, samples were freeze dried
until constant mass was obtained. The crowns were used in the study only.

To determine concentrations of the elements by a relative way, biological synthetic
standards (BSS) prepared from phenol-formaldehyde resins in the Institute of Physics,
Georgian Academy of Sciences specifically for INAA were used”’. The BSS were 4 mm
diameter tablets weighing about 30 mg. Corrected certified values of BSS element contents
were reported by us before?. The tooth crown samples, ten CRM IAEA H-5 (Animal Bone)
and SRM NIST 1486 (Bone Meal) subsamples weighing about 50-100 mg, together with SSB
tablets were wrapped separately in a high-purity aluminum foil washed with rectified alcohol
beforehand and put into a nitric acid-washed quartz ampoule. To arrange reference material
samples and standards in the quartz ampoule, they were distributed among tooth crown
samples along the whole ampoule length. This enabled correcting an influence of neutron flux
non-uniformity in the reactor channel. The quartz ampoule was soldered, positioned in a
transport aluminum container and exposed to 20-hour neutron irradiation in a vertical channel
with neutron flux 1.7-10'2 n-cms™. Seven days after irradiation samples were reweighed and
repacked.

The measurement of each sample was made twice, 7-10 and 40-60 days after
irradiation. The second measurements started 40 days after irradiation due to the high
intensity of *P B-particles (T;;=14.3 d). To reduce 32p B-particles background, a combined
lead-cadmium-copper-aluminum filter was used. The duration of the first and second
measurements was 10 min and 10 hours, respectively. The gamma spectrometer included an
HPGe detector (GEM 15180P, ORTEC, relative efficiency 15%) and a MAA combined with
a PC (ASPRO-NUC) was used. The spectrometer provided resolution 1.8 keV on'the ®co
1332 keV line. Processing of gamma spectra and computations of chemical element mass
fractions in the examined samples were carried out using ASPRO software package®.

Irradiation, expose and measurement times as well as the sample-detector distance
were regarded optimum in terms of providing feasibility of simultaneous measurement for the
maximum number of elements with acceptable statistical error for each of them. A dedicated
computer program of NAA mode optimization was used for preliminary estimation of these
parameters™.

Results

Radionuclides and some of their characteristics used for INAA of Ag, Ce, Co, Cr, Cs,
Eu, Fe, Gd, Hf, Hg, Mo, Rb, Sb, Sc, Se, Sr, Ta, Tb, Th, Yb, Zn, and Zr contents in tooth
crown and reference material samples are given in Table 1.

Table 2 shows our results for ten sub-samples of CRM IAEA H-5 Animal Bone and
SRM NIST 1486 Bone Meal reference material and the certified values of this material.

Table 3 gives some statistical parameters of trace element contents in the intact tooth
crown of healthy men such as arithmetic mean, standard deviation, standard error of mean,
minimal and maximal values, median, percentiles with 0.025 and 0.975 levels.

Finally, Table 4 presents the comparison of our and reference data of trace element
contents in human teeth.
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Table 1. Nuclear reactions and some characteristics of radionuclides used
for INAA of crowns of human permanent teeth

Element Nuclear reaction Radionuclide Half-life y-energy used
keV

Ag WAg @, 7) Homp g 250.0d 658, 1384

As As (@, v) "As 1.12d 559

Au 9" Au (n, ) %Ay 27d 412

Ba 139Ba(n, y) Blgy 11.52d 216, 373, 496

Br 81Br(n, ¥) 82y 1474 698, 777, 1044

cd Medm, y) 5¢q 2.2d 336

Ce “Oce(n, v) Ulce 32.5d 145

Co SCotn, ¥) 0o 564y 1173, 1332

Cr OCr(n, y) Sicr 27.8d 320

Cs 33Cs(n, v) Bicg 205y 796

Eu BEy(n, ¥) 525y 136y 1408

Fe ¥Fe(n, ) SFe 45.6d 1099, 1292

Gd 52Gd(n, v) 151G 120d 154

Hf 180Hf(n, v) 181t 4244d 482

Hg He(n, ¥) BHg 46.91d 279

La 39 a(n, ¥) 101 4 1.68d 487, 816, 1595

Lu "Lu(n, v) S 6.74d 208

Nd H6Nd(n, 7) WINg 11.02d - 91

Rb 5Rb(n, ) %Rb 18.66 d 1076

Sb 1218h(n, y) 122g}, 2.74d 564
138b(n, ¥) 14gh 60.9d 1691

Sc Sc(n, v) 4e5¢ 83.89d 889, 1121

Se Sen, v) 3Se 1204 d 136, 265, 401

Sm 528 m(n, v) 1538m 1.96d 103

Sr. 48r(n, v) 5gr 64.8d 514

Ta BTam, v) 1827 115d 1221

Tb Tb(n, ¥) 10Ty 72.3d 879, 966

Th B2Th(n, y) 3pa 27.0d 312

U Z8U(n, ) 239U(P—>239Np) 23.5m(236d) 228,278

Yb 74Yb(n, v) Yb 4.19d 396

Zn Zn(n, y) %Zn 245.7d 1115

Zr 9Ze(n, 1) 97c 65.5d 724,757
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Table 2. INAA data of trace elements of CRM IAEA H-5 Animal Bone
and SRM NIST 1486 Bone Meal (mg/kg on dry weight basis)

Element CRMIAEA H-5 Ownresults SRMNIST 1486 Own results
Mean Type* MeantS.D. Mean Type* MeantS.D.

Ag - - <0.02 - - <0.02
As 0.013 N <0.1 0.006 N <0.1
Au - - <0.01 - - <0.01
Ba 72428 C <100 - - 270
Br 3.6 N <10 - - <10
Cd 0.023 - <2 0,003 N <2
Ce - - <0.03 - - <0.03
Co 0.25 N 0.5610.25 - - 0.11+£0.02
Cr 2.56 N <0.8 - - <0.9
Cs - - <0.05 - - <0.06
Eu - - <0.015 - - <0.02
Fe 7911 C 85+17 99+8 C 93+11
Gd - - <0.25 - - <0.25
Hf - - <0.04 - - <0.04
Hg 0.008 N <0.01 - - <0.01
La - - <0.05 - - <0.05
Lu - - <0.003 - - <0.003
Nd - - <0.1 - - <0.1
Rb 1.07 N <1.0 - - <0.9
Sb 0.024 N <0,02 - - <0.02
Sc - - <0.001 - - <0.001
Se 0.054 N <0.05 0.13 N <0.05
Sm - - <0.01 - - <0.01
Sr 9617 C 10319 2647 C 26310
Ta - - <0.08 - - <0.08
Tb - - <0.005 - - <0.006
Th - - <0.05 - - <0.05
U - - <0.07 - - <0.07
Yb - - <0.03 - - <0.03
Zn 89+15 C 8617 147+16 C 153+29
Zr - - <0.2 - - <0.2

* “C” - certified values, “N” - non-certified values
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Table 3. Some statistical parameters of trace element contents in the intact crowns of human
permanent teeth of healthy men (mg/kg on dry weight basis)

Element Mean SD SEM Min Max Med Per0.025 Per0.975
Ag <0.02 - - - - - - -
As <0.1 - - - - - - -
Au <0.01 - - - - - - -
Ba <100 - - - - - - -
Br <10 - - - - - - -
Cd <2 - - - - - - -
Ce <0.02 - - - - - - -
Co 0.0030 0.0032 0.0012 0.00045 0.0098 0.0021 0.00053 0.00882
Cr <0.3 - - - - - - -
Cs <0.02 - - <0.002 0.056 - - -
Eu 0.00081 0,00056 0,00023 0,00030 0.00161 0,00057 0,00031 0,00158
Fe 4.67 3.13 1.10 243 11.1 3.72 243 104
Gd <0.1 - - - - - - -
Hf <0.03 - - - - - - -
Hg 0.00053 0.00041 0.00020 0.00021 0.00113 0.00040 0.00022 0.00108
La <0.05 - - - - - - -
Lu <0.003 - - - - - - -
Nd <0.1 - - - - - - -
Rb <0.6 - - - - - - -
Sb 0.022 0.011 0.007 0.012 0.035 0.020 0.012 0.034
Sc <0.0009 - - - - - - -
Se <0.04 - - - - - - -
Sm <0.01 - - - - - - -
Sr 198 200 40 31.7 860 108 38.5 746
Ta <0.007 - - - - - - -
™ = <0.01 - - - - - - -
Th <0.05 - - - - - - -
U <0.07 - - - - - - -
Yb <0.03 - - - - - - -
Zn 136 50.2 11 42.6 285 136 60.4 246
Zr <0.7 - - - - - - -
M —mean

SD - standard deviation

SEM - standard error of mean

min — minimal value

max — maximal value

Med — median

Per0,025 — percentile with 0,025 level
Per(,975 — percentile with 0,975 level
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Table 4. Mean, range of means or upper level of chemical element contents (mg/kg on dry
weight basis) in the enamel or dentin according to data from the literature in comparison with
our data for crowns of human permanent teeth (superscripted number in the column headings

designate reference number)

Element From review of Cutress’ Our review Our data
Mean
Mean or range of means Mean or range of means contents in
enamel dentin enamel dentin crown
Ag, mg/kg 0.005-1.11 0.005-17 0.0049-10.9 0.004-2.18 <0.02
As, mg/kg <0.02-0.07 - <0.007->10 11-111 <0.1
Au, pg/kg 0.0001-0.11 0.03-0.07 0.0001-0.11 <0.0004-0.07 <0.01
Ba, mg/kg 2.1-125 129 2.1-125 129 <100
Br, mg/kg 1.1-33.8 4-114 0.45->100 4-114 <10
Cd, mg/kg 0.04-14.9 - 0.026-14.9 0.086-0.097 <2
Ce, mg/kg - - 0.07 - <0.02
Co, mg/kg  0.0002-34.3  0.0003-32  0.0002-37.3  0.00034-33 0.0030
Cr, mg/kg 0.004-6.4 0.005-2.0 0.003-28 0.005-6.6 <0.3
Cs, mg/kg 0.04 - 0.04 - <0.02
Eu, pg/kg - - <0.04 - 0.00081
Fe, mg/kg 2.77-338 2.0-110 2.77-876 2.0-110 4,67
Gd, mg/kg - - <0.08 - <0.1
Hf, mg/kg - - <0.08 - <0.03
Hg, mg/kg <0.11-2.6 - 0.02-86 0.18-1.03 0.00053
La, mg/kg 0.004-0.005 - 0.004-0.005 - <0.05
Lu, mg/kg - - <0.02 - <0.003
Nd, mg/kg 0.045-0.050 - 0.045-0.050 - <0.1
Rb, mg/kg 0.41-73 6-69 0.39-73 5.6-69 <0.6
Sb, mg/kg 0.001-0.96 0.7 0.012-1.0 0.1-2.7 0.022
Sc, pg/kg 0.0007 - 0.0007-53 20-71 <0.0009
Se, mg/kg 0.01-1.47 0.3-0.5 0.004-14.5 0.07-4.9 <0.04
Sm, mg/kg - - <0.08 - <0.01
Sr, mg/kg 76.2-286 64-570 14.5-610 64-256 198
Ta, mg/kg - - <0.1 - <0.007
Tb, mg/kg <0.005 - <0.005 - <0.01
Th, mg/kg - - - - <0.05
U, pgikg - - <0.02-0.03 - <0.07
Yb, mg/kg <0.01 - <0.01 - <0.03
Zn, mg/kg 126-740 160-2200 64-1670 148-1860 136
Zr, mg/kg 0.08-1.8 - 0.07-175 - <0.7
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Discussion

Of 6 (Ba, Br, Fe, Pb, Sr, Zn) and of 3 (Fe, Sr, Zn) trace elements with certified values
for the CRM IAEA H-5 and the SRM NIST 1486 reference materials respectively, we
determined contents of Fe, Sr, and Zn (Table 2). Mean values for these elements were in the
range of 95% confidence interval. Mean values and 95% confidence intervals of Co, Cr, Hg,
Rb, Sb, and Se were reported for CRM IAEA H-5, although those were not certified® (Table
2). Of these elements, a good agreement was obtained for Sb and Se. Mean contents obtained
for Co, Cr, and Hg appeared to be considerably lower than the appropriate values of Parr’s
report’’. Good agreement with the certified data of CRM IAEA H-5 and SRM NIST 1486
reference materials indicate an acceptable accuracy of the results obtained in the study of
trace elements of the teeth as shown in Table 3.

The mean values and all selected statistical parameters were calculated for 7 (Co, Eu,
Fe, Hg, Sb, Sr, and Zn) trace elements (Table 3). The contents of these trace elements were
measured in all or majority part of teeth samples. The contents of Cs were determined in a
few samples of collection only. The upper limit of mean for the elements was found as the
normalized sum of all individual contents and detection limits., The contents of Ag, As, Au,
Ba, Br, Cd, Ce, Cr, Gd, Hf, La, Lu, Nd, Rb, Sc, Se, Sm, Ta, Tb, Th, U, Yb, and Zr were lover
of detection limits in all samples.

The obtained means for Co, Fe, Sb, Sr and Zn, as shown in Table 4, agree well with
ranges of the mean values cited by other researches for teeth. "**'*# The Eu and Hg means
are two orders of magnitude lower than range of previously reported data. The upper limit of
mean for Ce, Cs, Hf, Lu, Sm, and Ta are some lower than of previously reported results
(Table 4).

Statistically significant age difference is shown for none of the studied trace elements.
It conforms well to the data by Little et al.**> (Fe, Sr, Zn), Derise and Ritchey® (Fe), Nixon et
al 3% (Hg, Sb), Brudevold et al® (Zn), and Steadman et al. 3¢ (Sr). On the contrary the
negative Sr-, Zn- and positive Co-, Se-age correlation in teeth have been observed by Derise
and Ritchey.5

Our data for Co, Eu, Fe, Hg, Sb, Sr, and Zn mass fractions in intact crown of
permanent teeth may serve as indicative normal values for male residents of the Russian
Central European region.
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Introduction

Study of changes in the content of chemical elements in an organism at all levels of its
organization in response to changes of environmental conditions and detection of the role of
chemical elements in the etiology and pathogenesis of different diseases is one of the subjects of
new scientific discipline — Medical Elementology (from Lat. “medicina™ and “elementum™).* It
is possible to call this part of Medical Elementology as the Environmental Health Elementology.

The science, by its definition, is a sphere of human activity whose functions include the
development and theoretical ordering of objective knowledge about reality. The direct purposes
of science are the description, explanation and prediction of processes and phenomena, which are
the subject of its study, based on the laws discovered by the scientific process. As a rule, various
scientific disciplines are characterized, first of all: 1 - by the subject of study and its
corresponding name; 2 — by accepted postulates; 3 — by research methods; 4 — by methods of
quality control and processing of the obtained information; 5 ~ by terms and definitions.

Subject of study

.What is the subject of the study of Medical Elementology? Tracing basic historical stages
of the development of medicine, one can detect a clear regularity - from the whole to more and
more detailed, originally primary, i.e. elementary components (organism — systems, organs,
tissues — cells and subcellular structures — biological molecules). The next step in the study of
living organisms was investigation of the atomic level, or the level of chemical elements. From
here it is possible to formulate the fundamental propositions about the subject matter of Medical
Elementology.

1. Study of regularity of content and distribution of chemical elements in the human
organism, its systems, organs, tissues, fluids, cells, subcellular structures and molecules under
conditions of permanent contact and exchange with the environment, with regard to gender, race,
nationality, physiological rhythms, profession, social status, household traditions and harmful
habits of the individual;
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2. Determination of the role and the degree of chemical element participation in the
normal structure and function of an organism at all levels of its organization during conception,
formation, maturity and ageing, in conditions of permanent contact and exchange with the
environment;

3. Study of changes in the content of chemical elements in an organism at all levels of its
organization in response to changes of environmental conditions, or to extreme loads or external
influences, as well as in various pathological conditions;

4. Detection of the role of chemical elements in the etiology and pathogenesis of different
diseases as well as the efficacy of using chemical elements for corrections of dysfunctions and
treatment.

It follows from this, probably not quite full, definition of the research aims, that the basic
objects of study in the new scientific discipline are chemical elements and human organism
condition that exist in continuous and intimate contact with the environment. From here it
follows that the name of this new scientific field - "Medical Elementology" is quite relevant.

Postulates of Medical Elementology

Collected knowledge allows the basic postulates of Medical and Biological Elementology
to be formulated. The following six postulates are offered for discussion and acceptance.

1. Presence of chemical elements. The Biosphere, including all separated habitats,
contains all the natural chemical elements have been found on the Earth (at present 90 of 109
known elements, the remaining 19 being human made). All living organisms, including humans,
continuously absorb from the environment some portions and species of the medium from which
they derive products necessary for their life. From this it follows that organism’s tissues and
fluids contain all the chemical elements available on the Earth.

2. Differential homeostasis. In all living organisms, including humans, differential
homcostasis of chemical elements is carried out, i.e. at all levels of their organization (the internal
environs, organs, tissues, cells, etc.) the content of chemical elements is maintained at certain
levels. These levels can change with age and under the influence of various exogenous and
endogenous factors, within, however, the certain ranges and limits. Differential homeostasis is a
cause of irregularity in distribution and of difference in exchange velocity of chemical elements
in organs, tissues, fluids and other structural formations of the organism.

3. Chemical element involvement. The processes of phylogenesis and ontogenesis began
and continue under the conditions of permanent contact of living organisms with the chemical
elements of their inhabitancies. Therefore none of the Earth’s chemical elements can be
considered as indifferent or insignificant for an organism and to be defined as an alien, or
xenobiotic (from Greek: “xenos” - foreign, “biotos” - life).

4. Usefulness (essentiality, benefit) of chemical elements.

How many of the 90 naturally occurring elements are essential to life? This question has a long
story — no less, at least, than from 1713 year (detection of Fe in blood) up to nowadays. After
almost three centuries of increasingly refined investigation, the question still can’t be answered
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with certainty. A lot of the criteria for essentiality were proposed by various authors — from very
hard to very formal.

In the strictest sense a chemical element can be classified as essential if its absence in an
organism is incompatible with life. This criterion, although logically correct, is too restrictive
because it is impossible to induce true “zero” concentrations in any system. So-called “zero”
concentration depends on the analytical capabilities and it changes with time. It is very hard
criterion and its application would hinder rather than advance element’s essentiality research.
Avogadro number is 6.02 - 10* atoms in 1 mole of substance. The best detection limit of the
contemporary anal%'tlcal methods for chemical element contents in biological substances is on the
level between 107 %, So, it means that in 1 mole of all biological substances no less than
10° - 10" atoms are out of our control. It is quite enough if remember that biological reactions
may be very sensitive.

More realizable in experimental practice the criteria for essentiality include the postulate
that withdrawal of an essential elements from the body must induce reproducibly the same
structural abnormalities and impairment of the biological functions, regardless of species studied
and that this abnormalities must be always accompanied by pertinent specific biochemical
changes, reversible or preventable by supplementation. Such kind of criteria is some softer but
the definition of “impairment of a biological function” is left rather vague. Also undefined is the
nature of the biological function that might be impaired in a deficiency. Therefore almost any
function is acceptable including behavioral functions.

. Schroeder” has proposed definition of essentiality that is based mainly on occurrence and
metabollsm but not on function. It is very formal criteria. But the absolutely formal criteria has
been created by Liebscher and Smith.? They postulated that essential chemical elements in a
population study of its contents in tissues and fluids should exhibid a “normal” distribution curve,
while nonessential elements should have a “log-normal” distribution. It is interest to mark that as
an example of nonessential elements they used “log-normal” distribution of As.

As usual at present researches of essentiality of chemical elements use the combmatxons
of a few requirements. The next list of requirements for essentiality is generally accepted

¢ The organism can neither grow nor complete its life cycle in the absence of the element.

*  The element cannot be replaced completely by any other element.

*» The given element has direct influence on the organism and is involved in its
metabolism.

»  The element is present in tissues of different animals at comparable concentrations.

» Its withdrawal produces similar physiological or structural abnormalities regardless of
species.

+ Its presence reverses or prevents those abnormalities. These abnormalities are
accompanied by specific biochemical changes that can be remedied or prevented when
the deficiency is checked.

This list includes almost all uncertainties that were considered above.

The great previous experience shows that it is impossible to give strict definition of
essentiality useful in the experimental study. The irremovable uncertainties of definition are the
reason why the determination of essential or non-essential characters of some chemical elements
constitutes a field of intense discussions.’® It is clear that question will be closed with the
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understanding of the mechanism of chemical element action on the physiological, biochemical
and chemical levels.

There is the other point of view on subject of trace element essentiality. The huge variety
and specificity of biochemical reactions occurring in living organisms allow us to assume that
Nature in its Majesty used all available means for their implementation, including the whole set
of chemical elements. Such characteristics as "useful” or "useless" for this or that chemical
element are determined only by the extent of our knowledge about the degree of its involvement
in biochemical processes. We witness how new gained knowledge constantly extends the number
of biologically "useful” chemical elements (Fig. 1). With such tendency in 50-70 years all 90
naturally occurring elements will be recognised as essential.

90
80
70
60
50
40
30
20
10

0

1700 1800 1900 2000 2100
years

Number of elements
recognized as essential

Fig. 1. Discovery of chemical elements requirements for the living
organisms. The data of reviews Schwarz'!, Todhunter'?,
Eggeret al.?, Mertz'*"3, Anke'® were used.

5. Harmfulness (toxicity, hamm impact) of chemical elements. Useful (essential) or
harmful (toxic) action of a chemical element is determined only by the amount of its content in an
organism. Paracelsus was right (Paracelsus, the real name is Philippus Theophrastus Bombastus
von Hohenheim, 1493-1541), when he concluded, that nothing in nature is a poison - any natural
substance is turned into poison only by its dose (quantity). Figs. 2a and 2b illustrate this
postulate.

6. Combinatorial {collective, mutual) impact of chemical elements. As well as in absolute
amounts, the recombination of chemical elements in their common summation has an important
influence on an organism’s condition. It is associated with a synergistic, antagonistic or
indifferent interactions of many chemical elements. Mosaic combinations of chemical element
content are formed by specific combinations of exogenous (biogeochemical peculiarities of

environment, ethnic preferences in foods and so on) and endogenous (genetic heredity, acquired
diseases etc.) factors.
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Fig. 2a. This figure illustrates the sense of this postulate. The curve of conventional risk for
health versus chemical element intake has at least 4 zones: deficiency (hypoelementosis),
norm (zone of comfort), excess (hyperelementosis), and superexcess (toxicosis). The
minimum of the curve indicates the range where an organism enjoys its best conditions (zone
of comfort).
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Fig. 2b. The minimum of the curve of conventional risk for health indicates the range where
an organism enjoys its best conditions (zone of comfort). The wider this range the less likely
it will be disturbed by an external influence. It is clear from this why there is an historical
definition of some chemical elements as toxic. These elements are characterized by very
narrow zones of “norm” and “excess” and, therefore it is easy to pass from the zone of
comfort to the zone of toxicity.
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Research m_ethods

The basic information unit in Medical and Biological Elementology is the quantitatively
expressed content of a chemical element in a studied biological object. The presence of chemical
elements is inherent for all objects, alive or lifeless, and hence it is not specific for living
organisms only. Only their quantity, ratios and nature of changes in levels of content during their
development and existence can be specific. However only in the last decades of the 20™ century
there appeared really quantitative and metrologically sound (quality assured) methods for
analysis of chemical elements in biological objects which allowed to start studying the content of
a large number of chemical elements in the human organism, practically at all levels of its
organization. Among these methods, it is necessary first to mention spectral methods such as
atomic absorption spectrophotometry (AAS), inductively coupled plasma atomic emission
spectrometry (ICPES) and inductively coupled plasma mass spectrometry (ICPMS), and nuclear-
physical methods - neutron activation analysis (NAA), X-ray fluorescent analysis (XRF), proton
induced X-ray emission (PIXE), proton induced gamma emission (PIGE), synchrotron radiation
induced X-ray fluorescent (SRXRF). Their combination in an instrumental variant (without
preliminary concentration or separation) allows the determination of up to 60 or more chemical
elements that present in biological samples. ‘

Application of nuclear-physical methods not only expands the number of chemical
elements accessible to estimation, but also opens additional unique opportunities to study
biological objects. These methods do not demand destruction and utilization of a sample. They
also avoid the possibility of additional introduction of chemical elements into the sample or
losses of chemical elements during the sample preparation. These features make nuclear-physical
methods among the most reliable ones and give them the referent status. Besides that, as the
sample remains intact, nuclear-physical methods can be successfully combined with other
analytical methods. Besides estimation of total quantities of chemical elements, such nuclear-
physical methods as electron probe X-ray fluorescent microanalysis (EPXRMA), proton induced
X-ray emission (PIXE) and ion probe microscopy based on secondary ion mass spectrometry
(SIMS) also provide the capability to investigate chemical elements’ distribution by their
morphological structures. The absolute prerogative of nuclear-physical methods is the possibility
of measuring the content of some chemical elements in the human organism in vivo. Current
developments in neutron activation and X-ray fluorescent analysis already allow the content of
elements such as H, C, N, O, Na, P, C1, K, Ca, Zn, Sr, Cd, I, Pb to be determined in vivo, either in
the whole body, or in certain organs and tissues. There are theoretical and technological
preconditions for significant expansion of in vivo methods in the near future.

Any additional methods of analysis should necessarily be combined with the basic
methods for research carried out in the field of Medical and Biological Elementology. As
additional methods it is possible to list/include: all existing inorganic, biological and bioinorganic
chemistry methods of separation and identification of various biosubstrates and macromolecules;
all epidemiological, physiological and clinical methods of estimation of health state both for a
population as a whole and also at the level of an individual organism, its organs, systems, tissues,
cells and subcellular structures; all fundamental experimental and ecological methods used for
investigation of biota - animals (mostly mammalians), plants, micro-organisms, bacteria etc.
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The quality control methods and processing of the acquired information

. The definition of a science underlines the necessity of obtaining an objective knowledge.
The criterion of knowledge objectivity is fine reproducibility of research results. In analytical
chemistry a special system of measures of analytical quality control was developed to guarantee
required reproducibility of results. This complex provides regular intra-laboratory monitoring of
quality and inter-laboratory or external control, as well as the obligatory usage of national or
international standard or certified reference materials (SRM or CRM). Unfortunately, the
necessity of carrying out these actions in the field of Medical and Blologlcal Elementology is not
always carried out in practice.™

This conclusion is well-illustrated by the following historical example. In the late
1970s/early [980s the IAEA, concerned by poor reproducibility of chemical element analysis in
biological samples, decided to develop a number of actions for assessing measurement quality
including the development of standard reference materials (SRM) from natural biological
substances. For this purpose large amount of certain biological materials (for example, human
hair, animal blood and tissues, etc.) were dried, homogenized, packaged, and sent to key
analytical laboratories of the world for the quantitative analysis of chemical element content.
Analyses of the same element from the same bxologxcal sample, received from various
laboratories differed by many mathematical orders. 1719 such divergence of results testified to the
extremely pitiable condition of analytical practice and stimulated many countries to establish
national and international centres especially aimed at developing a wide nomenclature of
standard reference samples, including biological ones; and to providing different analytical
laboratories with these reference materials. Therefore, to guarantee reproducibility of results
obtained by different laboratories and to ensure valid comparison of data, it is necessary.for the
investigational practice of Medical and Biological Elementology for laboratories to make
obligatory monitoring of the quality of analytical results.

Another difficulty in obtaining objective knowledge in medical elementology concerns
the dependence of chemical element content of biological objects on many exogenous
(environment) and endogenous (health condition, age, gender, physiological rhythms, nationality,
individual habits etc.) factors. A review of the literature on the chemical element content of the
hair ansd blood of healthy humans clearly demonstrates how strong an influence these factors can
have. .

A failure to account for the main exogenous and endogenous factors, together with low
analytical quality, generates data with a high dispersion of values that hampers objective
estimation and practical application of measured information. In order always to allow for the
influence of the main factors and, as far as possible, to account for the role of numerous
secondary influences, it will be necessary to adopt the following measures:

i) - to regulate methodological approaches to planning full-scale and experimental research,
depending on their scales, aims and tasks,

ii) - to unify methods of obtaining, storaging and preparating samples of each kind of biological
object, having rejected the old technological methods, inevitably leading to distortion of results in
estimating content of chemical elements.
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Definitions and terms

Many terms, historically existing in various scientific disciplines and used in medical
elementology, have no exact definitions or are generally wrong or unhelpful:
1) Examples of terms not having exact definitions - macro-, micro- and ultramicroelements,
trace elements, traces, biological elements, biotics, atomovites, heavy metals, metals of life,
essential elements, toxic elements,
2) Examples of wrong terms - biogenic elements, mineral elements, xenobiotic elements, and
essential heavy metals.
3) Examples of wrongly used terms, i.e. the terms having strict definitions, but occupied in other
scientific disciplines - minerals, bioindicators, biomonitoring.

Therefore it is necessarg to conduct a revision of the terms in use and to remove all ambiguous

and incorrect definitions.’” It is also necessary to give precise formulations to all basic concepts.
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SYMMETRIES AND SPIN-ANGULAR CORRELATIONS
IN NEUTRON INDUCED REACTIONS:
ELASTIC, RADIATIVE AND FISSION CHANNELS

Barabanov A.L.
Kurchatov Institute, Moscow 123182, Russia

Abstract

This is a review of the most important results and new proposals on study of spin-angular
correlations in the interaction of slow neutrons with medium and heavy nuclei. Special
attention is given to spin-angular correlations sensitive to violations of fundamental
symmetries - spatial parity and time reversal invariance. Other nuclear characteristics that
may be obtained in measurements of spin-angular correlations are also discussed.

1. Introduction

Spin-angular correlations in neutron induced reactions arise due to
interference of partial waves (carriers of definite angular momenta) and are
sensitive to any mechanisms influencing these waves. Therefore from the
beginning of 1950th years spin-angular correlations are actively used as a too! of
studying those terms in Hamiltonians of strong, weak and electromagnetic
interactions which depend on angular momenta (spins). In particular, forces
breaking fundamental symmetries, spatial parity (P) and time reversal invariance
(T), are of this type.

However, each of reactions, (n,n), (n,y) and (n,f), initiated by neutrons,
has special features. The purpose of the report is to present the current situation
with measurement of different spin-angular correlations in neutron reactions and
to discuss their importance.

The report is devoted mainly to the interaction of slow neutrons (s-, p- and
d-waves) with medium and heavy nuclei. Thus there are three types of processes
in the interaction of slow neutrons with nuclei: elastic scattering, capture with
emission of y quantum (radiative capture) and fission (if target nuclei are heavy
enough). Besides it is possible to study a total cross section by neutron
transmission through the target. According to the optical theorem the total cross
section is determined by the amplitude of elastic scattering on the zero angle.
Therefore all the effects connected with transmission are actually determined by
the elastic channel.

All four possible channels of neutron-nucleus interaction are listed in
[Figure 1.
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2. What there is spin-angular correlation?

Let us address to Figure 1 to explain what spin-angular correlation means.
In an entrance channel of nuclear reaction there are two colliding particles (for
example, a neutron and a nucleus), each of which, generally speaking, has a spin
- s and L. The momentum k the incident particle is represented also.

Channels:
* Total cross section (elastic due to optical
theorem) : n+N

s Elastic scattering:n+N —-n+ N
» Radiative capture: n+ N -y + N’ (+y')

* Fission: n+N— N+ Ny(+N,)
3 J1 LR
; N K,
k > 6
y y N J,

Figure 1

In an exit channel there are at least two particles (k' is their relative
momentum) which fly away from one another. For example, it can be the elastic
scattered neutron and recoil nucleus. Or the y quantum and recoil nucleus; the
nucleus, being in an excited state, can emit a second y quantum represented in
the Figure 1 as a third particle in the exit channel (with the momentum k"). Two
particles in the exit channel can be also two fragments from nuclear fission,
while the third particle can be o particle in ternary fission, or y quantum emitted
by one of the fragments. Besides the momenta, the particles in the exit channel
possess, generally speaking, the spins - J; and J; (the spin of the third particle is
not represented to simplify the Figure).

Thus, it is possible to put the question, what is the probability of the
process at which spins and momenta of colliding and formed particles have the
certain directions. Calculation of such probability is calculation of the spin-
angular correlation.
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One should note, however, that the arrows representing momenta of the
particles in the Figure 1, really are showing the momenta, because the
momentum direction can be fixed exactly. At the same time the direction of a
particle spin cannot be fixed, because only one projection of the spin (on an axis
of quantization) is defined. Therefore the arrows representing the spins, in fact
are showing the axes of orientation of particle spins. For simplicity, however,
we will name the directions of axes of spin orientation the spin directions.

Simplest spin-angular correlation:
angular distribution of y quanta

— UM

dw (0)~ Y [{J,M,|V|J M)['~a+bcos’ O +..
M,

Figure 2

As an example of the simplest spin-angular correlation, let us consider the
angular distribution of ¥ quanta that are emitted by a quantum system (by atom
or nucleus) in a transition |J> — |Jp (see Figure 2). Orientation of spin J with
respect to an axis z is determined by a distribution over projections M of the
spin on the axis. Let the initial projection M be fixed, while a final projection M;
is out of interest. Then, as shown in Figure 2, summation over My should be
performed at the calculation of the angular distribution dw(8). Generally, the
additional summation over M is needed with the weights describing the initial
distribution over M. In any case the angle 6 is the angle between the momentum
p, of ¥ quantum and the axis z of spin orientation,

If parity is conserved, only even degrees of cos 0 enter into the angular
distribution (as shown in Figure 2). Parity violation was just found in 1957 as a
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contribution of linear term (~ cos 0) into the angular distribution of electrons
with respect to polarized spins of p decaying nuclei “Co [1].

Thus, the orientation of spin J of a particle with respect to the fixed axis z
is determined by the distribution over projection M of the spin on the axis. Two
typical situations are shown in Figure 3: polarization and alignment. Ensemble
of particles is named polarized along the axis z if the population ny of substate
with the projection M of the spin on this axis monotonously grows with an
increase of M. On the other hand, pure alignment takes place when there is the
equality: ny=n.. The parameters describing polarization, p;(J), and alignment,
p2(J), are expressed via the first and second moments, <M> and M?, of the
distribution ny, as shown in Figure 3. Higher moments, as a rule, have no
practical value.

MPY—J(J +1)

Alignment:  p,(J)=

J(2J -1)
N J
Polarization:
NI L
com, J
M
nn=20
Figure 3

Of course, in the real experiment it is difficult to fix at once directions of
many vectors. As a rule, the directions of only two vectors are fixed (herewith
explicit or implicit summation over directions of all other vectors is performed).
If one of these vectors is the momentum of a particle in the exit channel (with
respect to some other vector) one says not about spin-angular correlation but,
simply, about angular distribution. Correlations of three vectors are studied in
the most advanced experiments.
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Combination of these vectors may be rather unexpected. For example, last
decade a T odd correlation of three vectors in ternary fission was actively
discussed. These vectors are spin of the incident neutron, momentum of the light
fragment and momentum of the a particle (or, generally, third particle in the
fission). This correlation will be discussed in the end of the report.

3. Fundamental symmetries and spin-angular correlations

Let us pass now to the main question - why studying of spin-angular
correlations is of interest? Let us address to Figure 4. Obviously, the spin-
angular correlations is a natural tool of studying of any characteristics related to
spins. The simplest point is measurement of spins and parities of quantum levels
or spin dependence of level density. Some similar things will be discussed later.
The other clear point is study of spin dependent forces, such as spin-spin, spin-
orbital and tensor interactions. So, in particular, the model explaining the T odd
correlation in temary fission by specific spin-orbital forces in the exit channel is
described in Section 8.

Goal: spin-angular correlations is a tool of
studying of any characteristics
related to spins

« Spins and parities of levels, level density...

< Interactions: spin-spin, spin-orbit, tensor...

* Fundamental symmetries: P (after 1956) and T (mainly
after 1964):

Parity Violating (PV), ~0Op, M-, p-, W-Mesons

Time Violating Parity Violating (TVPV), ~or, TT-mesons

Time Violating Parity Conserving (TVPC), ~rp, p-mesons

Figure 4

However, the sensitivity of spin-angular correlations to violation of
fundamental symmetries — spatial parity (P) and time reversal invariance (T) -
are of principal interest. The existence of such sensitivity is clear because the
forces breaking fundamental symmetries depend somehow on spins (on angular
momenta).

In fact, as it was told above, P invariance violation has been established in
1957 just by means of the elementary P odd correlation of spin and momentum
in B decay. After 1964, when CP violation was found [2], searches of T non-
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invariant spin-angular correlations in nuclear reactions and decays have begun.
These searches had no success till now, probably, simply because accuracy of
the experiments was not sufficiently high.

Thus, nothing definite is known so far about forces breaking T invariance.
Therefore two possibilities should be considered. If T non-invariant forces
violate parity, they are TVPV interactions (T Violating P Violating). Or, on the
contrary, they keep parity, and their name is TVPC interactions (T Violating
P Conserving).

4. Spin-angular correlations in the total cross section

We address to the amplitude of elastic scattering of neutron by nucleus on
the zero angle — f(0). There are only three vectors in our disposal - spin s and
momentum k of the incident neutron and spin I of the target nucleus. Assuming,
that velocities are small (thus, only s- and p-waves participate), and that the
neutrons are polarized, while the nuclei are both polarized and aligned, we
receive the required amplitude presented in Figure 5.

l X ) Tinvariance: S,(j—>1'j;")=S,('j'> )

S
k o] s12 |p12 | par
si2 PV | PV
pi2 | PV
j+i=3 P2

S©) =g, +a,p,(I)EY) +a, p, (I)(3(@K)(1k) - (1)) +
Spin - spin effects a, p, (1)(3(1';‘1')1 “1)+
+ b] (Gl-i) + bz P ( I)(il-i) + Deformation effect
Poddeliects 1, p, (1)@ - @) +

T odd effects P! (DE[KI]) + ¢, p, (NG[KI(KT)

Figure 5

1 shall note at once, that the full structure (eight spin-angular correlations)
has been written out only in the middle of 1980th years (see, e.g., [3, 4] and
references therein). I shall notice, that the terms with factors “a” are caused by

309



spin-spin and tensor forces, terms with factors “b” are due to parity violating
(PV) forces whereas two last terms with factors “c” - 3-fold and 5-fold
correlations - are non-zero, only if there is a v1olat10n of S matrix symmetry
with respect to the main diagonal, that means the T violation.

I'd like to draw the attention to the fact that up to now from the specified
eight correlations only two were investigated in the interaction of slow neutrons
with nuclei. They are, first, spin-spin correlation, (sI), that is of great practical
importance (it is used for polarization of neutrons by their transmission through
polarized targets - see, e.g., [5]) and, secondly, the simplest P odd correlation of
neutron spin and momentum, (sk). Discovery [6] of this P odd correlation in the
beginning of 1980th years or, more accurately, the fact of its large enhancement,
have stimulated revealing of all other terms in the amplitude of elastic scattering
on the zero angle.

Enhancement of weak effects in neutron-

nucleus interaction
Dynamical' ' E, eV
VPV

n ——~J 10’Gmi~10" P S——
*—r . g — o
Haas et al., 1959; Abov et al., 1964; (n,y): aj, ~ 107!

V'—'p"t~Gm:~10'7 1 e
D,.,. ~ 6 MeV

Danilyan et al., 1977; (n,f): apy, ~ 10°* ‘ ]
Forte et al., 1980; o, ,~Im(f(0): a,, ~ 10°

Kinematical (resonance):
Alfimenkov et al., 1981-82, 1L a, Ep=0.75 eV, a,,~10" (10%!)

Figure 6

Let us stop in more detail on the enhancement. Some explanations are
given in Figure 6. Neutron resonances are highly excited nuclear states.
Distances between them are of the order of 10 eV that is much less than a typical
distance (~ 1 MeV) between low lying states of nuclear spectrum Therefore, if a
mlxmg of the low lying states by PV forces is of the order of 107, then the same
mixing of neutron resonances may be much larger. Explicit expression for the
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corresponding enhancement factor of the scale of 10° that is named dynamical,
is presented in Figure 6 (see, e.g., [7, 8]).

Dynamical enhancement has been predicted in [9], and then confirmed in
the beginning of 1960th years in radiative capture of neutrons [10]. Later the
similar enhancement was found for the P odd effects in nuclear fission [11] and
in the elastic channel [6]. All these measurements were performed for thermal
neutrons.

But in the same time, in the beginning of 1980th years, it has been
realized [12, 13], that it is possible to receive an additional kinematical (or
resonance) enhancement on 3 orders of magnitude in p-wave resonances. Then it
has been checked up (and confirmed) in Dubna for *’La nucleus [14]; in 1990th
years the similar P odd effects at the level of 10 % have been found for **Th
nucleus in Los Alamos [15].

127] , 20 p-wave resonances: 0-360 eV
PV effects (G.E.Mitchell et al., 2001):

Jaﬁ‘&jﬁwz v, g%
O" r:l s E:J—Epl g;(l%‘l)

Pp

TVPC effects (5-fold correlation):

_Aohe v:., g;(l %J)g:.(l%])— g:(l % J)E:-ﬂ%")
Pr= -~ -
p porEp—Ep, T
- 1 I
Pr~V P R = 5
r~Vr Z;(E.-E,)’ s vr= 100 meV, A< 10

A.L.Barabanov and A.G.Beda, J.Phys.G, 2005
Figure 7

Later it has been shown [16, 17] that the same factors of enhancement -
dynamical and kinematical (resonance) - should exist for T non-invariant effects
in p-wave resonances. Thus, searching TV forces by means of measurement of
3-fold, (s[KI]), and 5-fold, (s[KI])(KI), correlations in the amplitude of elastic
scattering on the zero angle is of great perspective. Notice that the 3-fold
correlation is P odd, therefore it is sensitive to hypothetical TVPV forces. At the
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same time the S5-fold correlation is P even, thus its measurement is a way to
search for TVPC interactions.

Recently we have pointed out [18] the new opportunities for searching
TVPC forces in the interaction of polarized neutrons with aligned nuclei 2L In
Figure 7 the expression is presented that defines the asymmetry pr of the total
cross section caused by 5-fold correlation. We have estimated this asymmetry in
the assumption that the characteristic matrix element vt of p-wave resonance
mixing by hypothetical TVPC forces is equal to 100 meV that is approximately
one order of magnitude lower than the current direct limit on this matrix
element. In Figure 7 the results for pr are presented for 20 p-wave resonances of
12T nucleus found in Los Alamos at P odd effects study.

P odd effects pp surpassing statistical errors App were found only in some
of these p-wave resonances. However, due to similarity of proposed experiment
(searching for TVPC effects) and performed experiment (investigation of PV
effects), it is natural to expect that statistical errors of both measurements
(proposed and performed) would be approximately identical in any p-wave
resonance. Thus, comparison of the expected TVPC effects pr and the measured
statistical errors App is done in Figure 7. It is seen that the proposed experiment
will allow to improve at least by one order of magnitude the existing limitation
on TVPC forces (at the best it will allow to discover TVPC forces).

Searching for TVPV forces in elastic
scattering (including coherent) of polarized
neutrons on non-oriented nuclei

(P — A theorem)

P
n, :n'
A n T 8
................ NC
T
n’
A=aT+an+an P=p1+pn' +pn

Tinvariance: p,=a, p,=a, p;=a

A.L.Barabanov and V.R.Skoy, Nucl.Phys.A, 1998

Figure 8
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5. Spin-angular correlations in elastic scattering

One of the consequences of T invariance is the P-A theorem for elastic
scattering that relates vectors of polarization P and asymmetry A (analyzing
power). If T invariance holds, then the equalities exist between components of
the specified vectors. These equalities are presented in Figure 8 (see, e.g., [19]
and references therein). Thus, check of these relations is the test of T invariance.

One can show that the check of the equalities will testify the presence of
TVPYV forces if the components considered lay in a plane of reaction (in a plane
of Figure). In this sense such test is similar to the search of 3-fold correlation in
the total cross section. However, polarization of the target nuclei is needed for
measurement of 3-fold correlation, while the check of the P-A theorem can be
performed without nuclear polarization.

Searching for TVPV forces in elastic
scattering (including coherent) of polarized
neutrons on non-oriented nuclei

(P — A theorem)

For '®La, E,=0.75 eV:

Apr ~107 > Ry, ~ Ay pp 6, sin(%) ~107

Figure 9

The principal disadvantage of the check of the P-A theorem is low
intensity of elastic scattered neutrons. The situation may be improved by the use
of coherent Bragg scattering. This variant of experiment was first proposed in
[20} and is shown in Figure 9. The estimates have been obtained in [19] for

_ relative violation Ryvpy of equalities (imposed by the P-A theorem) for given
scale of TVPV forces.
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6. Spin-angular correlations in radiative capture

Let us pass to radiative capture of slow neutrons. If we take into account
only three vectors, n,, n, and n, - along the neutron spin s, the neutron
momentum k and the y quantum momentum p,, as well as only P even
correlations, we obtain "fore-aft" (FA) and "left-right" (LR) asymmetries of
emission of y quantum (see, e.g., [21, 22] and references therein). They are
caused by interference of two channels of the reaction, one of which is induced
by neutron s-wave, while another - by neutron p-wave. The situation is
presented in Figure 10. Curiously, however, there is a sensitivity to the forces
breaking T invariance, more accurately, to TVPC forces.

Really, let us pass to Figure 11. For the sake of simplicity we consider the
case when the reaction amplitudes in both channels can be presented in the
Breit-Wigner form. Then, for example, "fore-aft" asymmetry, A(E), goes to
zero in the same point E, where the p-wave cross section reaches the maximum.
Herewith the reality of the amplitudes is assumed owing to the presence of T
invariance. '

«Ordinary» (P and T invariant) spin-angular
correlations in (n,y) reaction in a p-wave
resonance are sensitive to p1/2- and p3/2-
contributions, negative s-wave resonances and

TVPC forces
ng X n
I n, '/‘,/-VV
VA | i
y
do, (0, E)

70 = A(E)+ A (E)( 1, )+ B (E)@,[i,,hi,])+..

Figure 10
If, however, T invariance is violated, the neutron and radiative amplitudes

have phases. As a result the zero-point of the "fore-aft" asymmetry shifts a little
from the position E,, of the p-wave resonance as it is presented in Figure 12.
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n X = (JATH
| Sn [/‘vn" = g
K .
T z )
y I )_E—-Ep+il“,lz
Dr@nE) - 4 (Ey+ ACEXE )+ BEYE, gD o

Near p-wave resonance:

. 1 E-E
A (E)~Re [f, (E)[f,%(E)—Tz’f,%(E))) ~ m

Figure 11

In Figure 13 the formula for the energy shift AE, is presented together
with the Dubna data {23, 24] on "fore-aft" and "left-right" asymmetries for the
reaction n + ''’Sn near the p-wave resonance with the energy E?=1'33 eV. It has
been shown [25] that the similar data [26] for the reaction n + '>Cd near the p-
wave resonance with the energy E;=7 eV lead to the same scale of limitation on
TVPC forces as the other experiments performed in this time. Notice that no
more strong restrictions have appeared until now.

Near p-wave resonance:

N 1 E-E,-AE,
A(E)~Re | f,(E fP%(E)_:/—E'fp’A(E) ~(E—E Y +T2/4
P P

In the presence of TVPC forces: AE #0

Figure 12

In fact, the study of the "fore-aft" and "left-right" asymmetries in the
radiative capture {23, 24, 26] had been made not for investigation of T
invariance (limitation on TVPC forces was a by-product). The main purpose was
measurement of p;; and p;p contributions into the p-wave resonances. The
formula for the "fore-aft" asymmetry A(E) presented in Figures 11 and 12
clearly shows that this asymmetry should be sensitive to the ratio between the
specified contributions.
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. 147 = A.L.Barabanov, Yad.Flz., 1992;
n+17Sn, E=1.33eV ® 41 A.L.Barabanov et al., PRL, 1993
FA g

& Fore-Aft 34 Left-Right

o8 1 18 2 o 12 1 0
Eev E eV
I r,/2 vi(g® i
AE,=J[— --L g‘;w “£<107 > v <1 eV
2 E’ —E, Dp 8p .
Figure 13

The results, however, were strange for both nuclei: 1780 and "°Cd. Let us
take for definiteness the data for ''’Sn. If we choose parameters of the p-wave
resonance from the fitting of the "fore-aft" asymmetry, then the description of
the "left-right" asymmetry is unsatisfactory (solid curves in Figures 13 and 14).
But, on the contrary, the parameters that are found from the fitting of the "left-
right" asymmetry give very bad description of the "fore-aft" asymmetry (dotted
curves in Figures 13 and 14). All these calculations were performed for the
"standard" parameters of the s-wave resonances among which the negative
resonance is dominating.

I have assumed [22], that the source of the problem is not the p-wave but
the negative s-wave resonance. Its "standard” parameters, probably, are not true.
I have shown that more accurate description of both measured asymmetries may
be achieved by means of shifting the s-wave resonance with respective change
of its neutron width (dashed curves in Figures 13 and 14). The experiments were
proposed to check this hypothesis (they are not performed so far).

Thus, spin-angular correlations in the reaction (n,y) may be used not only
for checking fundamental symmetries but also for studying positions and other
parameters of neutron resonances (including negative).
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197 = A.L.Barabanov, Yad,Fiz,, 1992;
n+Sn, E=1.33eV ® "1 AL.Barabanov et al., PRL, 1993
FA £
g Fore-Aft o Left-Right

estandarde position of the negative s-wave resonance

arealisticn parameters of the negative s-wave resonances

Figure 14

7. Spin-angular correlations in nuclear fission

Similar situation takes place for correlations in the reaction (n,f). There is,
however, a serious difference between fission and radiative capture. As a rule, a
cerlain exit channel is separated in the reaction (n,y) - a quantum state of the
nucleus that emits the y quantum. At the same time summation over a huge
number of exit channels is performed in fission - over differing quantum states
of fragments (formed in highly excited states). Thus, there is a question: why
spin-angular correlations that are, generally speaking, very sensitive to quantum
numbers of final states, do not vanish in summation over the huge number of
fission final states?

O. Bohr [27] has answered this question in 1950th years. He related the
angular distribution of fragments (the simplest spin-angular correlation) with
distribution of fission probability over the states with certain projection K of the
nucleus spin J on the deformation axis at the barrier. This result is illustrated in
Figure 15. Slightly later V.M. Strutinsky has shown [28], that after scission the
number K transfers into the total helicity (the projection of the total spin F of
both fragments on the fission axis). The identity of this quantum number for all
fission final state provides the "survival" of spin-angular correlations in
summation over the huge number of final states.
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Consistent description of P even and P odd
spin-angular correlations in (n, f) reaction
with the use of the (|K|,[1) representation

(K - helicity, I — parity)

A.L.Barabanov and W.I.Furman, ZPhys.A, 1997; Czech.J.Phys., 2003

" |

nS X ./ A— —_J"'K
| n, / o—
® —
J A
JoL+F F=u+d, o <&
K—0+K, K’ -helicity K
Figure 15

Differential cross section of nuclear fission
induced by slow polarized neutrons

do 1 '
S _ 0 (O)PV = = (OPV ;= =
i (0',+p0'f (mn,)+po,”"(nn,)+

+ po® (@,6,) - 3G A,)G@ 8, o™ (@ i) +

+po @ [A,A,)) x N
s /

I n é{o/’

l Z

7y

Figure 16
Explicit expression for the differential cross section of fission of non-
oriented target nuclei by polarized neutrons is presented in Figure 16. It is
obtained in the assumption that only neutron s-waves and interference of s- and
p-waves are of importance. We see the terms related to P odd (PV) correlations
as-well the "fore-aft" (FA) and "left-right" (LR) correlations. Exactly as in the
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reaction (n,y), these correlations are caused by the interference of amplitudes
describing the states with opposite parities. But the operator of helicity does not
commutate with the operator of spatial inversion. Thus, the usual representation
of helicity does not allow to describe the fission final states with certain parity.

«Fore-Aft» and «Left-Right» correlations in
nuclear fission at «one-level» approximation

do 1
7&‘2;( -+ zJ;;uq(_,x’JJ Im(S,, (01— KT1,)S;,(1j - KT1,)x
x I"l"’ X ((ﬁfﬁ!)_ipjp(ﬁf[ﬁtﬁ:])))

O B By T4

s £ (0D)g] (KT1,)
E~E,+iT,/2

0> KTL,)=ie e 85(L)EL(KTL,) /./’
J E-E, +iI‘ 12

/./'

z

8,01 > KT1,)=—ie nk

Figure 17

To solve this problem we have introduced [29, 30] a new representation in
which final states of two fragments are determined by the modulus of helicity,
[K|, and by the parity, IL. In the framework of this formalism we have obtained
explicit expressions for all terms in the differential fission cross section.
Resonance overlapping was accurately taken into account. It is of great
importance for heavy nuclei, because distances between neutron resonances for
such nuclei are rather small.

It is interesting to consider the simplified case when it is possible to use
the one-resonance approach both in s- and p-wave neutron channels. Results for
P even spin-angular correlations are presented in Figure 17. Earlier similar
results in the specified assumption have been obtained by O.P. Sushkov and
V.V. Flambaum [31] in the framework of O. Bohr's hypothesis (without helicity
representation). Notice that in our formulas the fission amplitudes have no
phases. Thus, our approach implies essentially smaller number of free
parameters.

319



T odd correlation
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2 2
D~ f.z_f h - c h ~10°2 A.L.Barabanov,
hc v\ mcR v\ mcR Proc. ISINN (Dubna), 2001
Figure 18

8. T odd correlation in ternary fission

At last, let us discuss the T odd correlation in ternary fission. Three unit
vectors are of importance here, n,, ngand n, - along spin of the incident neutron,
momentum of the light fragment and momentum of the third particle (e.g., the a
particle). The scheme of experiment is presented in Figure 18. The asymmetry
of o particle emission upwards and downwards of the scale 10™ has been found
in fission of **U nuclei by thermal polarized neutrons [32,33].

Similar correlation, (J[pe,pv]), is subject of searches in B decay of free
neutrons and nuclei where its detection will give the evidence for T invariance
violation. It is known, however, that electromagnetic interaction in the final state
may induce a false effect, fortunately, very insignificant. Up to now searches of
the specified 3-fold correlation in  decay gave neither true, nor false effect.

However, in the final state of the fission reaction besides the
electromagnetic interaction, there is the strong interaction between particles.
A model of the interaction that leads to the required asymmetry has been
proposed [34]. The main point of this model is the interaction between the spin
of fissioning nucleus and the orbital momentum of o particle, i.e. specific spin-
orbital interaction. The corresponding nuclear forces surpass electromagnetic
forces at least by two orders of magnitude. Thus, they are strong enough to
provide the observable effect.
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The formula describing the asymmetry of « particle emission upwards
(¢=0") and downwards (¢=180°) depending on the angle 8 between the momenta
pP. and pr has been derived [34]. Its general form is presented in Figure 19.
Arguments in favor of smooth dependence of the factor B(0) on the angle 6 have
been proposed.

T odd correlation
{nIn,nJ) in fission,
analogous to

(JIp,.p,J) in § decay
A.L.Barabanov,
. MM Proc. ISINN (Dubna), 2001
v~Ji
40+ p)B@O)cos
JOdE Lt ¢
B(6)
n+23Y:D=-251073, %) -
~y
Goennenwein et al., 2007 ov 909 ~ . 180°
Valsky et al., 2007 .
n+25U:D =0.8103

N Figure 19

Notice that for 2*U target nuclei [32, 33] no significant dependence of the
factor B(0) (of “the correlation coefficient D - in terms of the authors of [32,
33]) on the angle 6 was found. Furthermore, this fact was interpreted as an
argument against the spin-orbital interaction in the final state: “... in case of the
spin-orbit interaction is at work, the correlation coefficient D should have
opposite signs for the angles smaller or larger than the average angle 83°...
However,... experiment clearly tells that the correlation coefficient D is
independent from the emission angle of the TP [third particle]. The spin-orbit
interaction thus appears to be ruled out ...” [33]. But in fact, the results of the
measurements [32, 33] may correspond to the behavior B(0) that is presented in
Figure 19 by the solid curve.

However, in recent searches of the T odd correlation for 2°U target nuclei
[35, 36], it was discovered that the correlation coefficient D really has opposite
signs for the angles smaller or larger than the average angle 83°! In the model of
spin-orbital interaction it may be explained by the behavior B(8) that is
presented in Figure 19 by the dashed curve. Obviously, herewith the total
asymmetry (the coefficient D) should be small, and it is really the case for 2°U
target nuclei.
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9. Conclusion

Possible subjects of future studies of spin-angular correlations in neutron-
nucleus interaction are presented in Figure 20. Searching for 3-fold and 5-fold
correlation in the total cross section would give new information about the
magnitude of TVPV and TVPC forces breaking T invariance. Searches of P odd
and P even correlation are also of great perspective because new data on neutron
resonances, fission and radiative channels as well as on PV nuclear forces may
be obtained.

Conclusion: future studies of spin-angular
correlations in neutron-nucleus interaction

» Searching for T invariance violation (TVPV
~and TVPC forces): 3- and 5-fold vector
correlations in total cross section
+ Energy dependence of P odd and P even
spin-angular correlations in {n,n), (n,y) 4 {n,f)
reaction to study:
1) negative resonances;
2) correlations of p1/2- and p3/2-waves;
3) fission channels (JIK);
4) PV mixing of s- and p-wave resonances...

~ Figure 20
This work was supported in part by the grant NS-3004.2008.2.
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THE ROTATION OF THE FISSIONING COMPOUND NUCLEUS IN REACTIONS
INDUCED BY POLARIZED NEUTRONS
Bunakov V.E.!, Kadmensky S.G.?
'PNPI, Gatchina 188300, 2Voronezh State University, Voronezh 39

1.Introduction.

In our previous papers [1-3] we developed the theory which explained the earlier observed
(see e.g. [4]) T-odd correlation of the type:

G,k -k,
in ternary fission induced by polarized neutrons. Here &, is the neutron spin, while k.. and

Ea are the momenta of the light fragment and the ternary particle (usually alpha) emitted in

ternary fission. This correlation, which was called TRI-correlation, was described by the
differential cross-section of the type:

d*c
dQ, dQ,
The experimental geometry was chosen in such a way that the directions of the unit vectors
G, and E,_F were parallel to the y and z axes, while the vector E,, varied in the (x,y) plane.
The effect measured was defined as:
p=2%"% . 2)

o, +0.
where o, and o. stand for the differential cross-sections with the neutron beam positive and
negative helicities. The magnitude of the effect for the 33U target was about -3-107, It is
important to point that this magmlude and the sign of the effect were practically independent

of the angle 6 between the vectors kLF and k in a wide range of angles around 6~90°.

However, the recent measurements [5] for the 235U target demonstrated the existence of the
new effect, which was called ROT. Contrary to the TRI, this effect does not change with the
inversion of either k,, or k,but changes its sign in the vicinity of 6=~90°. This effect is rather
well reproduced [6] in the classical trajectory calculations of the alpha-particle emission in the
rotating Coulomb field of the fission fragments with the an§u]ar momentum of about few h,
equal to the total spin J of the polarized fissioning nucleus “**U which appears after the
absorption of the polarized neutron by the target nucleus. The rotation of alpha particles
slightly lags behind the rotation of the outgoing fragments’ motion axis (Coriolis effect). This
leads to the shift of the whole alpha angular distribution with respect to this axis. The
inversion of the neutron helicity causes the inversion of the compound-nucleus polarization
direction and, therefore to the inversion of the system’s rotation direction. This leads to the
shifts of the alpha-particle angular distributions in the opposite directions. The difference of
the angular distributions for the opposite helicities causes the effect observed. It was possible
to reproduce the experimental effect with the angular shift about 0.1%

It is well known that the classical trajectory calculations of the alpha angular distributions in
ternary fission without the rotation of the decaying system reproduce the experimental data
fairly well because the motion of alphas in the Coulomb fields of the fragments is quasi-

=B, +D°5-n[ELF k] (1)
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classical. However in ref. [6] the rotation of the system was taken into account in the
trajectory calculations for the first time. Its success is quite surprising because the results of
these calculations seem to contradict the uncertainty relation for the system’s angular
momentum and the angle 0 of its rotation in the plane perpendicular to it:

AJ-ABO R 3)

In the case considered the nuclear angular momentum was of the order of few h units.
Therefore one should expect the uncertainty of the rotation angle to be A@ 0 1radians. As
pointed above, the trajectory calculations gave the value 0.2°= 0.003 radian in full
contradiction to (3). Besides this, the expression used in [6] for the angular velocity of the
rotating system was quite contradictory. These contradictions will be considered below.

2. Contradictions in the initial conditions of the trajectory calculations
The effective angular velocity of the fissioning system’s rotation was estimated in [6] as:

ﬁ:ﬁ(J)g, @)

where 3 is the moment of inertia of the fissioning system and P(J) is the compound-nucleus
polarization, resulting from the absorption of the neutron with polarization p,, :

3221;31 anJS-;lpn for  J=1+1/2
P)={3CI*+D )
—gpn for J=1-1/2

EX. (5) does not take into account the axial symmetry of the deformed fissioning nucleus
which therefore possess the additional quantum number K of its spin projection on the
symmetry axis. At low excitation energies close to the fission barrier this nucleus fissions
through only one-two transition states with fixed K values.

This axially symmetrical deformation was taken into account in ref. [6] by introducing into
€q.(4) of the quantity R, which was named in [6] * the angular momentum of the nuclear
collective rotation” and related to the values of the total nuclear spin J and its projection K on
the nuclear symmetry axis as:

R=nJJ(J +1)-K> ©)

It was assumed that this vector R was directed along the vector of the neutron beam
polarization so that the rotation of the symmetry axis takes place in the plane perpendicular to
the neutron polarization vector ﬁn directed along the y axis. The direction of the light
fragment emission (i.e. the direction of the nuclear symmetry axis) coincides then with z axis.
This shows that the introduction of vector R is questionable even in the classical approach.
Indeed with our (and experimental) choice of the axes R = Jy while K =J,.If K=0
then the whole nuclear spin J is caused by the collective rotation. Thus R = J % in
contradiction to (6). If K # 0 then

the direction of the collective rotation vector R (and, therefore the direction of the angular‘

velocity vector £2) can not coincide with the direction of the fissioning nucleus polarization
vector because:

J=R+K %)
in contradiction to (4) and (6).

326



n the quantum approach the inconsistencies of Eqs. (4)-(6) are even more evident because the
vector components Jy, and J, do not commute (the corresponding eigenvalues can not be

measured simultaneously). One might only introduce the new operator R 2of the angular

momentum squared R 2 defined as:

RP=j2+Ji2=y%-J? ®)
Exactly this was done by Bohr and Mottelson [7] to whom the authors of [6] refer. The
sigenvalue of this operator is
RR+D)=J(J +1)-K*? ©)
n contradiction to (6). Exactly this eigenvalue enters the well-known expression for the
collective energy:
h? 2 '

E 6 =—(UJJ+)~-K"), (10)

23,
which is given in [7]. By comparing this formula with the expression for the rotation energy
of the rigid rotator with the symmetry axis along the z axis and the moments of inertia

3.=8,=3,:

1 2, 02
Erot =ES.L('Q‘x+'Qy) , (1
one might obtain the expression for the square of the rotation velocity in the plane (x,y): -
2
2 _ 2 25 h R(R + 1)
Q, _(Qx+Qy)—T (12)
L

This allows to obtain the expression:

Q, =/ +Q7 =§?—,/R(R+1) =—Sh—\/J(J +1)-K2  (13)

L L
which resembles the Eqs. (4)-(6). However the angular momentum of the collective rotation R
s defined not by Eq. (6), but rather by the solution of the quadratic equation (9). The
direction of this momentum in the (x,y) plane (and, therefore the direction of the rotation
velocity vector) remains undefined and, in complete agreement with quantum mechanics, can
not coincide with the y axis, as supposed in [6].

Thus the expressions (4)—(6) for the angular velocity which were used in ref.[6] are
invalid both in classical and in quantum approaches. Eq. (5) for the polarization of the
fissioning system does not take into account the specific features of the low-energy fission
causing the existence of the K quantum number. The attempt to correct this drawback by the
introduction of the quantity (6) is physically meaningless and leads to the contradictions both
with classical and quantum mechanics.

3. The correct quantum approach to the rotation of the polarized fissioning nucleus
We had seen that quantum mechanics does not allow to define the eigenvalues of the two
angular momentum projections J;=K and Jy at the same time, while our physical problem
demands this. Strictly speaking, in quantum mechanics we can define only the eigenvalues of
he square of the spin operator and of its projection on one given axis, but can not speak about
‘he direction of the spin vector in space. However, by averaging over the ensemble of
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>
particles we can simultaneously define all the three components F; = L— of the

polarization vector with unlimited accuracy (for 1nstance the rotation angle of the neutron
polarization was measured in [8], which was equal to 10 radians). The ensemble - -averaged

quantities < J; > are usually obtained with the aid of the density matrix ,OMM +. Actually

the average value <A> of any spin operator A for the system with the fixed spin J and its
projection M can be defined as:

MM
where the matrix element Aypong =<y |A| Wy > (15)

is defined with the aid of the system’s wave function ¥, and

Spp =1

The Eq. (5) can be obtained in this way for the compound nucleus resonance with the fixed
values of J and M, which appeared after the absorption of the polarized neutron. Mind that, as
is well known, neutron resonances in deformed nuclei possess no definite value of the K
quantum number, as a result of the complete K-mixing caused by the dynamical enhancement
of the Coriolis interaction [9,10]. Therefore for isolated resonances, induced by polarized
neutrons their decay into various neutron and gamma channels is governed by the factor (5).
However for sufficiently low neutron energies the saddle- point in the fission channel selects
only one-two values of K corresponding to the lowest collective excitations. The probability
of this selection is defined by the quantity

2_
b Pelal Pl (16)
where Ias Ié |2 is the probability to find the component K in the s-resonance wave —
¥

function. Due to the complete K-mixing a!,}\. has random sign and the average value

< (a’,g Y >=@J,+1)7" (17
, C, I is the transmission probability of this K-value from the resonance s via the
transition state with J;, K; to the scission point. One can assume that |C I =] for one

fixed value of K and is approximately zero for all the other values.

Thus we obtain the polarized fissioning system with the fixed values of J, M and K, caused
by the absorption of the polarized neutron. With our choice of coordinates the nuclear
symmetry axis coincides with z, while the neutron beam is polarized along y-axis. Now we
can find the averaged values of all the 3 components of the nuclear spin for a given value of

K using the above equations (14), (15) and the known wave function ‘PAJ,,K of the deformed
fissioning nucleus (see e.g. [7]):

Wik = ,/%[D&K @y (@) +(-)** D} _x@0z@] a®

Using now the definition of the average spin projections on the i=(x, y, z) axes:

<JAK)>= Y o < ik | I | Wi > (19)
MM’

328



and the expression for the density matrix (see [1]):

S 1 . JM M
v= |0y +ip, A(J,J)(C +Cyia - 20

Pum 2(2“_1)[ mme + i A TN Chipy + Chiy -y (20
vith
N 7 ,J+1
AL, )= f——b; ; - j—F 21
A) {\)2(”1) gl Y “>) @
- we obtain:
<J (K)>=<J (K)>=0 , (22)
<J(K)>=<J (K)>= 51‘2—& p,h 23)
Here

JJ, +D) =TT +1)+3/4 J (J, +1)~K 2
8k, g0, = : ©4)
| ; 7, (J, +1)
' 1+1/2=J, , ‘
an s = , while 1 is the target spin.

1-12=1J,

Thus we obtained a result (see (22)-(23), which is quite unexpected from the classical point:
Even for K#0 the average projection <J,> (as well as <J,>) equals 1o zero. This is the purely
“quantum result, caused by the fact that the wave-functions (18) contain the contributions of K
and (-K) with equal weights (i.e. the rotation eigenstates are always doubly-degenerate in the

. sign of K, as seen from (10)). The only non-zero component of the average spin vector is its
projection on the y-axis (i.e. on the direction of the neutron beam polarization), which is
perpendicular to the nuclear symmetry axis z. Therefore for the fixed K-value the total spin
of the deformed fissioning nucleus is polarized along the direction of the neutron beam
polarization and its polarization is given by:

b k)= <L K> sk,
, J 2J

Now we can estimate the angular velocity of the rotation around this axis using the
expression:

(25)

» _<J(K)>
a)q(J’K)_——S——v (26)
~ which gives:
() n-K2
—‘(—J“JL——)—{(——%-p,, for J,=1+1/2
; 8k, M s
0K ==, = @
: J.(J,+D-K? 1
N L B AN or  J, =1-1/2
| (J;+) 28 Pr K :

If several transition states contribute to fission (i.e. if several values [CSJ,% |2in (16) are non-
¥

zero), then:
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of =Y by [ 0,0,.K,) 28)
K\,

If all the K-values contribute equally (i.e. if all the coefficients ]bsj,; |2=| a’s ¢! |2 equal

sK sk_v
their average value (2J, + 1)™), then the polarization P(J,K) of eq.(25) is averaged over all
the K—values and

PJ,K)y=P{J 29
27D ; (J.K)=P(J) , (29)
where P(J) is defined by (5). This is exactly what applies to the non-fission channels of the
neutron resonance decay. One can say that the use of Eq.(5) means averaging over all the
possible directions of the deformed nucleus symmetry axis. However, if the coefficient

| c, | equals to 1 for only one K-value (as it often happens in fission channel), then one

should use (25), (27) instead of (5), (4).

4. On the absolute values and signs of the TRI and ROT effects
The main physical difference between our approach and the one used in [6] lies in the fact that
the rotation angular velocity vector is defined not by the angular momentum R whose

direction can not be defined, but rather by the polarization vector P(J,K ) of the fissioning
nucleus whose all the three components are defined by Egs. (22)—(25). Exactly this classical

character of the polarization vector removes all the contradictions connected with the
uncertainty relation (3) and allows to measure simultaneously the ensemble-averaged vector

<J (K) > and the system’s rotation angle in the plain perpendicular to it. As mentioned

above the rotation of the polarization vector can be measured with the precision higher than
10°° radians. No wonder that we can measure the rotation angle of the polarized system with

the precision higher than 0.1°. Comparing our Eq. (27) for the angular velocity .Qq J,K)
with the empirical Eqgs. (4)—(6) used in ref. [6] we see that the ratio

Q,(,K) 3\/J(J+1) K?
Q 2 J+1

varies for J=3,4 in the interval from 0.5 to 1.3. Thus one might expect that in the case of the
strong isolated resonance when the interference effects can be neglected, the results of the
classical calculations of [6] might be correct to within this factor even if the K-values of the
transition states are unknown or when the results of their definition by the different methods
differ considerably, as in the case of 2*°U fission [11].

Much more significant might be the purely quantum effects of the resonance interference
which can not be taken into account in the classical approach. The unified quantum
description of TRI and ROT effects [3,12] gives the following expression for the polarization
dependent part of the ternary particle angular distribution:

(30)

d2 Cor

Pn® Joupde 1 nds ple
= Bs | B | b b Tog J2JI+D(2J + 1%
dQ,de 2(21+1)k3 55" ,E,c,(‘ S 163 by, Tex
X8k,,0, | A 8K -RalFoug + GulKpp Ko dKir ko) Foen} 5 3D
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Nigd
= = ks |explis, ) (32)
. J
E-Els+its2 77 s
shows the resonance energy-dependence of the cross-section and the fission width through
the transition state (/s ,K, ) into the channel c:

Ly, cx 3B i P Lg, (33)

is defined by the above coefficients b ‘ = aSJK cjlé of Eq. (16).

Here the factor hSJ v =

The amplitudes A°(8,€) of alpha — pamcles angular and energy (g) distribution for the
temary fission of the unpolarized nucleus is:

AL©G,8)= Zldc,(£)|exp{t (O (Q,) =] A%(8,8) |exp(id?},

while the functlons F ,, and F,__ define the contributions to (31) from the odd and even

even

values of the alpha’s angular momentum and therefore the values of TRI and ROT effects:
Ci C 0
Foyg =ld" (©)|aysin(y oj, + 857 (€)= 5. (6,€)) +

+]dST (€)| ay sin(S, RIUIE SS(€) =)k pp k) +..

even _I dCor (E)Ibl SIH(6SJ,S'J ) +, Cor (8) 50 (0 8))+

(34)

@)
+ldCor(5)lb2 sin((SSJ s +5Cor(5)—53)(kLF 'ka) to

One can see that Eq. (31) contains contributions not only from the terms with s=s’ (which
correspond to the isolated resonances) but also from the interference terms with s#s’. The
signs of these interference terms are random due to the random signs of the coefficients

Iy _ ol . . . . . . .
b a:K K, while the magnitudes of the “non-diagonal” quantities g K,J,J, differ

from those of the “diagonal” ones (24), which define the angular velocities of the system’s
rotation for isolated resonances. Unfortunately the analysis carried out in [11] shows that the
approximation of isolated resonances is invalid in the case of 2*°U fission. The interference
terms’ influence is especially strong for the neutron energies between the resonances—exactly
in the region where the experiments [4,5] were done.
- Another important consequence of the resonance interference is the appearance of the
“additional phase shifts:

5:!,.\"!:- = 6.\'!, - 5_\-'11, (36)

‘inthe sin arguments of the functions F, and F,  which define the relative magnitudes

and signs of the TRI and ROT effects. The experimentally observed difference in the relative
values and signs of the effects for two U isotopes should be explained by the difference of the
- quantities (36).

5. Summary

. We have shown that the classical trajectory calculations [6] {especially if they are done with

: the correct quantum initial conditions (27), (28)) might describe the experimental ROT effect

- with good accuracy in the case of strong isolated resonances. We have also derived the
formula for the polarization of the deformed compound-nucleus with the fixed values of the
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quantum numbers J and K. This new expression should be used in the description of the
fission reaction induced by the low-energy polarized neutrons.
In the case of the strongly overlapping neutron resonances the influence of the quantum

interference effects might be quite strong. Therefore the classical trajectory calculations might

reproduce only the order of magnitude of the effect and could not define the correct relative
sign and magnitude of the TRI and ROT effects.
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THE MECHANISM OF EXCITATION OF GIANT RESONANCES IN NUCLEAR
FISSION AND T-ODD CORRELATIONS FOR PRESCISSION GAMMA-QUANTA
V E. Bunakov!, $.G.Kadmensky’, $.5.Kadmensky®

! Petersburg Nuclear Physics Institute, Gatchina, 188300, Russia
2 Voronezh State University, Voronezh, University Square, 1, Russia

" Abstract: In the framework of the quantum fission theory the conditions are investigated for
the appearance and the observation of the pre-scission gamma-quanta which are emitted by
the fissioning nucleus before its scission. It is shown that these conditions are fulfilled for the
:gamma-decay of the giant electric isovector dipole resonances whose excitation is caused by
-the non-adiabatic character of the nuclear collective motion at the final stages of its pre-
scission evolution. The analysis is carried of the energy and angular distributions for these

“;quanta emitted by the unpolarized nuclei. T-odd correlations are also studied in the angular

~distributions of these quanta emitted in the fission reactions induced by the polarized cold
‘neutrons. The similarity of these correlations are shown to the T-odd ROT-correlations which

“:were discovered earlier for the ternary fission alpha-particles.

1. Introduction

T-odd TRI correlations were discovered [1] in the angular distribution of the products of
=By ternary fission induced by the cold polarized neutrons. They could be described by the
- expression:
: d? O,(TRI)
‘ dQ,,.dQ,
“.where &, k,,., k, are the unit vectors directed along the neutron polarization vector and
~ilhe wave vectors of the light fragment and the ternary particle (predominantly alpha),
rcspcclivcl%/s. A few years later another T-odd correlation was discovered [2,3] in ternary
U

A8, kyy ok | )

o 2
:fission of =

2 __(rOT) o
:—Qj;_d.fT3=A'&"[kw’k3](kLF’k3), )

. -which was named ROT and interpreted [4] in terms of classical mechanics as the result of the
~fission fragments’ emission by the rotating fissioning system.
The description of these effects in the framework of quantum theory was given in [5-7]
‘which considered the influence of the fissioning system rotation on the angular distribution of
the ternary fission products. This rotation causes the appearance of Coriolis interaction in the

. internal coordinate system between the orbital momentum /; of the ternary particle and the
: npclear total spin J. An important role was demonstrated of the neutron resonances’

interference which causes the damping of either even or odd orbital moments l-; thus
~strengthening either TRI- or ROT-correlation, respectively.

‘ZJISn r;f [8] the analogous ROT-effect was found for gamma quanta emitted in binary fission of
~"“U-induced by the polarized neutrons. The angular dependence of the effect was similar to
- the ROT effect for alpha particles while its magnitude was about 10™,
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In the present paper we shall use the approach of [5-7] to show that this latter effect could be }
explained by the T-odd asymmetry in the angular distribution of the pre-scission gammas
emitted in binary fission induced by the polarized neutrons.

2. Giant resonances in the fissioning nuclei and the pre-scission quanta

It was shown in ref [5-7] that the polarized neutron capture by the target nucleus leads to the
excitation of neutron resonances in the first potential well of the compound nucleus. The
nuclear fission is caused by the evolution of the resonance wave functions during the system’s
motion along the axially symmetric deformation mode. This evolution ends at the scission
point by the transition of these wave functions into those of the fission modes ‘P;M. The
non-adiabatic character of this motion might lead to the excitation of the system’s states
which emit the pre-scission gammas. The typical time for the system’s transition from the
exterior saddle-point to the scission point is 7T = 107%s. Therefore, in order to make these.

gammas observable it is necessary that the life-times 7, of those excited states should be of

the same order as 7. This means that their gamma widths Fy = h/Ty should be of the
order of 1 MeV. So large widths are characteristic only for the collective vibrations of the
giant electric isovector dipole resonance (GDR) type. The typical energy of these resonances’
is By = 80A_1/ SMev. However, in the axially-symmetric deformed nuclei these resonances

split into two components corresponding to the vibrations along the long and the short axes of.
the system. The magnitude of this splitting is defined [9] by the expression: »

AE=E,f3,, (3)
where Ej =12 MeV for U isotopes and f, is the quadrupole deformation parameter.

There are two possibilities to excite GDR in the fissioning nucleus. If its neck has not
completely developed and the nucleus still conserves its ellipsoidal shape the GDR involves’
all the nucleons (in order to conserve total parity and the projection K of the total spin on the
symmetry axis this resonance should be built on the excited state with negative parity and
K’=K quantum number). Since the typical deformation of the heavy fissioning nuclei at the

last stages before scission [ »=1, the energy of the lowest GDR component with spin's
projection v = Qonto fissile nucleus symmetry axis might be quite low (E,_, = (4 —5)MeV).

If the system’s neck is already well developed and the pre-fragments appear the simultancous
excitation of two GDR'’s of the pre-fragments is possible caused by their mutual Coulomb
interaction. However, the maximal deformation values f, of the fragments with

Ay = A, = A/2 do not exceed 0.3. Therefore the characteristic GDR energies of the
fragments are rather large ( E,_y = 14 MeV). The spectral analysis [10] of the gammas which

follow the fission of 2°U shows the almost exponential decrease by 4 orders of magnitude in
the energy range between E;, ~0.5 MeV and Ey =8 MeV. One should expect that this-

decrease would continue at higher energies. This seems to cancel the case of the two GDR .
excitations of the pre-fragments and leaves us only with the first possibility — GDR excitation
of the whole fissioning nucleus.
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3. The wave functions of the fissioning system which emit the pre-scission gamma-
quanta

The wave function of the fission mode ‘P;M for the deformed axially symmetric fissioning
nucleus can be written [9] as:

= P b () ()4 () Dl (02291610}

2Dy, () 2 (£) 6"»"}'

In order to describe the pre-scission gamma emission we shall introduce the vector spherical
function [11]:

“@

ﬂ/t { lm elt )},,, ’ )

where el,( ) is the spin function which depends on the spin variables § of the ¥ -quantum and

its projection £ (¢ = 0,%1) on the Z- axis of the laboratory system; ¥, (Q;) is the spherical

function which depends on the solid angle €. of the quantum radius-vector 7 and

corresponds to the orbital momentum / and its projection # on Z-axis.. The curly brackets
in (5) means the vector addition of the spin and the angular momentum of the quantum

forming its total momentum j .

One can use Wigner’s transformation relating ¥ (Q s) of (5) to the vector spherical

sty
function Yj,”(.'s") in the co-ordinate system K' where the vector 7 defines the Z’ axis

direction and which realizes thc helicity representation [91:

ﬂ/t Z :lﬂ (s ) : ()

n=tl1

Here Dl’;”(QQ) is the generalized spherical function which depends on the Euler’s angles

r
connected with the radius-vector 7'; Y, (§ ') is the vector spherical function in the K 'co-
ordinate system:

= ., 2j+1 -
Fo(5)= (4,,j Cluf, ). o

Introduce now the vector potential A iin (x) (where x=7,§ are the photon co-ordinates),

which is normalized by the unit photon flux in the 7 direction [11];

ke ™2 )
Aﬂu(x)=(‘2;;;) k(m (kr )+, (kr)) ¥, (Q,5)i'. ®)
Here j,(kr) and n,(kr) are the Bessel and Neuman spherical functions while & is the

modulus of the photon wave vector. Then the vector potentials A,u}‘ (x) corresponding to

electric (/1 =K ) and magnetic (/1 =M ) ¥ - quanta have the form:
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- "/_ch(l) 1 —‘jl[l 51'_1 » /1 =M ,
A/U'll (x) = —\,/_Z C’°

j1-11 Jl;t
1#j
®
In general the Hamiltonian H ' for the interaction of the electro-magnetic radiation with the
atomic nucleus can be represented as [11]:

H=-1 _[A'fdr (10)
C

Here ; is the density operator of the convectional and spin currents in the nucleus; A is the |
vector potential of the electro-magnetic field. The integration is carried over all the nuclear co- -

ordinates 7. ,
The fission mode wave function (4) after the emission of the y-quantum transforms into the :

wave function ‘PLM of the system which consists of the daughter nucleus plus the photon. Its

asymptotic form for large r (r > R, , where R, is the nuclear radius) is:
K

; r |
=2 AL) an.

o

where ,/Fg is the partial width amplitude for the gamma decay of the fissioning nucleus !

into the channel & :
K _ X 1 My |\giM
L

(8) by substitution of the function:

(12)

where" potential AM‘ differs from Aim

(n,(kr)+ij,(kr)) to the function j (kr). Now one can show that in the long-wave:,
approximation (KR, <<1) the total width I" ;:l of the electric dipole gamma decay is: £
K _ K _T0
Dp = Zrysu w =Tk

}
J'K' : 2
f
t
!

13)
Here the summation goes over the quantum numbers of the final states, while re 7K is defined.

JT% =167k ( j(ZKIQmVK) (14)§

Here on x, 1s the electric dipole moment operator of the nucleus in the intrinsic coordinate

by the equation:

system.
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4. The angular distribution of the pre-scission gamma-quanta emitted by the
unpolarized fissioning nucleus

In order to describe the angular distribution of the pre-scission electric dipole quanta one
can use Eq. (11), which can be written as:

P = Z{‘P”’ A, ATl - (15)

K
With the use of Egs. (8), (6) one can obtain the following expression for the vector potential

AEI#(X):

]

s Z ,(5)B(r),
7T =11
(16)
where function B (r) is defined as:

500~ ) " 35 et el )51

1#l

17
Now the wave function ‘i’",;M of Eq. (15) can be written in the form:
- 2J +1 :
w =3 (@), ) 25 B
751 l67* (18)

(Dl (wm (:) (1) Do (@) 2 (O
The fission fragments are emitted along the nuclear symmetry axis. Therefore if one chooses the
Z-axis of the laboratory system to be directed along the light fragment momentum then the solid
angle ', in (19) will coincide with the solid angle €. which defines the direction of
gamma emission with respect to the direction of the light fragment momentum.
With the help of Eq. (18) one can find the current density of the pre-scission gammas for
r — oo and obtain the following expression for their angular distribution normalized by the total

. 0
width Fr "

aQ, ,,_
We see that this angular distribution has a well - defined maximum in the direction perpendicular
to the light fragment momentum when &, = 77/2.
This expression holds irrespective of whether the emitting compound nucleus is polarized or not.
Now one can apply the technique of refs. [5-7] to obtain the differential cross section for the
(n,y) fission reaction with the emission of the pre-scission gamma :

dr,,.(Q, 3 o
Al (@) l I =—”I“;K sin®@,. (19)

da,,y ar o
— 2T FY(Q.), 20
dQ; k2 (%7) =

r
where
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Fo(Q

F

_ SIS T 0 psdos'T
)= , ;K Dy * Ty Be ™™, (21)
5SS 5 i

DS.I o' g _b:K b-’ (22)
s .
Bl = - o e,
E-Els +75-
2
(23)
- 1 3 (2/, +1)
Bs.lxs Js =5 ——-——sin.2 L~ Lcosd, . s 24
X, Jsds (62 ax Ta(20+1) ey e

and Oy sy, =0y —Oy.. Iisthe target spin.

The direct measurement of the pre-scission gammas’ angular distribution is complicated
by the background of the much more intensive “statistical” gammas emitted by the
thermalised fission fragments. Therefore in order to prove the existence of the pre-scission
gammas one should investigate also the correlation effects which might be either larger or of
the same scale as the analogous correlations for the statistical gammas. A good example of
such effects is the T-odd correlation in the angular distributions of the pre-scission quanta
emitted in fission reaction induced by the cold polarized neutrons which is caused by the
influence of the polarized compound nucleus rotation on the angular distribution of the
emitted quanta.

5. T-odd asymmetry in the angular distribution of pre-scission quanta
We shall study “the influence of the polarized compound nucleus rotation on the angular

distribution of the pre-scission quanta by introducing into the Hamiltonian the term H . (9]

coming from the Coriolis interaction of the total nuclear spin J with the total momentum J

of the pre-scission quantum:
2

h . .
HCor =T ’J‘O(J+J—+J-J+)’ (25)
where
h=(aiy). =ity 2

and x', y' indicate the axes in the intrinsic coordinate system. The symbol 7% means the
moment of inertia of the fissioning system which evolves from the compound nucleus
moment of inertia at the scission point up to the value M cR2 for R—oo (M, is the
reduced mass for the fission channel c. The action of the operators J, on the function

D,;',K (a)) which describes the collective rotation of the whole system and of the operators

J+ on the function D(l),, (Q';) describing the angular distribution of the pre-scission quanta

is defined as:
J.Dh (@) =[(J £ K) (I F K +1)]" Dy gz (@) . @)
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ke 1 t l 1
j£Doy (R'7) = V2D{syy, (@ ). (28)
By using the technique of ref. [5] one can take into account the influence of the Coriolis

interaction on the fission mode wave function ‘{":{M by adding to it (in the region where the

. . s IM
pre-scission quanta and the daughter nucleus are already formed) the wave function A¥y;

AR (x)= Y {Ditkem (@) 2x b (1) Dy Ligemy (@) x',?bf‘,a}x

’ m=%ln=%1 - 29)
(21 +1 D= [ 3

X 167 3 m,’ (Q )el,’ F acorB(r)\/E 27—[‘,

where

bEy =bTky = J(J -K)(J +K+1); by =blk, =J(J+K)(J-K+1)  (30)

and

2%

cor _ K 7 5 n* 2
o = — jB(r) ——— B(r)réar .
€19
Here the quantity B(r) is defined by Eq. (17) with the substitution of the function j, (kr)
instead of the guantity (n, (kr) +1j, (kr)). After adding the function AY 2 (x) to the
unperturbed function "I"{(M (x) of Eq. (18) one can find the current density of the pre-
scission quanta _7 = fo + Af . Performing the integration over the internal co-ordinates £ of

the daughter nucleus one obtains the first-order correction F (')(Q;) to the quantity

n

L of Eq. (20). Thus we obtain the

r

r

d
F 0(Q‘) of (21) which defines the cross-section <

Cor

additional term to the cross-section coming from the Coriolis interaction. This term is

r

_ defined by the non-diagonal part of the spin density matrix P Is ‘. which is proportional to
Cor

the neutron polarization p,. Therefore is defined by the Eqgs. (20-23) with the

sJes'J

quantity B *" of Eq. (24) substituted by:

(stl‘_s.h.)c()r:(__l_)ac“ 3 (27, +1)(27, +1)

872 4 2(21+1)

Xy [ )~ Diyp (9 )]Dé:’(ﬂ )sindgy oy,

n=tl

ngJ_,.JS-pn‘/Ex

k)

(32)

where

339



gxg.s. = ATy [«/ Jo+K)(J, - K, +1)C)u KT

(33)
U =K ) (I + K +1)CP ) }
AT, [ Js+1 J_
Yot \j 2(J, +1 \/ Y
(34)

2.1 +l ,.J +1
2J 6y 0. J ) 8ypg, -

Jo=1+1/2, =1-1/2.
The component of the angular distribution of pre-scission quanta arising from the neutron

polarization is:
H®@:)= T [ Pl (27)-Dhy (27) D5 (27).- 35)
n=tl
This expression can be reduced to the form:

4 1 .
J(Q;)=-c2 10[2(_1)(9';)—51(9';)}\/?( ol L1122 =5in26; cosg.

(36)
Thus the expression for the polarization-dependent addition to the differential cross-section
is:
do_Cl)r
LZAS— R (B (b b T J2J + DRI, + 1) x
dQ, 2QI+Dk? ,Z,K' -l o2, \
o €1

sYsdst

Cor
X80, ( 38aﬂ-2 jsin26’; -COS@, +sind,, ., .

One can see from Eq. (36) that the part of the angular distribution connected with the
collective rotation of the polarized nucleus is defined by the spherical functions Y2_ +; coming
from the even value [ =2 of the angular momentum. As shown in [7] for the case of T-odd
correlation of alpha particles, this means that the T-odd correlation for the pre-scission

gammas are only of the type of the ROT-effect.
Eq. (37) shows that this correlation appears only in the case of the neutron resonances

interference when the value & sd,s' # 0. Since the pre-scission gammas are observed on
the strong background of statistical quanta with rather small anisotropy, the angular
dependence of the asymmetry coefficient Dr (Qr) is of the form:
D,(0.)=Asin26, (38)
which is closc to that obscerved in ref. [8].
In order to cstimate the cocfTicient Dr for the pre-scission quanta one can use the

qualitative classical picture which was applied in ref. [4] to the case of the alpha particles’
ROT asymmetry. Consider the rotating nucleus emitting electric dipole quanta. Their
angular distribution without rotation should be (19):

P(0)=Bsin*6 , (39)
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where @ is the angle between the nuclear symmetry axis and the direction of the gamma

emission. However the nucleus rotates with the angular velocity @ = 2:10" 1/s while
emitting the pre-scission quanta and manages to turn since the initial moment of this
emission through the angle:

G=wr+ta (40)
where 7 is the pre-scission gamma emission time and ¢ is the rotation angle of the system

after scission, which was estimated in [4] as @ =3 10_3 . Therefore the angular distribution
for the rotating nucleus in the laboratory system is:

P.(0) = Bsin [0 t+ (wr + )] = B{sin 29+ (wt + a/) sin 26} . (3]
Here the subscript  defines the polarized neutron helicity (i.e. the direction of nuclear
rotation). Therefore the numerator of the asymmetry coefficient Dr is:

P,(8)-P.(0)=B(2wr+2)sin20 . 42)

Taking the emission time of the GDR gammas to be 7= A/T" = 1072!s, we obtain
(2wr+2a)=4-107 . : 43)
Dividing this quantity by twice the number of statistical gammas one obtains for the

magnitude of the ROT asymmetry effect the value B-2.5-107.
The analysis [10] of gamma spectrum following the 235U fission by thermal neutrons
shows that the number B of quanta per fission in the range of E,=4-6 MeV is about 0.1.

This seems to be in agreement with the experimental value 10" obtained in ref. [8].
6. Summary

Our studies of the possible T-odd asymmetry for the pre-scission gammas carried in the
framework of the quantum theory of fission allow to obtain the angular dependence and the

magnitude of the asymmetry coefficient Dy in agreement with experiment [8]. In order to

make the final conclusions about the existence of the pre-scission quanta one should investigate
the possibility to obtain the T-odd correlation with the statistical quanta, its magnitude and angular
dependence.

This work was supported by the grants of RFBR (Ne03-02-16853) and INTAS.
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LOW-ENERGY SCATTERING OF A POLARIZED
NEUTRON ON A POLARIZED PROTON

V.L.Lyuboshitz , V.V.Lyuboshitz K
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" E-mail: Valery.Lyuboshitz@jinr.ru

The spin structure of the amplitude of s -wave elastic scattering of a slow neutron on a
free proton is considered. The formula for effective cross-section of scattering of a slow
polarized neutron on the polarized proton target is obtained, and it is shown that, in the
effective cross-section, the amplitudes of triplet ( total spin S = 1) and singlet ( total spin
S = 0 ) scattering are summed up incoherently. In doing so, the maximum value of integral
cross-section Gm. = 37.1 barn corresponds to the antiparallel orientations of spins of the
totally polarized neutron and proton ( P, P, =-1, where P, and P, are the polarization
vectors ), whereas the minimal magnitude of cross-section o~ 3.64 bamn is observed in the
case of parallel orientation of spins ( P, P, =+1).

The low-energy scattering of polarized neutrons is also analyzed . Taking into account the
identity effect, the s -wave scattering of neutrons is possible only in the singlet state.
According to the isotopic invariance, one could expect that the amplitude of s -wave
scattering of two neutrons must coincide, with the precision of (1 + 3) %, with the singlet
amplitude of neutron scattering on the proton . Nevertheless, in fact the scattering lengths
take the values b = —a ® (0)=-23.7fm and 5"’ =~0a ™ ()= - 17.0 fm ; s, we
have | b “e) j p () | ~ 1.4 . However, the concept of “isotopic invariance” is applicable
rather to the interaction potential than to the scattering amplitude. Analysis shows that, if the
modulus of amplitude is large as compared with the range of force action, the magnitude of
scattering amplitude becomes very sensitive to the parameters of potential. Within the model
of spherical rectangular well, the change of depth or width of the well by several per cent
leads to the substantial change of scattering length .

1. Amplitude of the elastic s-wave scattering of a slow neutron on a free proton
has the following structure:

fy=a,)P +a, k)P, )
where q,(k) is the amplitude of triplet scattering, corresponding to the total spin
of the neutron-proton system equaling 1, a, (k) is the amplitude of singlet

scattering, corresponding to the total spin of the ( ap ) system equaling 0, % is
the modulus of nucleon momentum in the c.m. frame ,
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() 7(2) | aD ~(2) R 7 7(2) _ aD) ~(2)
:31 ®1 :c ®6 . b= I"e®Ir 40’ ®6 @

>

-

are the operators of projection onto the triplet states and the singlet state,
respectively, satisfying the relations:

PI=F . B=F, BB

"'U>

_BP

"'U>

=0 3)

g ={6 (1) & (1), éz(l)}

(In Eq. 2): I®, I® are two-row unit matrices, ,

&@ ={& (2) 2) 6’2(2)}

G, are vector Pauli operators ).

and
Relations (3) can be easily verified using the matrix equality:
(60 ®6@)2 =3]M @ P _250 @ 6@ ) @)
Formula (1) may be also rewritten in the form: |
Fl)y=ck) ¥ ®I? +dk)6" @6® (5)
where

3a,(k)+a, (k)

C(k)= 3 s d(k)=a'(k)_as(k)
'—‘—"—4 ’ e e—

4
According to the experimental data, at zero energy:

a,(0)=-5.38fm; a,(0)=+23.6fm; c(0)=1.89fm; d(0)=-7.27fm.
By definition, the scattering lengths are: by ;) = ~ a;, ) (0)

Introducing the operator of permutation of spin projections [1,2] :

P(l 2 [I(l) ® 1(2) +60 ® 8 (2)]

exch

’ (6)

one can get easily convinced in the validity of the following equalities as well :

PpLDH _ ppHpUL2) _ | H 5 (4L2) H p(l,2
})exch T t})exch) =+ P, h)}).\' = Rw})exch) = _}).\' . (7)
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In accordance with Eq. (7), the eigenvalues of the operator P are equal to

exch

(+1) for the three triplet states and to (—1) for the singlet state .

2. The total cross-section of elastic scattering of slow polarized neutrons on a
polarized proton target amounts to:

o =4 ir(F ()P FT (k) = dm r(F ) F TP ®

where the amplitude f (k) is determined according to Eq. (1),
. 1, - 5 .
pY = Z(I“) +P, 6@ +P,6?) 9)

is the 4-row spin density matrix of the neutron and proton,
P, =) =1r(6p"?) and P, =(6) =1r(6¥ p"?) are respective
polarization vectors for the neutron and proton .

Taking into account the equalities (2), we have :

A - 3+P P n n 1-PP

tr(l’,2ﬁ“’2))=tr(P, F3(1,2))= 4n e tr(ﬂzf)(l’z)):tr(ﬂ ﬁ(1,2)): 4n L

(PP p"P)=0 . (10)
As a result, we obtain:

3+PP 1-PP
™) = 4x {Ia,(k)l2 27000 4 a (k) ] _#}_
4 4
2 2 2 _ 2

=4n{ 3a, (k)" +]a, (k)] +laf(k)l Ja, (k)] (P,,P,,)} _ (11)

4 4

We see that, in the effective cross-section, the contributions of triplet and singlet
scattering are summed up incoherently. In doing so, the quantities

W 3*RE, o 1-RP

) . 12
f 2 f 2 12)
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determine the respective relative fractions of the triplet states and the singlet
state for the ( np ) system with the polarization vectors P, and P, .

In the case when at least one of the nucleons is unpolarized, as well as when
the nucleon polarization vectors are mutually orthogonal ( P, P, = 0 ), the

integral cross-section of s-wave elastic neutron scattering on the proton at zero
energy equals:

co=7 (3a,2(0)+a,>(0)) ~20.4 barn .

The maximum value of the effective cross-section corresponds to the antiparallel
orientation of spins of the totally polarized proton and neutron (P, P,=-1):

Omar =27 (@,2(0) +a,2(0)) ~37.1 barn,

and the minimal value of the effective cross-section — to the parallel orientation
of spins (P,P,=+1):

Omin = 4n (112(0) ~3.64 bamn .
3. Let us remark that the amplitude of s -wave scattering of slow neutrons, defi-
ned in the front hemisphere of solid angles, is as follows, taking into account
their identity [3]:
£ (k) = al™ k)P, — al™ (k) P2 P =24 (k) P, =

exch © s

i(l) ® i(Z) _ 6.(1) ® 6'(2)

=al"™ (k) 5 (13)
In doing so, the integral cross-section of elastic scattering equals:
o =2z|al™ (k) 1-P, P,) , (14)
where P, P, — neutron polarization vectors .
Indeed, owing to the equality [2,3] :
-n**S=1 15)
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where L is the orbital momentum and S is the total spin of two identical
particles, the s-wave neutron-neutron scattering — as well as the s -wave
scattering of any two identical particles with spin 1/2 — is possible only in the
singlet state .

Taking into account. the isotopic invariance, one could anticipate that the
amplitude of neutron scattering on the proton, corresponding to the total spin of

the (np ) system §=0 (singlet amplitude af."" )(k) ) must coincide with the

neutron-neutron scattering amplitude a{™ (k) , which can be singlet only .
However, in fact these amplitudes are essentially different: the singlet length of
(np) scattering is b =-23.7 fm, whereas the respective length of ( nn)

scattering equals b =-17.0 fm. This is due to the fact that, under the
condition when the scattering amplitude substantially exceeds in modulus the
range of force action, the scattering length becomes very sensitive to the depth
and width of the interaction potential [4]. In this case, the concept of isotopic
invariance is applicable namely to the interaction potential, but not to the
scattering amplitude: the potentials of neutron-proton and neutron-neutron
interaction should be approximately the same, differing by not more than
(2 + 3) % . Nevertheless, this small difference leads to the difference of
respective amplitudes by several tens per cent, which looks like a spurious
violation of isotopic invariance .

4. The further analysis will be performed within the model of a rectangular well
with depth V, and width r; . In this model, the phase of s -wave scattering

8,(k) is determined by means of the conjunction of logarithmic derivatives of
wave functions inside and outside the well [3] . This gives:

kctg(kry +6,(k)) = x(k)ctg x(k) (16)

(k) = ’2’;—2‘/"+k2 , 17

m 1is the reduced mass.

where

In doing so,
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ctg dy(k) —tg kry
1+ctg 8y(k) tg kry

ctg(kr, +8,(k)) = (18)

As it is known, the amplitude of s -wave scattering is connected with the phase
d,(k) by the relation:

1 .
@-kctgso(k)—zk . 19)

Substituting Egs. (18) and (19) into formula (16), we obtain:

1 _x(k)ctg (xR ry) + k tgkry

. — ik . (20)
W12 k) ctg (uth) )
Hence, the scattering length is
b=—a0)=-2%en) @1)
Xo
where
2mV,
Xo =x(0) = P 0 (22)

In the framework of the effective radius theory [3]:

1

11, .
—+=r, k" —ik .
a) b 2t ! 23)

Expanding the right-hand side of Eq. (20) over the powers of k? and
. 2
taking into account that (k) =17, + k AX , we obtain formula (21) for the
0

scattering length and the following value of the effective radius:
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Ty =21 (1=%01 ctg (XoTo) 7+

ct T T 2 -
#[SE) o 2k g o] (- xanctgCron) P (29)

Xo  sin“(qen) 3
It follows from Eq. (21) for the scattering length that at xoroz%

(tg(xom)>>1) the values of scattering length are very sensitive to the
magnitudes of depth and width of the potential well .

Indeed, let us introduce the characteristics of the potential well for the proton
and neutron in the singlet state, corresponding to the data on the amplitude of
singlet (np) scattering:

VP =14.524 fm 5 r{® =2.5458 fm .

In this case (yorp =1.506 , tg(yer)=15.47 >>1 ), calculations using Egs.
(21), (24) give:

b =-23.6 fm, rYf) =2.66 fm .

When decreasing the depth of the potential well by 3 % only
( V{"™ =14.084 MeV ) , the calculation according to Egs. (21), (24) at the
same width of the potential well leads to the values :

™ =-17.1fm , r{P =272 fm

Tefr (s
bS'lP)
’ bﬁnn)

Now let the depth of the potential well take the initial value
( V™ =14.524 fm), and let us decrease the width of the well by 15 %
( r()(('f‘f')) =2.49 fm) . Then the calculation using Eq. (21) leads to the value

b =-16.8 fm .

In doing so,

=138, whereas the effective radius changes

insignificantly.
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So, we see that, despite the substantial difference of the singlet amplitudes of
(np) and ( nn ) scattering, for the respective potentials the isotopic invariance
really holds: the parameters of potentials coincide with the precision of
15+3)% .

5. Summary

1. The spin structure of the amplitude and effective cross-section of scattering
of a slow neutron on a proton target is analyzed .

2. The comparison of the ( np ) scattering amplitude with the neutron-neutron
scattering one is performed .

3. It is shown that, in the conditions when the modulus of scattering length

consi-derably exceeds the range of interaction, the value of scattering length
becomes very sensitive to the characteristics of potential .

4. 1In this connection, the concept of isotopic invariance is related rather to two-
nucleon interaction potentials than to nucleon-nucleon scattering amplitudes .
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Introduction

Recently a small shift has been observed in the angular distribution (AD) of light
charged particles (LCP) emission relative to the fission axis in ternary fission of
By nuclei induced by cold polarized neutrons at ILL HFR [1]. The authors
explained this.effect as a result of the rotation of the fissile nuclei around the
nuclear spin and called it the “ROT-effect”. The shift of AD of LCP is an apparent
effect, which appears due to the summation of radial and tangential velocities of
fission fragments; the trajectories of the fragments become hyperbolae instead of
straight lines and direction of deviation of the trajectory from a straight line
depends on the direction of fissile nucleus rotation. In experiment, AD is measured
relative to so called fission axis defined by the trajectory of fragment while in
reality it is formed relative to the deformation axis.

ROT-effect should become apparent also in binary fission accompanied by other
particles. From this reason we performed an experiment at the BENSC HMI BER-
II reactor to search for the ROT-effect in 235U(n,yf) - reaction induced by cold
polarized neutrons. It’s well known that the fission process is accompanied by the
emission of gamma-quanta, The main part of these gamma’s is irradiated by
excited fragments, while another part can be emitted by the fissile nuclei at the
scission moment or before the scission (rupture of the neck). In the last case the
shift angle should include the additional small angle defined by the turning of the
deformation axis during the time interval 1. Of course, T must be much less than the
fissile nucleus period of revolution, otherwise the ROT-effect will be washed out.
This part of gamma’s will be referred to as pre-scission gamma’s (PscG).

The experiment has been arranged similarly to experiment [1]. The difference
was in the particles detected in coincidence with the fission fragment. It was LCP
of ternary fission in the experiment [1], and it was PscG from binary fission in our
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experiment. The asymmetry of the coincidence count rates between pulses from
gamma-quanta and from fission fragments detectors with respect to the direction of
the fissile nuclei polarization,

R = {N;(8) — N2(8)}/{N,(6) + N(6)} (D

is proportional to the angle of shift. Here N;(0) and N,(8) are count rates at
opposite directions of the neutron beam polarization, and 9 is the angle between
gamma-quantum and fission fragment detectors.

Experiment

The cold polarized neutron beam passes
through a thin Al window into the cylindrical
fission chamber filled with isobutane at
pressure of 8 mbar (Fig.l). The two sided
target of 2°U (40 mg in total) evaporated on a
thick Zr substrate with dimensions 4x10 cm is
mounted on the axis of the chamber along the
longitudinally  polarized neutron  beam
direction. Two multi-wire low pressure
proportional - counters (MWPC) to detect
fission fragments were disposed on both sides
of the target at of 7.5 cm distance. Both
detectors are connected in parallel and they
don’t distinguish between light and heavy
fragments. The gamma-ray detectors are Fig. 1. The cross-section of the
arranged outside the fission chamber at 25  experimental setup, with the GND’s

cm distance from the center of the target. placed at £35°, £57° and $90°.

They consist of plastic scintillator and 1 -?*U double-sided target; 2 -
photomultiplier (PMT). We used plastic longitudinally polarized neutron
scintillators with the aim to search for the g:?;gt;ois_(rf:lsjllgn frr agrrnent:; I

ROT effect not only for PscG, but also for counters); 4 — g;;;s_ggfnt;o;: d

the so called scission neutrons (ScN). They  neutrons detectors (plastic

also can be used as a trigger to see the shift scintillator and photomultiplier); 5 ~

of their angular distribution relative to the isobutane C4H,o at pressure 8 mbar;
fission axis if this distribution is not the 6 —fission chamber (stainless steel)
isotropic. To distinguish between the

gamma pulses and the prompt fission neutron (PFN) pulses from PMT we used the
time-of-flight technique. We used the pulses from the fragment detectors (FD) as
start pulses, while pulses from gamma/neutron detector (GND) were used as stop.
The GND are mounted at the angles 0, +/8, +n/4, +31/8, +n/2, +51/8, +3n/4,

4
<

/‘
N
4
1

3
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+77/8, and m, relative to the average fission axis defined by fission fragment
detectors. The plane formed by the vectors of the gamma/neutron momentum
and the momentum of the fragment is orthogonal to the longitudinally polarized
neutron beam direction. The polarization of the neutron bean is reversed every
0.5 second. We have measured counts rate under the gamma-peak and under the
peak of PFN for both directions of neutron beam polarization (Fig. 2). The
asymmetry R of the counts rate (eq. 1) is calculated on-line.

l[lllllIIIII'IIIII]III'IIIIII

500

- 400

300

Nx107)

200

100

0 Swokenk A KR I N ER SRR RN E FE TN e

0 200 400 600 800 1000
(channels, 100 ps / channel)

Fig. 2. Time-of-flight spectrum of the coincidence between pulses from gamma/neutron and
fission fragment detectors.

1 — The prompt fission gamma-ray events
2 — The prompt fission neutrons events.

Results

The first results of the ROT-asymmetry measurements performed on the
instrument V-13 BER-II reactor of BENSC HMI were presented in [2].
Averaging the ROT-asymmetry results for PscG for symmetric combinations of
the detectors, we obtained for 3 angles between GND and fission axis the next
values:

R,(35°) = (+1.5£04) 107"
R,(57°)=(+2.3£04)-10™
R,(90°) = (- 0.2 £0.6) - 10™*

For the ScN there was no significant asymmetry, although the statistical error is
larger compared to the results for PscG.
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The new measurements in the geometry described above resulted in more
* - accurate values:

R(0) = (-0.1%03)-10™

R,(w/8) = (+0.8+0.2)-10™

R/(n/4) = (+1.5+02)-10™

R,(37/8) = (+0.7+0.3) - 10

R(w2) =(-03%0.3)-10™
The main result of this experiment is, of course, the observation of pre-scission,
scission or post-scission gamma-rays which are “time markers” for the scission
- moment. The origin of this radiation is not known yet. To get some information
. relating to the mechanism of the radiation we performed measurements of the
dependence of the ROT-asymmetry on gamma-rays energy using Nal(Tl)-detectors
as well as the angular dependence of the ROT-asymmetry. The preliminary results
are shown in Fig. 3 and 4. Angular dependence of the ROT-asymmetry does not
contradict with the assumption that radiation is the dipole irradiation. As to the

energy of gamma-rays, it’s evident that it differs from the spectrum of gamma-rays
emitted by excited fragments.

0,00040 4

0,00035 1

0,00030 -

0,00025 /

0,00020 ; [
000015 4 ! {\m
0,00010 I \\\ 1

Asymmetry

0,00005 —

0,00000 -

-0,00005 -

1
-0,00010 4

T T T v T T T T LI T LS
0 100 200 300 400 500 600 700
Enefgy, keV

Fig. 3. Energy dependence of ROT-effect.
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Dots — energy dependence of ROT-asymmetry (angle 45°)
Curve - corresponding experimental y-ray energy spectrum

[ ¢ gamma quanta |

30+
254

2,04

. g

0,0 T

Asymmetry R

-0,5 -

-1,0 T T T T T T T T T T =
o] 20 40 60 80 : 100

Angle between fragment and GND detectors, degrees

Fig. 4. Angular dependence of ROT-effect.

Discussion

In the reaction 235U(n,yf), soft gamma-rays can be emitted by the transitions
between excited states in the first wall of the compound nucleus. The life time of
the compound nucleus measured from the gamma-quanta transition is of the order
of 107"*s. In this case the time interval between gamma-quantum radiation and the
scission is much larger then the characteristic rotational time of the nucleus, so the
fissile nucleus can make about 10° revolutions before scission. Therefore the
average ROT-effect in this process will be washed out. The transitions between the
states of the second wall of the potential barrier can produce the very fast soft
radiation. The time of the descent from saddle point to scission is of the order of
1072 - 10 s. So, at this stage of the fission the trigger gamma's can be also
generated. It’s impossible to exclude the possibility to generate the radiation during
the fragments acceleration time like the bremsstrahlung. It can be the El-irradiation
of highly deformed light fragment very soon after neck rupture (giant resonance) as
well as the radiation accompanied the transition of highly deformational state of
light fragments to the normal deformational state.
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Conclusion

This experimental work revealed the existence of asymmetry in the angular
distribution of pre-scission gamma radiation (so called ROT-effect) in the binary
nuclear fission process. Our observation implies the discovery of a new kind of
electromagnetic radiation accompanying the fission. This is very important for
theoretical considerations of the fission dynamics. From the practical point of
view it opens new perspectives. The magnitude of the ROT-effect depends on
the projection of the fissile nucleus spin on the deformation axis, i.e., on the K
value. According to the O.Bohr’s theory of nuclear fission K is one of main
quantum numbers of quasi-stationary state at the saddle point, which defines the
fission channel. For a fission channel with K = O the ROT-effect should be
maximal, while for a channel with K = I the ROT-effect does not exist at all.
Therefore, the measurement of the dependence ROT-effect on the neutron
energy in the wide resonance region can give information about effective K-
value in different neutron resonances. The observation of ROT-effect in (1) as
well as in this work is the definite indication that the fission of *°U by slow
neutrons take place from the rotational state. And finally it should be taken into
account that AD relative the “fission axis” of LCP or gamma-rays in fission of
23U by unpolarized slow neutrons is wider than true AD respect to deformation
axis.

Acknowledgements

We should like to thank to the aid of HMI and ITEP staff, in particular to
Wemer Graf and to Yuri Belov. Qur thanks to RFBR (grant 07-02-01095) and
FANI for financial support of this work. We -also are indebted to
K. Diederichsen for linguistic work on this paper.

References

1. A.Gagarski, I.Guseva, F.Gonnenwein, et al. XIV International Seminar on
Interaction of Neutrons with Nuclei, Dubna (2006), Abstracts volume, p.
33.

2. G.V. Danilyan, P. Granz, V.A. Krakhotin, F. Mezei, V.V. Novitsky,

V.S. Pavlov, M. Russina, P.B. Shatalov, T. Wilpert. Physics Letters B,
2009, to be published.

35S
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1. Introduction

Since 1998 angular correlations in ternary nuclear fission induced by polarised neutrons at
thermal energies were intensively studying by our collaboration. Recently reactions have been
of particular interest where the neutron beam hitting the target is polarised longitudinally and
the detectors for fragments and ternary particles are mounted in a plane perpendicular to the
neutron beam. The angular distribution for one of the fission fragments (FF) and ternary parti-
cles (TP) at given neutron spin (& ) can be written as:

W(PFF»PTP)”‘(1+D'U'[PFFxprp])'wo(PFF'PTP) 1 ’
with WO( Drr» pn,)~ the basic conventional correlation being independent of neutron spin be-
tween the momenta of FF and TP; p.,, p;, — momentum of one of the FFs (usually the light
FF is taken as a reference) and the TP; o — neutron spin; and D - coefficient measuring the
size of the triple correlation U‘[Prr X pre |l

In experiments with 53U and U as the targets it was observed that the angular distribu-
tion of ternary particles relative to the momentum of the light fragment (LF), being roughly
Gaussian, exhibits a slight variation at the relative level ~ 10 upon flipping the neutron spin
relative to the plane (pFF, pTP) formed by LF and TP momentums [1,3]. It was proposed to
distinguish between two types of change of the TP angular distribution when flipping neutron
spin. One type is “SCALING” where with spin flip the shape and the position of the angular
distribution remains unchanged, but the total probability for TPs to move towards one or the
other hemisphere of the (o, p,- ) -plane becomes asymmetric. We call this the TRI effect. The
second type of change is “SHIFT” when with spin flipping the angular distribution is shifted
in angular position without changing the total probability in hemispheres. This is called the
ROT effect. In the terms of the formula (1) the TRI effect corresponds to the case when D co-
efficient is constant over angle. While the ROT effect will obviously give rise to a pronounced
angular dependence of D on the angle between LF and TP.

The ROT effect is traced to a collective rotation of the partially polarized fissioning nu-
cleus around its polarization direction during the acceleration phase of TPs. This hypothesis |
was corroborated by trajectory calculations [2). One can suppose that the TRI effect could be
due to the rotation affecting other degrees of freedom in the nucleus before rupture.- At this
stage the inertia forces arising in the rotating scissioning system “break” axial symmetry in the |
neck region and can help the “latent” TPs to “decide” to which hemisphere they will be emit-
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ted. The effect of rotation at this stage will
not depend on the TP emission angle rela-
tive to the LF, because the specific TPs an-
gular distribution is not yet settled.

As follows from the previous experi-
ments, in 233U(n,f) the TRI effect is domi-
nant, while in 235U(n,f) the ROT effect is
better pronounced.

For the new experiment performed in
2007 it was suggested to analyze more

SD-array
e S5

E;'I' thoroughly the angular asymmetry (1) in a
* / dedicated study of the reaction 235U(n,f).
&~/ SD-array From the experimental side it was manda-

tory to improve on the angular resolution
for the detection of fission fragments and
TPs. By measuring the dependence of the
asymmetry coefficient over angle between LF and TP with better resolution it should become
feasible to differentiate reliably both TRI effect, which does not depend on TP angle, and the
ROT effect whose essence is its angular dependence. (In the work [3], where the ROT effect
was discovered, the asymmetry was measured only for two angles 68° and 112° with poor an-
gular resolution determined by the detectors sizes ~50°)

Fig. 1. Sketch of layout of experiment.

2. Experiment

The experiment was performed on the cold polarized neutron beam PFl (intensity
~ 10° 0/sBm” and polarization ~95%) of the Institute Laue-Langevin (Grenoble).

The general scheme of the setup was similar to one we had in all our previous experiments.
It is shown in Fig. 1. The neutrons were polarized along the beam axis. The fissile target with
diameter of the active spot ~8 cm is located at the centre of the assembly and oriented nearly
parallel to the beam axis. Approxnmately 5 mg of ¥*U (uranium tetra fluorlde) were evapo-
rated as a thin layer of ~100 Ci/cm? on a thin titanium foil (~100 [g/cm ) transparent to the
FFs. Low-pressure position sensitive multi-wire proportional counters (MWPC) are used for
registration of FFs. They are mounted a distance ~12 cm apart from the target plane and serve
as stop detectors for the FFs. The size of the MWPCs is ~14x14 cm?, Two arrays of surface
barrier silicon detectors (SD) with 8 diodes each are placed ~ 12 cm away from the target for
registration of the TPs at the axis perpendicular to MWPCs. The SD arrays are covered by ~25
It aluminium foil against damaging by FFs. The target and all detectors assembly-are placed
in a ~40 litres chamber filled with ~10 mbar of CF, counting gas for MWPC operation.

In these experiments one should, as a minimum request, achieve an identification of ‘light’
and ‘heavy’ FFs. It can be readily done relying on momentum conservation and measuring
times-of-flight of two complementary FFs. In the time-of-flight method the start time mark
was provided by the TP detector arrays and stop signals for coincident FFs were derived from
the MWPCs. The time resolution was ~1 ns. The two measured FFs times should be corrected
for the TP flight time from the target to the detector, which can be found from the measured
TP energies (E7p) and the distance from the fission point to the diodes having been hit. The
fission position on the target is determined quite accurately by using the coordinates of FFs
from the position sensitive MWPCs to reconstruct the fission axis. Knowing coordinates, tim-
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aaaasaa s e no s e AARAaaaaas aoos ing and Erp, all angles between vec-
tors together with the mass of the
light fragment (M;r) and the total FFs
kinetic energies (Err) are calculated
event-by-event in the off-line analy-
sis. The estimated resolutions for the
LF mass are [IM;r ~8 a.m.u and for
the FFs energy CErr ~30 MeV. The
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MWPCs together with granulation of
S =S 1,7 the silicon diodes arrays provides an-
50 60 70 80 90 100110120 gular resolution ~10°.
Angle between p . and p, , deg The experimental value of the
asymmetry is defined as follows:

Fig. 2. Angular dependence of the experimental asym- N =N~

metry for the reaction 235U(n,t) — open points, left A= W ’ (¥

scale; angular distribution of TP emission — his- i i

togram, right scale; results of ROT+TRI model fit where N,.” Tare count rates of the

for the asymmetry — crosses. For details see the | CpP_FF coincidences. The index i

text. means different selection criteria on
recorded parameters of the fission event, such as angles, Erp, Myr, Err and others, while (+/-)
indicates the direction of the neutron spin being flipped periodically (~1 Hz) by a spin flipper
device. It is easily shown, that the experimental asymmetry A is proportional to D, the propor-
tionality factor in A ~ D accounting for experimental factors such as neutron polarization,
accidental background, solid angles of registration etc.

The dependence of the experimental asymmetry A in eq. (2) on the angle between LF and
TP is presented in Fig. 2 (open dots). The data are corrected for finite neutron polarization,
background of accidental coincidences and geometrical efficiency. The corrected angular dis-
tribution of TPs is shown on the same figure as a histogram. The experimental asymmetry as a
function of angle ¥ between LF and TP was fitted with a model function constructed on the
basis of the hypothesis that, in the general case, the asymmetry is the sum of ROT and TRI

effects:
Y&
AD) = S0 .%__2.;(3‘) E+ D, O

In this formula Y(#9) is the experimental (averaged over two spins) angular distribution and
Y’'(¥9) its derivative. The first and second term on the RHS in (3) corresponds to the ROT and
TRI asymmetry, respectively. Obviously, the ROT asymmetry originating from angular shifts
depends on the shape of the angular distribution Y (¢) and it is proportional to the normalized
derivative Y'(8)/Y(¢). The TRI asymmetry is constant over angle. The asymmetry is then
described with two free parameters: Sgor — the angular shift between TP distributions for the
two spin polarizations and Drg; — the relative difference in total probabilities for TPs emitted
towards the upper (lower) hemisphere for the two spin directions.

In Fig. 2 the results of the fit based on eq. (3) are indicated by crosses. Evidently the ansatz
in eq. (3) describes the experiment very well. The values obtained for the fitting parameters
are

Asymmetry
o
8

-0,014

Yield , arb.units

-0,02+

Sror = 0.215° £ 0.005° and Drg; = (+1.7 £0.2) x 103,
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Fig. 3. Angular dependences of the experimental asymmetry and the fit results for two slices on
Erp: 12.5%1.5 MeV and 24.5t1.5 MeV. Designations are the same as on the Fig.2. For
comments see the text.

For a more detailed study of the asymmetries the temary events were sorted into bins of se-
lected fission products parameters such as: Erp, My r (as a fraction of the compound nuclear
mass), and Egr. The binned data were evaluated following the same procedure as described
above. In spite of the fact that the angular distributions of TPs vary strongly with the energies
of TPs and the masses and energies of FFs, the results of the fits were always satisfactory. On
Fig. 3 the results of the fits for two bins of E7p , 12.5+1.5 MeV and 24.5£1.5 MeV, with nar-
row and wide angular distributions respectively, are shown as an example.

In the way described the ROT shifts and TRI coefficients were obtained separale]y as a
function of the above fission observables. In Fig.4 the values obtained for the fitting parame-
ters Szor and Drgy are p]Olth versus Erp, My r and Egp.

For the ROT effect our semi-classical model [3] was verified by comparing the new de-
tailed experimental data with results of trajectory calculations of alpha particle emission from
rotating fissioning nuclei. To estimate the effective rotational momentum of the compound
system, the ratio [{J=47) / [{J=3") of the cold neutron capture cross-sections was taken to be
1.8, according to [S]. In a first approach only two fission channels (J,K) = (4,0) and (J,K) =
(3,2) were taken into account. The results of trajectory calculation are shown by squares in
Fig. 4 [2]. One can see, that the calculations not only reproduce very well the experimental
average value of ROT effect, but also the calculated dependencies of the ROT shift on meas-
ured parameters agree, at least qualitatively, with the experimental trends.

For the TRI asymmetries, however, we still have no theoretical model which is capable to
give quantitative predictions and the experimental data are still a challenge for interpretation.

3. Conclusion

The main conclusion of the present experiment is that at the present level of experimental ac-
curacy we can describe the changes of angular distributions of TPs relative to the LF for oppo-
site spin polarizations of the compound nucleus by only two parameters: the angular shift
Sgor and the scaling Drg; of the total probability distribution without change of its Gaussian-
like shape. The characteristic parameters of both effects were obtained as a function of TP
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Fig. 4. Dependences of Sgor (left) and Dy (right) on Egp, M;r, Err . Open dotes — experimental
data, filled squares — result of trajectory simulations for ROT effect. See the text.

cnergy, FF mass and the total FF kinetic energy. It was demonstratcd that despite of the small-
ness of hoth effects they are well measurable with spin the flip technique on an intense neuron
heam.

Ohviously, the ROT and TRI effects depend on many parameters of the fission process — such
as the collective characteristics of transition states, the overlap of neutron resonances, the
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structure of scission configurations, the dynamics, etc. The high sensitivity of the ROT effect
was clearly demonstrated in our trajectory calculations [2,4]. Since both effects are closely
related to the fission mechanism, their study is thought to be a valuable and sensitive tool for
exploring the fission process.

In more detail the general status of ROT and TRI effect studies, their perspectives and pos-
sible applications are discussed in a further report at this conference [4].
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1.Introduction

It is common knowledge that angular distributions of fission products may be used
effectively for investigating the so-called transition states at the barrier of the fission process
induced by energetic light and/or heavy ions and y-rays /1,2/. These investigations
demonstrated for several different fission reactions not only the existence of transition states
of the fissioning compound system near the barrier top, but some more general characteristics
were obtained as well. Based on the analysis of experimental data it was suggested that the
fissioning system in these transition states is axially symmetric with quantum numbers for
total spin J and its projection on the nuclear symmetry axis K. It was further argued that these
numbers are conserved from the transition shape onwards. Fission probability was assumed to
be proportional to the number of open (J, K) channels of the fissioning nucleus in its
movement from the top of the barrier to the rupture point along the different valleys of the
potential energy surface /3/. As a result, the configuration of the system at the rupture point,
its excitation energy, and the resulting mass—energy distributions of the fission fragments may
be very different for different nuclei. In addition to this, the barrier heights at the entrance to
potential energy valleys may in principle be different as well /3/. Of course this overall picture
of the fission dynamics in the passage of a deformed system through fission barriers and in its
subsequent descent from the barrier top to the rupture point requires the investigation of
further more fine details. The main still open questions are the fraction of the energy liberated
in the descent process being dissipated into internal excitation, and the collective kinetic
energy of the scissioning system near the rupture point. The available information on these
important questions is rather contradictory and, as a rule, has been obtained rather indirectly.

Near the end of the last century, in addition to conventional measurements of fission
fragment angular distributions for reactions induced by energetic particles /1/ and in
continuation of experiments with oriented nuclei and polarized neutrons P-even and P-odd
angular correlations in binary fission (see e,g. /4/), T-odd angular correlations in temary
fission induced by polarized low energy neutrons were discovered and contributed to the
transition state investigations /5,6.7/. The angular distribution of fission fragments is
described by

W()~14+0pnc (OnPr) + Opc O [Pr X Py] + DO+ [Pr X Pg] + Dror- G- [Pr X Pol-(PrPy). (1)

- Here o,, Pr, and P, are unit vectors directed along neutron polarization and linear momenta of
fission fragment and ternary particle, respectively. The coefficients opnc, Otpc, D1ri, and: Dror
are the asymmetry coefficients for Parity-Non-Conservation, parity conserving Left-Right
asymmetry and .the two T-odd TRI- and ROT-effects, respectively. The latter two
asymmetries were discovered in ternary fission with additional emission of light particle.

It could be shown in /8,9/ that the coefficients apnc and Opc are expected to be very small
(107 = 10*) yet closely connected with the transition states’ properties, in particular, with the
J and K values. It should be pointed out that non-vanishing coefficients D do not imply time
reversal invariance to be violated. Instead both, statistical and quantum-mechanical dynamical
models were proposed emphasizing the role played by the interplay of fragment spin and the
orbital momentum of temary particles and, most important, collective rotations of the
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*scissioning compound steering the emission probabilities of the light charged particles in

~“'ternary fission /6,10/. The coefficients Drg; are determined in the framework of a statistical

model by level densities and moments of inertia of spherical fission fragments, and by the

“split between fragments of the excitation energy and polarization of the scissioning system

/6/. On the other hand, the values of Dror are determined mainly by the J and K values and
the relationship between ternary fission fragment and light charged particle velocities near the
rupture point of the fissioning system /11/.

- Experimental values of Dygj and-Dror coefficients reveal a marked dependence on fragment

"masses and kinetic energies, and on the energies of the light charged particles. Such
peculiarities in the behavior of the coefficients open new possibilities to answer some
interesting questions of fission dynamics. The main results of investigations on P-odd and P-
even interference effects were published earlier in the works /12-15/. Here we are presenting

* and shortly discussing the first results obtained in the studies of T-odd angular distributions
of light charged particle emission in ternary fission and some conclusions about fission
dynamics obtained from the data analysis in the framework of a rotational model of the
fissioning system /11/.

2. Current status of experimental investigations of TRI- and ROT-effects in ternary

- fission induced by cold polarized neutrons

7. The average values of T-odd asymmetry coefficients Drg for the c-particles and tritons in
ternary fission of 3. 2355, 29py, and #*Cm induced by cold polarized neutrons are presented

~in Table I /16,17/. In all cases the average T-odd asymmetry coefficients are calculated as
normalized differences of the two LCP angular distributions for mutually opposite directions
of neutron polarization (spin flip technique). It should be noted that in the first experiments
the existence of two distinct T-odd effects was not known.

‘Table L. Average asymmetry coefficients for dnfferent fissioning nuclei with the spins J

Target / D> 9] By Fpy Cm

coefficient J=2,3 J=3,4 J=1,0 J=2,3

S <D 10° | -(3.9+0.1) +(1.7£0.2) -(0.15+ 0.23) | +(1.30£0.48)
<Dg>-107 -(2910.5) +(0.90 £0.6) - -

= The polarization of compound states after capture of polarized cold neutrons (P, ~ 95%) by
fissile targets with spin I may be estimated by the following simplified expressions:
PU%) = QI+3Y/([3Q2H+D)]P, for J*=(I+1/2) and P(J) =- 1/3-P, for J = (1-1/2) 2)

" The complicated structure of compound nuclei at excitation energies of about 6 MeV
makes it difficult to get experimental values of T-odd asymmetry coefficients for individual
compound states. Therefore the values <D> in Table | contain the contributions to the effect
from all the nearby resonances with different compound-states spins J%) = (I £ 1/2).

. This seems to be a possible reason for the scattering of experimental data in Table I both
as to magnitudes and signs. Another interesting result presented in Table I lies in the fact that
the T-odd asymmetry values for the a-particles and tritons are equal at the limit of accuracy in
spite of the difference in particle spins and, probably, also orbital momentum. This fact was
successfu]ly explained by theory /18/.

., First explanations of experimental results were given in a statistical model of V. Bunakov
etal. /6/. In this model the probability of ternary fission is proportional to the density of final
states of the system after LCP emission. Assuming that the fragments being deformed at

scission have their spins oriented perpendicular to the deformation (fission) axis the level
density is

Pi(&.Eif,M)~exp[2Jai(Ejf—thfIZZ,.)=exp[21/a,.E;'f~(1 K*MIIAZES)], (3)

i~ xi
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where A; and E are atomic number and fragment excitation energy, M; is the projection of
total momentum J; on a given axis, and Z; is the moment of inertia of spherical fragments. As
seen from expression (1) the magnitude of the T-odd asymmetry effect peaks at mutually
orthogonal vectors oy, Py, and Pe. In such a configuration the orbital momentum of the light

E 002 T T T T T T T T T 3 0006 r T T T -“ T T T ]
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Fig.1. The modulus ID | of the correlation coefficient as a function of: ternary particle (TP) energy (a), mass of the
fission fragment (FF) normalized to the mass of the compound nucleus (CN) (b), angle of TP’s emission relative to the
light FF (c), total kinetic energy of the FFs (d).

particle may be directed alternatively along or against the polarized compound nucleus spin.

As a result Mg, =(M £ 1), so the LCP emission probability increases or decreases depending

on the mutual direction of the momenta I, and J: .
WM [,

DIty = eV pJ*) and D ~1/,J6-0.2EL" @
ZNE]

Here a;and u are level density parameters and factors characterizing the transfer of compound
nucleus polarization to the fragments, respectively, while Z; E, and EX" are the fragment

sc
x>

inertia parameter, excitation energy of the fragments at the rupture point and ternary particle
kinetic energy.
The observed dependences of the modulus of T-odd asymmetry coefficients on different
parameters of the ternary *°U fission process are presented in Fig.1. The histograms show
experimental angular, mass and energy distributions of fission products. Quite evidently there
is a dip in the fragment mass dependence of the asymmetry coefficient | D I in the region of
doubly magic masses where the level density is low (see eq. 4). Likewise the dependence of
the asymmetry IDl on the kinetic energies of light particles and fission fragments is in
qualitative agreement with eq. (4). In addition, a slight increase of IDI for increasing
emission angles of the ternary particles relative to the fission axis is observed. :
In 2005 further investigations of T-odd asymmetries in ternary fission 2*U revealed a
pronounced dependence of the T-odd asymmetry on the emission angle of the light particie.
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To explain this new and unexpected effect, called ROT-effect in contrast to the TRI-effect
discussed above, the hypothesis was proposed that the fissioning compound is rotating around
its direction of polarization /5/. It is relatively easy to understand that such a rotation can
induce a shift of the angular distributions of ternary particles. The shift is wobbling back and
forth when the compound polarization direction changed by neutron spin flipping. For angular
distributions assumed having Gaussian shapes centered around 90° relative to the fission axis,
the difference between two shifted distributions varies with the cosine of the angle. It is
important to point out that the ROT-effect (shift of Gaussians) can exist together and
independently of the TRI-effect which corresponds to differences of yields (areas of
Gaussians) under reversal of polarization,
A comparison of experimental results on the angular dcpendencc of the ROT-effect in
55U ternary fission is presented in Fig.2. In the case of Py ternary fission, experimental data
are compared with the results of an evaluation where a small TRI-effect (assumed to be
independent of angle (dashed line)) and a pronounced ROT-effect (crosses) are superimposed.
The size of the ROT-effect is calculated as the difference in yield (normalized to the sum) for
two shifted angular distributions depicted as histogram. The fit is excellent indicating that the
angular shift 2A = 0.215(5)° between two distributions is very small. By contrast, for the
BU(n,f) reaction the TRI-effect is large and the ROT-effect is still smaller than for the
companion reaction > U(n ).

233,

235-U 233-U
rrrrerrrerprrerrereeperrrreereeeeeen 0,006 e

ROT: 2A=0.215(5)° ROT: 24~0.05°
TRI: +0.0017(2) TRI: - 0.00390(12)

0,02

[

o
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. 0,021 06
50 60 70 80 90 100 110 120 750 60 70 80 90 100 110 120
Angle between p . and p,, , deg Angle between p, _ and p,,, deg

Fig. 2. T-odd asymmetry effects in “** “*U temary fission as a function of emission angle of the third particle.
.+ Histograms show the angular distributions of the third particle. Dotted lines show the absolute values of the TRI-
effects in 2** U ternary fission.

~ To support the experimental findings trajectory calculations for fission fragments and ternary
particles were performed for a rotating nucleus undergoing ternary fission. The initial
conditions for the trajectory calculations of reaction products flying apart after scission of the

" rotating compound nucleus were chosen under the condition to describe properly the
“particles’ angular and energy distributions observed in experiments. This means that the third
+ particle was born in between the two fission fragments (d = 20 fm for for My/M,. ~ 1.44) and
with the initial energy inside the interval (0.1 - 1.3) MeV. It is important to point out that in

- estimating the rotation velocity of the fissioning system we used the ensemble averaged value
<J(K)> of the total spin projection on the polarization axis which depends on K and was

~ ‘obtained in ref. /20-21/ In the trajectory calculatlons the (J,K) spin values of the transition
" _states enter as free parameters. In case of the 2> U(n,f) reaction, for example, the compound
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spin J takes on the values J = 3 or J = 4 and the K-values are running fromK =0to K=1.
Calculation results are given in Fig. 3 for this reaction. In view of the convincing fit of the
ROT asymmetry in terms of a shift angle 2A, the dependence of the ROT asymmetry on
ternary particle and fragment mass and energy is not described by a Dgor coefficient
following eq. (I) but as a shift angle 2A. As seen in Fig. 3 the ROT angle depends indeed on
the above parameters.

A striking feature in Fig. 3 is the strong dependence of the calculated angular shifts on the
(J.K) values adopted. In the Figures 3a through 3c it is obvious that a combination of (JLK) =
(3,2) with (J,K) = (4,0) gives a much better description of angular shifts as a function of
ternary particle and fragment energy and fragment mass than the combinations (J,K) = (3,0)
with (4,2).

0,45
0304 * experiment .
* J=3K=2, J=4 K=0 0,40 e Ke
o 025] 4 J=3K=0,J=4K=2 ! f °. o,ssﬁ . 4 J=3K=0, Jmd K2
=5 it 3
£ 0,201 is } < %1
z 1} I 5 0,254 i )
= .
2 0,15 < f s @
k| 2 1 L E 020 PoEow oty
E [3 i o
£ 0,104 5 0,154 . I
= 1 = 1 3z z & 3 4
Q o,os-] a Q 0101 c
0,05
0,00 T T : T :
8 10 12 14 16 18 20 22 24 26 0,30 0,35 0,40 0,45 0,50
Eu' MeV MLF/ (MLF+MHF)
0,40
» experiment 0.6
0,354 ¢ J=3K=2,J=4K=0 0,54 : .,
° 4 J=3K=0, J=4 K=2 0,44 fee .,
-5 0,30 o O
& g 03]
£ 0,25 S ]
£ iiifii £ 021 botolon. a g, s 1
% 0.20 : li i { % 0,1
- <
0,15 1 } S 0.0 —experiment
c Iz =]
@ . 1 <+ 25z 3z € .01de J=4K=0
[ 1 & 0110 ek
0,10 B i 4 J=3K=
2" b S 021, y:34K=012 e & E d
0,05 -0,34 P
! : . T . -0,4 , T T T
100 120 140 160 180 200 o 1m0 o 10 1e0 200
E =EEp MeV E,=E +E,. MeV

HE!
Fig.3. ROT angular shift in the reaction 235U(n,f) as a function of the ternary particle kinetic energy (a), total
fragment kinetic energy (b), and normalized masses of light fragment (c) in comparison with results of trajectory
calculations performed for two possible sets of J =3, 4 and different K values. In Fig.3 (d) the ROT angular shift is
presented as a function of total fragment kinetic energy in comparison with the results of trajectory calculations
performed separately for J =3 and J = 4 values and with combination J and K obtained in the work /19/ where the
fission cross section was investigated with an oriented target of 2*U and a polarized resonance neutron beam.

It demonstrates the sensitivity of the ROT effect on transition state properties. This is even
more clearly evident in Fig. 3d where the transition states (J,K) = (4,0) and (J,K) = (3,0) yield
completely different predictions even differing in sign for the ROT angle. But the comparison
of Figs 3b and Fig. 3d also reveals ambiguities in the spectroscopy of transition states since
the combinations (J,K) = (3,2) with (J,K) = (4,0) and the set withJ =3 and 4, and K =0, 1 and
2 taken from ref. /19/ reproduce the experimental data equally well. Nevertheless, it is
surprising that a variety of experimental data may be successfully explained with a simple
semi-classical hypothesis of a rotating fissioning compound that continues to rotate beyond
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“scission. It should be noted, however, that after scission the rotation comes very quickly to a
virtual stop within a few 10" s because the moment of inertia of the rotation explodes when
the fragments are flying apart.
- 7"A quantum theory of this phenomenon /20/ has shown that the above quasiclassical
approach is not based on too crude assumptions and, anyhow, today is the only possibility to
get quantitative estimations. It was pointed out, however, that for a more detailed analysis, in
future work it will be necessary to take into account the possibly strong influence of
interference effects from neighboring resonances.
Summarizing all the aforesaid one can state that the discovery and the first detailed
.. investigations of relatively small P-odd and P-even interference effects as well as TRI- and
ROT-effects of T-odd asymmetry in ternary fission open the way to quite new and interesting
investigations of low energy fission dynamics. Of course both, the statistical accuracy and the
--resolution for mass, energy and angles of fragments and ternary particles should be improved.
As to the trajectory calculations they should be refined by taking into account more
- parameters of low energy fission. In particular the calculated trend of the dependence of the
“ROT effect on fragment mass is for the moment opposite to experiment. Very probably this is
‘simply due to a not appropriate choice of scission configurations as a function of mass split.
f ‘In the following chapter some possible ways of immediate investigations of T-odd asymmetry
-effects are briefly recalled /21/.

- 3. Puzzles of T-odd asymmetry effects and tasks for investigations

. One of the main questions is to understand why two very similar uranium isotopes
exhibit a quite different behavior as to T-odd asymmetry effects in ternary fission. As seen
from inspecting Fig.2 and Table I the magnitudes of TRI- and ROT-effects are very different

-in these isotopes. The authors of /20/ pointed out that the reason for this difference is due to

- different phase factors of the interfering neighboring neutron resonances. In any case it seems
to be important to clarify this question. It is evident that the most direct way to answer this

- question would be T-odd effect measurements for isolated resonances with well-known spins.

233,235U

e —— Toual
— 1=3
o - N\ AR e J= 3
goon 3 N
ot _}
0.7h
o "/LA A LJ‘,

T a0 .
" Neusron energy (eV) '

l Fig.4. Partial fission cross-sections: total (upper curve), for spin J = 3 (lower curve) and J = 4 (middie). Arrows show
the estimates of “averaged” spin values at the energy of cold neutrons (0.4h) and the 0.3 eV resonance 2°U" (0.7h).
“ The estimates have been obtained with formula (5).

- However, for the time being due to the low intensity of polarized neutrons in the resonance
“energy region such studies are not feasible. But, in principle, one can also perform
- comparative measurements of TRI- and ROT-effects for two energy intervals with different
. but well-known mixtures of resonances with different spins (Fig.4).
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In such experiments the “averaged” value <J> of the polarized spin of the system, which
defines the angular rotation velocity, might for interfering (I+1/2) and (I-1/2) states be
roughly estimated as: :
<J> = [(03 Py )i + 01 Pl )l (04 + 61), )
where o; andP, are partial cross-sections and polarizations. An example for the 35y target is
shown in Fig.4. In this case one can at any rate check the validity of the semi-classical
trajectory calculations ones more.

Another possibility for studies of T-odd asymmetries with definite spins of transition
states of the fissioning nucleus without having to apply the approximate expression (5)
consists in the use of a polarized fissile 250 target and a high intensity polarized cold neutron
beam. The main difficulties of such a method are connected with the necessity to use rather
complicated cryogenic equipments.

Investigations may also be performed with specially selected pairs of fissile nuclei such as
presented in Table II.

Table 1I. Main parameters of fissile targets with similar transition state properties of compound systems, formed after
cold neutron capture. Eg—energy of the nearest low-lying resonances.

Parameter Ey (eV) J 2gI’, (meV) I' (meV) I’y (meV)
Target

2 (1=512) -3.92 - - - 557
135 (+2) 0.165 60 553

#py (I1=5/2) -0.16 - - - 103.4
0.258 +3 0.055 - 75
U a=112) -14 -4 - - 200
0.29 -3 0.0032 - 98
Cm (1=7/2) 0.25 - - - 220
0.85 - 0.102 - 800
py (1=172) -0.576 +0 - - 290
0.296 +1 0.108 102 60

The majority of resonance spin values J given in the table are either unknown or not
reliable. But interestingly there are two pairs of target nuclei with the same spins. One may
therefore anticipate that the ratios of TRI to ROT effect could be similar for both nuclei of a
pair. Thus one might expect to observe for the pair (33U - ¥'pu) relatively large TRI- but
small ROT-effects as this is observed in Z*U. An opposite situation might be obtained for the
gair (*°U - Cm) with a small TRI- but large ROT-effect. Besides, in the compound system
*SCm* the excitation energy following neutron capture is much higher above the barrier top
than in its partner B8U*, By contrast, in the pair (* 3U - *1Pu) these heights are close to each
other.

The fissile target 2*°Pu is interesting because only one type of polarized transition states
with spin J = | can be formed after the capture of polarized slow neutrons. The capture
probabilities for J = 0 and J = | states are close to each other. As one can see from Table I, the
TRI-effect in 2°Pu ternary fission was not observed, but it does not mean that the ROT-effect
is absent as well! If this effect should be observed in temary fission of 2Py there will be a
unique chance to pin down the (J,K) values for the J = ! state. It means that one can learn
much more about the mechanism of T-odd asymmetry effects.

4. Conclusion

The modern methods of fission investigations are characterized by multi-parameter
measurements of angular, mass, and energy distributions of all or at least of the most
interesting reaction products. Among them, the distinguishing feature of T-odd asymmetry
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effects is the relative smallness of the magnitude to be measured as a function of fission
parameters. But at the same time, the quantities measured (in our case asymmetry
coefficients) turn out to be highly sensitive to most important characteristics of fission
dynamics, such as fission fragment velocities just near the rupture point, configuration of the
scissioning system and properties of transition states.

- Of course, for the full and successful realization of all possibilities presented by the T-odd

*asymmetry effects it is necessary to have available high fluxes of resonance polarized

neutrons and to make use of modern methods of registration and spectrometry of fission
fragments, neutrons and y-radiation at counting rates of up to 108 sec™.

In conclusion, the authors are grateful to the ILL staff for running the High Flux Reactor
with the Cold Polarized neutron beams PF1 and especially PF1B, to the staff of JINR for
running the IBR-30/LUE-40 with Resonance polarized neutron beams, and to all colleagues

for fruitful discussions. The work has been supported by numerous grants of RFBR, grants
from ISF, and INTAS grants (99-0229 and 03-51-6417).
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THE ESTIMATION OF SCISSION NEUTRON PARAMETERS
FROM N-F AND N-N ANGULAR CORRELATIONS IN 2*U(ny,f) REACTION

LS. Guseva, A.M. Gagarski, V.E. Sokolov, G.A. Petrov, D.O. Krinitsin, G.V. Val’ski,
A.S. Vorobyev, O.A. Scherbakov

Petersburg Nuclear Physics Institute of Russian Academy of Sciences
Gatchina, Leningrad District, 188300, Russia

Abstract

With the aim to investigate the process of neutron emission two experiments on
studying of neutron-fragment and neutron-neutron angular correlations in *U(ny,f)
reaction were carried out in PNPI recently [1,2).

The neutron spectra for different angles as well as the angular dependences of
neutron-fragment and neutron-neutron coincidence rates from these experiments were
compared with the results of calculations based on Monte-Carlo method. In process of
calculation it was assumed that the major part of fission neutrons evaporates from
fully accelerated fragments but a fraction of total number of fission neutrons can be
emitted isotropically in the laboratory system.

From the comparison of experimental data connected to both n-f and n-n angular
distributions simultaneously with the results of Monte-Carlo calculations it was
concluded that about 7% of total number of neutrons in 2*U(ng,f) reaction are emitted
isotropically and probably can be attributed to “scission neutrons” arising just at the
rupture moment. The form of this component corresponds to Weisskopf distribution
with temperature parameter T=! MeV.

It is reliably established that most of prompt neutrons are evaporated during the fission
process by fully accelerated fragments. This conclusion is based on the fact that instead of
isotropic neutron distribution in laboratory system of reference, a considerable increase of
neutron yield is observed in the direction of the light fragment motion and in the opposite
direction. In the former case a part of neutrons emitted from heavy fragment is small and the
total spectrum is very close to the neutron spectrum produced by the light fragment. On the
other hand at 180° the contribution of neutrons from the light fragment is negligible and the
neutron spectrum is shaped by the heavy fragment.

The peculiarity of neutron spectra at these angles can be used to determine the neutron
spectra in the centre-of-mass for the light and heavy fragment, respectively, and
corresponding temperature parameters. It is known the form of neutron spectrum in the
centre-of-mass of each fragment is very close to Maxwellian distribution. On the base of
obtained temperature parameters and taking into account final velocities of accelerated
fragments one can calculate the neutron yield in any direction of the lab-system.

The results of calculations for angular distributions in the reaction 2*U(ny,f) performed in
the frame of neutron emission from fully accelerated fragments show the difference between
experimental data and calculated curve [3]. Such discrepancy can be minimised if one
supposes that a fraction of total number of fission neutrons can be emitted isotropically in
Jaboratory system of reference. It is assumed that the neutrons of isotropic component can
appear just after the rupture point (so-called “scission” neutrons). The contribution of
isotropic component evaluated by Skarsvag is about 15%. But this value is still under
question because in the literature we can find a lot of different results for similar estimations.
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As state above, now we have our own experimental data on neutron-fragment angular
distributions in slow-neutron-induced fission of 2*U [1]. To describe these distributions and
evaluate the contribution of isotropic component it is necessary to have neutron spectra in
fragment centre-of-mass. With this object in mind we also used experimental neutron spectra
at zero and 180 degrees in laboratory system of frame. Although the shape of neutron spectra
in fragment centre-of-mass is very close to Maxwellian distribution, it was decided to use
direct numerical values of neutron spectra obtained with the help of Jackobian transformation.

The anisotropy of neutron emission due to the presence of angular momentum of fission
fragments was also taken into account [4]. In process of calculation were used energy
dependences of angular anisotropy for the light and heavy fission fragments with the most
probable masses. The solid curves in the figure 1 demonstrate the results of Monte-Carlo
calculations of neutron emission anisotropy for both fragments. These estimations were
performed with averaged initial angular momentum 7 (for light) and 8 (for heavy) fragments,
respectively. The dashed curves show corresponding neutron spectra, whose shapes determine
the value of averaged anisotropy for each fragment. They were estimated as 6.3% for light
and as 9.5% for heavy fragment, respectively.
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Fig.1. Anisotropy of neutron emission for light and heavy fragments (solid lines). The dashed
curves show corresponding neutron spectra in fragment centre-of-mass.
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Fig.2. Experimental data and the result of MC calculations for energy integrated angular
dependence of neutron yields.
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Finally together with neutrons evaporated from fully accelerated fragments we also had to
add 7% of neutrons concerned with isotropic component to describe the angular distribution
of neutron yields. The energy distribution for this component was assumed Weisskopf form
with temperature 1 MeV.

The figure 2 shows experimental data and calculated results integrated over all values of
neutron energy.

The next eleven illustrations in the figure 3 demonstrate more detailed picture, namely:
experimental neutron spectra at different angles and corresponding results of Monte-Carlo
calculations. As we can see the agreement is rather good.
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reaction 23SU(n‘h,f) and corresponding results of Monte-Carlo calculations (o).

With the aim to investigate the process of neutron cmission the coincidences between
prompt neutrons from fission can be also used. With this design the measurements of neutron-
neutron correlations in slow neutron induced fission of **U were realised recently in PNPI
[2].

In our experiment the angular dependences of n-n coincidences integrated over all neutron
energy values were measured for six different energy thresholds. This allowed us to get some
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information not only about the contribution of additional component but also concerning its
energy distribution.

Since the thresholds of the detecting device were set by the scale graduated against y-rays,
the true values of the neutron energy thresholds were obtained in process of corresponding
time-of-flight spectrum fitting. Every time-of-flight spectrum consists of y-y, n-n and y-n
components. The first two components are in the middle of the measured spectrum (see Fig.3
in [5]). Especially the scopes of y-n component determine the neutron energy threshold.

Then neutron-neutron angular distribution was calculated for each neutron energy
threshold. These calculations were based on the same assumptions as for description of
neutron-fragment angular correlations. At the first stage of this calculation it was simulated
neutron emission from both fragments with the addition of the necessary contribution of
scission neutrons, namely 7%.

The averaged total multiplicity of emitted neutrons was taken as 2.42. The actual number
of neutrons evaporated by each fragment was chosen randomly by two-dimensional Gaussian
distribution with experimentally defined covariance and known ratio of averaged fragment
multiplicities. We have got this ratio and neutron spectra in fragment centre-of-mass due to
neutron-fragment experiment.

It was taken into account the presence of neutron emission anisotropy concerned with the
angular momentum of each fragment.

In process of calculation were used final velocities of the light and heavy fission
fragments with the most probable masses.

The Weisskopf form of energy distribution with temperature parameter 1 MeV for
scission neutron spectrum was assumed.

Thus all input data for calculations were obtained from neutron-fragment angular
correlations and we had no free parameters (including parameters of isotropic component) to
describe n-n angular distributions.

The figure 4b demonstrates the Monte-Carlo predictions of n-n angular distributions in
slow neutron induced fission of *°U for our six neutron energy thresholds. All angular
dependences were normalized to one at 90°. As we can see the ratio between maximal and
minimal values of n-n angular correlation depends very significantly on neutron energy
threshold. For maximal value of energy threshold, namely 2030 MeV, this proportion is twice
as much than for lowest one.
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Fig.4. The influence of scission neutron contribution (a) and neutron energy threshold (b) on
describing of n-n angular distributions.
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We can compare calculated results with experimental data of neutron-neutron angular
+ distributions. The next 6 pictures in the figure 5 represent such distributions for different
neutron energy thresholds. As we can see our calculations are in a good agreement with

- . experimental results.
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The figure 6 demonstrates the sensitivity of calculated values for n-n coincidence count
rate to scission neutron contribution. It may be seen that all experimental data are practically
bounded by two lines: with 5% and 9% contributions of isotropic in laboratory system
component. This allowed us to evaluate the contribution of scission neutrons as (7+2)% for
total number of emitted neutrons.
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Fig.6. The sensitivity of calculated values for n-n coincidence count rate to scission neutron
contribution. The solid curve corresponds to 7% of isotropic component, the dashed lines —
5% and 9%.

As a part of the previous report in proceedings of ISINN-15 [5] was the evaluation of
scission neutron component using experimental data of Franklin [6). These data alsc
correspond to n-n angular distribution in slow neutron induced fission of 557 but they were
obtained only for three neutron energy thresholds. These data give us another result, nameh
15%. Now we have an opportunity to compare both experimental data (Franklin and PNPI
connected practically with the same energy thresholds.
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But before this it is necessary to recall how n-n angular distributions depend on the
. contribution of isotropic component and on neutron energy threshold. The two figures 4a and
4b demonstrate mentioned relations. As we can see the more the part of scission neutrons and

- lower energy threshold are supposed the planer calculated curve is.
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Fig.7. The comparison of our experimental data on n-n angular correlations with experimental
data obtained by Franklin.

Let’s go back to experimental data comparison. The figures 7a and 7b show n-n angular
distributions for neutron energy thresholds near 1 MeV (a) and about 1.75 MeV (b). All data
were normalised at 90 degrees. As we can see positions of our data are systematically above
although they must be slightly below than Franklin’s data if all neutron energy thresholds
were right estimated. We are sure that our determination of energy threshold is correct but we
do not know how this value was obtained by Franklin. Perhaps the discrepancy between
energy threshold estimations is the reason of different values for isotropic component.

Conclusions:

Both experimental data (corresponded to n-f and n-n angular distributions) in slow
neutron induced fission of 2*U can be well reproduced by Monte-Carlo calculations assuming
neutron evaporation from fully accelerated fragments with the addition of (722)% isotropic
component. The form of energy distribution of isotropic component is N~E-exp(-E/T) with
T=1 MeV. During the calculation anisotropy of neutron emission due to the presence of
fragment angular momentum was taken into account.
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Left-right and angular asymmetry of fission neutron emission

Komilov N.V., Hambsch F.-J., Fabry 1., Oberstedt S.
EC-JRC-IRMM, B-2440 Geel, Belgium
Simakov S.P.
Forschungszentrum Karlsruhe, Institute for Reactor Safety, D-76021 Karlsruhe Germany

Following a recommendation of the NEA Working Party on Evaluation cooperation
(WPEC) [1] the prompt fission neutron spectrum (PFNS) was measured at ~ 0.5 MeV
incident neutron energy.

1. Experimental procedure and results

Three experiments were carried out at the 7 MV Van de Graaff accelerator of the IRMM
in Geel, Belgium, using the fast neutron time-of-flight technique. A pulsed proton beam of
about 1.0 - 1.5 ns FWHM at 1.25 - 2.5 MHz repetition rate and 0.2 - 0.8 pA average current
was used. Mono-energetic neutrons of 0.52 MeV average energy were produced using the
"Li(p, n) reaction. A metallic 2**U sample (93.15 % enrichment, 161.28 g) and a similar sized
lead sample were applied for foreground and background measurements, respectively.
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Fig. 1. Comparison between the TOF Fig.2 Prompt-gamma ray peaks measured by

distribution of the input neutrons inside the detector R90 (Jan08 run). The threshold is 1.2.

sample for the present experiment (full MeV. The channel width is 0.47 ns. The

symbols) and the one of Ref. [6] (open convoluted result is also given. The target

symbols). The data are from a Monte gamma-rays (left) peak gives the detector

Carlo simulation. resolution and proton pulse width. The prompt
fission gamma-rays give the total time
resolution including neutron spread inside the
sample (Fig. 1).

In a first run (Jul06) an angular dependent effect was found. The neutron yield is ~
10% higher and the average secondary neutron energy ~ 80 keV higher at 120 degree
compared to 90 degree. The result was discussed at the Nice ND2007 conference [2]. This
unusual finding stimulated new investigations to verify and to estimate the nature of this
effect. In a second experiment (Apr07) we used three identical neutron detectors at a flight
path of 2.24 x 0.01 m placed at 90, 150 and 120 degrees. The distance from the neutron
production target to the sample was ~ 8 cm.
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In a third experiment (Jan08) the same detectors were applied. Two of them were
placed at 90 degree to the left and right side relative to the proton beam direction. The third
detector was at 150 degree at the right side. Flight paths were of 2.25 = 0.01 m. The sample
was placed at 8.5 = 0.2 cm from the neutron target (0 position) and was moved also along the
axis between detectors R90 and 1.90 at + 3 cm and + 7 cm. The plus sign means that the
sample was moved towards the R90 detector and the minus sign in opposite direction towards
the 90L detector. The third detector can see the sample only in the O-position. Results for the
sample in the O-position only are discussed in this report. In every experiment the neutron
detectors were shielded against direct and room-scattered neutrons.

Table 1. Average energies of the PENS for all angles and runs. The letters shows left-L and
right-R sides of the detector relative to the proton beam, AE = 0.010 MeV.

Angle, <B>,MeV | <E>, MeV <B>, MeV

degree Julo6 Apr07 Jan08
R90 2.004 2.002 2.021
L90 2.007
L120 2.076 2.050

R150 2.026 1.975

The traditional pulse-shape analysis was applied to reduce the gamma-ray
background. A small Pilot-U scintillator was used as a proton pulse shape monitor. The data
were collected in list mode for offline analysis. The detector efficiencies were measured
relative to the 2°Cf standard spectrum. A specially designed low mass, fast ionization
chamber [3] was put at the place of the U-sample keeping the same geometry as during the
experiments. The energy spectra were corrected for detector efficiency, for neutron multiple
scattering in the sample, and for time resolution. A detailed description of the experimental
procedure will be published elsewhere [4].

The pulse mode operation of the VdG was not the same during these experiments. The
FWHM was ~ 1 - 1.5 ns in all experiment. However, some tailing did exit which could not be
removed completely. The worst tailing was observed during the Jul06 experiment. The best
beam quality was realized during the third experiment, with a FWHM ~ 1 ns and a
FW(1/1000)M < 10 ns. We recalculated the time resolution correction for the measured

spectra from Jul06 published
before [2, 5]. An additional energy

12 ’ * ) } { dependence in the neutron
detector efficiency at E > 4 MeV

3 11 has been taken into account, too.
5 This factor slightly reduced the
S 10 PFENS in the energy range 5 - 8
L}S o i MeV and the average secondary
v 099 gl neutron energy by up to ~ 15 keV

w —e— AprO7-L120 for the first run.
Y1 v The time resolution of the
—_—_.::g:/:s: TOF spectrometer consists of the
0.7 . . i . following components: detector
0 2 4 6 8 10 resolution, pulse shape of the

E, MeV accelerator and neutron

Fig. 3. Comparison between all of our results (full
[;.ymbols). The ENDF/B-VII spectrum is given as a full
ine.
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distribution inside the sample. The last factor is very important. Fig. 1 shows the TOF
intensity distribution of the incident neutrons inside the sample for our experiment compared
to the one in Ref. [6]). Clearly the double peaked intensity structure of our ring shaped sample
is visible in contrast to the very broad distribution of the very large sample (7.7 cm diameter)
of Ref. [6]. This factor together with a shorter flight path (1.63 m) in spite of a very short
proton burst of 0.6 ns in Ref. [6] is very important for data comparison. Therefore, the
experimental data of Ref. [6] were corrected for this time resolution assuming the same
contribution of the detector resolution as in our experiment. The present experimental time
resolution together with the calculated dependences including all factors is given in Fig. 2.

The experimental PFNS were normalized to unity and the average secondary neutron
energy was calculated. A Maxwellian spectrum was fitted in the energy range of 0.7 - 1.5
MeV and 9 - 11 MeV to the measured spectrum and an extrapolation to zero and to 20 MeV
was done. Based on our detailed analysis of all incorporated cormrections and possible
uncertainties, we conclude that the average energy is estimated with an accuracy of + 0.010
MeV. The average energies measured in all experiments are given in Table 1.

The PENS at all investigated angles and for all runs are shown in Fig. 3 as a ratio to a
Maxwellian distribution with the average energy <E> = 2.002 MeV.

The following peculiarities may be highlighted:

1. The data demonstrate the variety of the spectrum shape. A difference exists not only for
various detector angles but for detectors at 90 degree placed at left and right sides (see Jan08
90R, 90L in Fig 2 and Tables 1, 2);

Table 2. Average spectral ratios <R> = N(E,90R)/N(E,90L) and their errors for different
energy intervals.

E;-E;, MeV | <R>+6R E,-E;, MeV | <R>*6R

0.8-2 0.999 + 0.003 5-6 1.009 + 0.005
2-3 1.010 +0.002 6-8 1.051 +0.006
3-4 1.020 + 0.005 8§-10 0.970 +0.032
4-5 1.034 + 0.004

14
1.44 ——Jui06-L120 —e«—Jan08-R150
-~ »— Staples experiment —o— Yufeng experiment

> >
(-]
z 2
5 &
e
i 3
w v
) o
& &

0.6 T T T
2 4 6 10 12
E, MeV

Fig. 4. 'Compurison between our result (Jul06  Fig.5. Comparison between our result
L120 detector) and data from Ref. [6].

(Jan08, R150 detector) and data from Ref.

[71.
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2. The normalized spectra are fixed at low and high energies (see Fig. 3). The integrals
between 1.3 - 2.3 MeV and 8 — 10 MeV are constant. The standard deviations of 8 spectra are

0.2 % and 3 %, respectively;

3. Among these data one may find a result which agrees perfectly with an old experiment

or evaluation.

A comparison between the different experiments and literature values are given in Figs. 4-
8. The spectra measured at thermal energy were normalized to a Maxwellian with reduced
average secondary energy - <Ep> = <Eq 5> * 0.995.

R(E), <E>=2.002MeV

1.44 —e~Jan08-R90
—+— Johanson experiment

R(E), <E>=2.021MeV

Fig. 6. Comparison between our result (Jul06, Fig.7. Comparison between our result

R90 detector) and data from Ref. [8].

14

(Jan08, R90 detector) and data from Ref. [9]
corrected with multiple scattering and angular
distribution from the T(p,n) reaction taken
from Drosg's evaluation [10].

14

=+~ Jan08-R150
—e+—Trufanov experiment

R(E), <E>=1.975MeV

—v— original, <E>=2.024MeV
—— T.-lns, <E>=2.092MeV
—e—effy, <E>=2.084MeV
B 12{  —ecet,  <Exxt.966MeV
=
3
~
S
S 1.0
A
w
v
P
W o8-
@
0.6 T T
12 2 4 6 8 10

-+ Fig, 8. Comparison between our result (Jan08, Fig.9. The original spectrum and the ones

R150 detector) and data from Ref. [11].

estimated using different perturbation factors
as given in the legend.
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Before starting any scientific discussion about the nature of this strange behavior of the
PFENS one should answer the main question: is this a real effect or an experimental artifact?

2. Possible experimental problems

The experiments were carried out relative to the standard *’Cf spectrum measured in the
same experimental conditions. Therefore a lot of systematic uncertainties such as: flight path,.
uncertainties in the time channel width, a possible time reference shift (Tp value) connected
with the detector operation, a distortion of the spectrum due to scattering in the collimator are .
drastically reduced or even canceled.

The shift of Ty versus pulse height was investigated. After an additional correction as a
function of pulse height, the shift was < 0.1 ns (ADC channel width was 0.117 ns).

We investigated a possible change of the ef spectrum due to different emission angles
of the neutrons relative to the electrode plates in the ionization chamber. The ionization
chamber was rotated relative to its vertical axis and the neutron spectra were measured by two
detectors at 90, and 120 degrees [4]. No influence was found. ‘

The spectrum shape may be distorted due to the proton pulse shape (VdG pulse mode
operation) and a possible mistake in the time resolution comrection. In this case the high
energetic part of the spectrum (most sensitive to the time resolution) should be distorted.
Since we observe the same integrals for the energy interval 8 -10 MeV this argument is not.~
valid. In addition, this factor is common for all detectors and cannot explain the observed
difference between them. ,

1.2

R(E)
R(E), <E>=1.975MeV

-
N

-
&

Fig. 10. The ratio of the detector efficiencies to Fig.11. The spectra measured by the R150
the average value measured during the JanO8 degree detector during the JanO8 run.
experiment at the beginning, in the middle and

at the end of the experiment. The distortion

factors are shown by the full line, An arrow

shows the cut-off energy in the data analysis.

So the most sensitive factor is the stability of the detectors and the correct estimation of

the To value. The detector efficiency might be arbitrary changed in between the Cf and U
measurements. As one can see in Fig. 2 the prompt fission peak (the zero time (To) is
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determined relative to the prompt peak position) is very well separated from the main
-component due to prompt gamma rays from the target and To can be deduced with an
-accuracy of ~ 0.1 ns. In addition to provide a measured difference between the spectra we
+should shift To in the opposite direction depending on the neutron detector.
We simulated the influence of both factors. The results are given in Fig. 9. We calculated
:the spectrum with the nominal parameters, with a shifted Ty by 1 ns and with a distorted
- detector efficiency by the function 1 £ 0.1 * (1.7 - E), E < 1.7 MeV. The influence of these
‘fac‘tors may provide an effect comparable with the data spread shown in Fig. 3, the average
rsecondary energy varied by + 70 keV. However, a shift of To by 1 ns changed the integral in
the energy range 8 — 10 MeV by 28 % which is ~ 10 times higher then the real data spread in
:Fig. 3, so we can also exclude this. Another possibility would be that the distortion factor is
- connected with instabilities of the threshold and neutron-gamma discrimination parameters.
The detector efficiencies were measured before, in the middle, and after the U run in each
experiment. The U-spectra shown in Fig. 3 are sums of several (5-7) runs measured during 10
- 20 hours, so the direct comparison of the separate spectra may answer this question about
the detector stability. According to the results given in Figs. 10, 11 there is no evidence for a
“detector instability which may provoke the change in the measured results. In addition the
detector efficiencies are in very good agreement with calculated results using the NEFF7 code
{12}, see Fig. 12.
These arguments are valid for each of the experiments, and the present conclusion is that

-we measured a real effect and no experimental artifact!

0.5

>
(1]
3 8
@ a4
o
@ Q
= v
m A
fmy Py
w w
w
o

Fig. 12. The efficiency of one detector (Jan08, Fig.13. Some experimental data and their
RI50 detector) measured relative to °°Cf and description with a "3 source model". Dashed
‘calculated with the NEFF7 code (full line). line - { =0.6, dashed-dotted line - { = 0.4,
, full line — { = 0.2 (for details see text).

3. What does this experimental fact mean?

: On the basis of the above discussion one may conclude that a factor exists which has a
rather strong influence on the PFNS shape and asymmetry effects but was not fixed in our
investigations and in all available experiments performed during the long history of fission
.investigations. One may assume that this factor is the neutron polarization. In the preparation
stage of any PFNS experiment it was assumed that this factor is not important or by definition
.should be equal to zero. If this explanation is true, the transmission mechanism of the
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information from the incident neutron to the secondary fission neutron should be found. The :
only possibility might be scission neutron emission, a fast process without formation of the
compound nucleus. This may provide the link between the incident neutron and the secondary
fission neutron. We should have in mind that three particles (two fission fragments and a
scission neutron) are emitted at the same time which complicates the problem a lot.
The information about scission neutron emission is very poor. It was estimated in Ref.

[13] that the probability of fission with scission neutron emission is ~ 40 % (which
corresponds to a total of 15 % in total multiplicity), that the spectrum of scission neutrons
consists of a low (~ 0.8 MeV) and a high (~ 2.5 MeV) energy components. In Ref. [14]
evidence was given that scission neutrons are emitted by fission fragments with high total
kinetic energy (TKE) (compact system). From the results of this paper we may estimate a
high energy limit in the spectrum for scission neutron emission of ~ 8.5 MeV. The question is
now, which parameters should be changed to provide the variety of results given in Fig. 3.

In case of scission neutron (SCN) emission, fission neutrons should be emitted from three
sources:
1. Neutrons from fragments after fission of the compound nucleus A+1

N (B)y=(-a)- W, (E), 1

where o is the share of scission neutron emission and Wa.; is the spectrum which describes
the neutron emission from accelerated fragments;

2. Neutrons from accelerated fragments after fission of the nucleus A, which is formed after
the emission of one SCN:

N (E)y=a-v-1)-W,(E)v. )

3. Scission neutrons itself:

N (E) =—‘}E[T§ exp[—f]“—;?exp[}ﬁ]], 3)

where { is the share of the low energy component and v is the neutron multiplicity.

The spectra Wa, Wa.; were calculated with a Watt distribution for light and heavy
fragments with masses A, = 140 and A, = A-140. The ratio of the neutron multiplicity for light
and heavy fragments was vi/v = vyfv = 0.5. Temperature parameters were found based on the
Fermi-gas relation and the thermal-equilibrium assumption with an additional correction of
cor = 0.9 for the excitation of the heavy fragment Uy = Up, - cor [13]. The level density
parameter was calculated as a = A/c, ¢ = 8.4, TKE = 170.5 MeV, v=2.45.

The equation for Ny, (E), and the corresponding parameters T;, T, were taken from
Ref. [13] introducing minor corrections: T = 0.4 MeV, T, = 1.35 MeV. Changing only  from
{=0.2 to £ = 0.6 allowed us to describe the spectrum shape with reasonable accuracy from
the highest average secondary neutron energy <E> = 2.070 MeV to the lowest <E> = 1.967
MeV (Fig.13). The spectrum with { = 0.31 extrapolated to thermal energy describes the
integral experiments. The average ratio of the calculated cross sections to the experimental
ones (Ref. [15], IRDF-2002) is <R> = C/E = 0.997 + 0.008. The average energy of the PENS
at thermal energy is <E> =2.038 MeV.

4. Conclusion

In conclusion, a very unusual result, not observed before was found in the present
investigation. Presently, there is no model, able to explain this result. We may assume that a
different mechanism of the fission process and of neutron emission should be incorporated.
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For the moment we may only conclude, that the measured effect is not an
cxpeﬁmental artefact. We should assume the existence of an additional factor (parameter), for
example the neutron polarisation which may be responsible for the measured peculiarities.
However, we did not demonstrate the direct link between this unknown parameter and the
fission neutron spectrum, the left-right and angular asymmetry. At present we can not answer
the very important question, why the parameters of prompt fission neutrons changed so
drastically and what is happening inside nuclear reactors.

So, new experimental efforts are urgently needed. It seems experiments with polarised

thermal neutrons would be very interesting.
i We would also like to thank the Van de Graaff accelerator team C. Chaves de Jesus,
G. Lovestam, T. Gamboni, W. Geerts and R. Jaime Tomin for the high-quality pulsed beam.
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EXOTIC HIGH NEUTRON MULTIPLICITY MODES IN **Cf(sf)
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Abstract. The structures presumably linked with collinear multicluster decay (CMD) of **Cf
nucleus become visible in the mass-mass distribution of fission fragments gated by neutrons
detected in coincidence. A reliability of the structures observed was estimated using Hough
transformation. Analysis shows that CMD mode in question manifests itself as isotropic source
of multiplicity ~ 4. Alternative treating is also possible that moving source of multiplicity 9 is
decisive for the effect. Another exotic “collimated” neutron source is discussed as well.

INTRODUCTION

Some years ago in the frame of the program of studying of a new type of nuclear
transformation called by us as collinear cluster tripartition (CCT) or more precisely collinear
multicluster decay (CMD) bearing in mind our recent results obtained in this field [1], the
experiment was performed aimed at measuring of neutrons correlated with unusual decay
channel [2]. We expected one of the CMD modes to be an isotropic neutron source of high
multiplicity. A special designed neutron detector based on *He counters was used in order to
reveal this mode. All in all 140 neutron counters were located as a belt surrounded **Cf
source in orthogonal to the mean fission axis plane (fig.1). Six modules of FOBOS
spectrometer in each arm were used for measuring of fission fragments (FF) masses.

neutron counters

Standard

FOBOS

. modules
(PSAC + BIC)

Start detector
*Cf +PAC)

FIGURE 1. Sketch of the experimental setup used for registration of neutrons emitted in the CMD
channel in coincidence with fission fragments.
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EXPERIMENTAL RESULTS UNDER ANALYSIS

Probability distribution for number of detected neutrons in a time gate started by fission
event is shown in fig. 2. The spectrum predicted by the model of the neutron detection
channel [2) is shown as well for comparison. As can be referred from the figure the model
gives an adequate description of the experimental curve up to number of detected neutrons
amounts to five. The yields at higher multiplicities forming a “tail” in the spectrum are
underestimated in the model, which accounts only “conventional” neutrons originated likely
uniquely from binary fission.. Thus some unusual neutron source could give rise to the “tail”
observed. We shell try to estimate characteristics of this source below.

1 T T T T T T T T
0.1 1 ]
0.014 1
1E-3§ i
2
=z E-4 § e
4
B 1E-54
E‘ [experiment]
a 1E-6+ ~ 4]
S,
1E-7 + . A\N
1587 [ model ", 1
1E-9 4+—— T T =T T T .A‘ T

0 1 2 3 4 5 6 7 8 9
n (number of detected neutrons)

FIGURE 2. Experimental probability of detecting of fixed number of neutrons emitted in a single
fission event.

Next interesting feature noted in [3] is connected with the FF mass-mass distributions
obtained under condition that fixed numbers of neutrons were detected in selected fission

:event. Corresponding distribution when two or more neutrons were detected is shown in fig.
3. It seems the points below the “thickening” in the upper part of the figure presented a
_ diffused edge of the locus of conventional binary fission form regular structures consisting of
‘lines to be parallel to the coordinate axes (Ma,Mb=const) or tilted to them at 45°. Evidently
the line tilted at 45° reference to abscissa corresponds to the condition Ms=Ma+Mb=const.

Perpendicular line (-45° reference to abscissa axis) if it goes through the points Ma=Mb

. makes evident sense. Let us imagine that we deal with ternary nuclear system looks like a
- chain. If the middle partner of the chain exports equal number of nucleons from its body to

two adjacent clusters their masses form the line parallel to the Ma=Mb line in the mass-mass

“.plot. One observes such line if a middle cluster is missed for detection. Using additional

selection by the fragments velocities i.e. Va~Vb we revealed a rectangle bounded by known

‘magic numbers (fig. 3a).

Something similar was obtained while n>3 (where n is a number of detected neutrons)

“skelection rule was applied (fig. 4).

The yields of unusual points (below the locus of binary fission) forming in fact the
structures discussed amount to 1.28*10™* and 2.5%10° for distributions in fig. 3 and fig. 4
respectively.
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united nine points was find. Let us estimate a probability of random realization of the line of
such fength and tilted to the abscissa axis at arbitrary angle. We generated a sequence of
random matrices bounded by the rectangle included precisely the same number of points as
this in the initial distribution. Each matrix was processed with the Hough algorithm in order
to search for the line mentioned above. Among one hundred matrices analyzed only two of
them provided positive answer. In other words, a probability of random realization of the line
under discussion is about 2%. Absolutely clear that more complicated structure such as
rectangle (fig. 3, 4) is much less probable as randomly assembled image.

CMD AS A NEUTRON SOURCE

Let us estimate real neutron multiplicity corresponding to the multibody decays under
discussion basing on the model of the neutron registration channel worked out [2]. The modes
manifested themselves via decay events where more then two neutrons were detected. An
increased number of neutrons (just to remind- corresponding total mean value is substantially
less of a unit, see fig.1) could be due to some different reasons. Firstly, it could be binary
fission. In this case the structures originate simply from a random grouping of experimental
points originated from scattered fragments. As was shown above it is extremely unlikely.
Secondly, the structures associate with at least ternary fission. Let us suppose that neutrons
are emitted from accelerated fragments moving with the velocities typical for conventional
binary fission. Corresponding spectra for some fixed numbers of emitted neutrons are
presented in fig. 7. Using the slope of the experimental curve as a criterion one can try to
choose the best among the model spectra. The curve looked for corresponds to multiplicity 9.

1

T T T T T T

0.14 1
0.014 exeperimental yield 1
183 s of the CMD 1

1E4 4

Probability
m
in
suud

1E-6 1
1674 1
1E-8 ]
1E9 ‘.

o 1 6 7

number of detected neutrons

FIGURE 7. Comparison of the neutron yields associated with CMD and model spectra for neutrons
emitted from the accelerated fission fragments. Model neutron multiplicities are varied in the range
7+10neutrons.

Let come to hypothesis that an isotropic neutron source is linked with the structures in
question. The resuits of modeling of such situation are compared with the experimentul data
in fig. 8. The best agreement is observed for the curve corresponding to four neutrons emitted.
Summing up the yields over all this curve one can obfain a total yield of the CMD mode
stands behind, namely, Y~10"/ binary fission being in line with this (~ 2*10) obtained
earlier for the bump in the mass-mass distribution (fig. 5a).
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. FIGURE 8. Comparison of the CMD mode yields with modeling of the isotropic neutron sources of
different multiplicities (marked near curves) (a). Each curve is normalized arbitrary to the total yield
10™. The model curves provided best agreement with the experiment (b).

Due to the “graphical quality” ( clearness) of the structures in fig.3, 4 it is believed a
background in the effect region to be less than 20% or in other words we suppose that at the
“worst only each fifth point in the effect region relates to the background. In its tumn the
: background amounts to scattered fragments of conventional binary fission. Thus according to
“the assumptions put forward the curve which describes the background should be congruent
“to the global experimental spectrum P(n) evidently linked with binary fission but shifted to
.the point 0.2 Pe(2) (the yield of the effect for the abscissa n=2). It is precisely the rec1pe used

to draw the curve marked by the label “background” in fig. 8.
1

0.1
0.014
1E-3 4
1E-4

1E-5 4

probability

1E-6 4
1E-7 4
168§

| background —

L= S ——_"
0 1 2 3 4 5 6 7 8 9

number of detected neutrons

FIGURE 9. Estimation of the background in the region of CMD manifestation.
Having the curve obtained in such a manner we can estimate a contribution of the
- background in all the range of the detected neutrons. As can be referred from the figure one
:‘half of the events when one neutron was detected are due to the background, for three
(detected neutrons corresponding portion does not exceed 10%. These numbers give an idea
. why the structures linked with CMD become visible only at increased number of the detected
- neutrons (n>2, 3).
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EXOTIC NEUTRON SOURCE?

' 5 . ; . . L L
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FIGURE 10. Fitting of the “tail” (marked by vertical arrow) in the experimental P(n) spectrum. Even
isotropic neutron sources of high multiplicity show spectra being too far from the “tail” by the slope
(a). “Collimated” neutron source of multiplicity twelve provides the best description of the “tail” (b).

In order to estimate at least roughly parameters of the neutron source delivers the “tail” in
the experimental P(n) spectrum (fig. 10) we try as it was done above to fined suitable
candidate among isotropic sources of different multiplicities but failed. Really, the spectrum
even for multiplicity twelve has absolutely different slope (fig. 10a). The problem is solved if
one supposes neutron registration efficiency to be 40% and multiplicity twelve (fig. 10b). It
is rather astonishing result bearing in mind that total geometrical efficiency of neutron
detectors (neutron belt) is only 19% (but from 4n). In other words the source in question
should be collimated in the plane perpendicular to the fission axis. It could be “hot spot”
between two fragments right after scission. We are going to verify this exciting conclusion in
forthcoming experiment.

ACKNOWLEDGMENTS

This work has been supported in part by CRDF, grant MO-011-0.

REFERENCES

1. Yu. Pyatkov et al., 6™ International Conference on Dynamical Aspects of Nuclear Fission
"DANF2006”, Smolenice Castle, Slovak Republic, 2-6 October 2006. Conference proceedings,
World Scientific Publishing Co. Pte. Ltd., 2008, p. 248-258.

. D.V. Kamanin et al., Physics of Atomic Nuclei, 66 (2003) 1655.

. Yu.V. Pyatkov et al., Physics of Atomic Nuclei, 66 (2003) 1631.

. Yu.V. Pyatkov et al., Romanian Reports in Physics, 59, No. 2, (2007) 569-581.
D.V. Kamanin et al., Preprint JINR P15-2007-182, Dubna 2007 (rus).

. http://homepages.inf.cd.ac.uk/amos/hough.html

=RV R NIV N Y

392
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Abstract. Method of measuring and calibration of fission fragments nuclear charges is
described. The nuclear charge was determined by measuring of the drift time of a track formed
after stopping of a fragment in the gas-volume of the high aperture ionization chamber. This
method was applied at the MiniFOBOS spectrometer in the experiment aimed at studying of the
B5U(ng, f) reaction. The experiment was performed at the IBR-2 beam in FLNP of the JINR.
The nuclear charge proves to be important additional parameter for reliable identification of the
collinear multicluster decay products [1] searched for.

EXPERIMENTAL SETUP

MiniFOBOS setup (fig. 1) is a double armed time-of-flight-energy spectrometer based on
the standard detector modules (fig.2) of the 4n- spectrometer FOBOS. Each detector module
used consists of position-sensitive avalanche counter (PSAC) and an axial big ionization
chamber (BIC) which registered the full energy of the fragments. The drift time of a track
formed after stopping of a fragment in the gas-volume of the BIC is known to be linked with
the fragment nuclear charge [2]. Corresponding parameter was measured as a time difference
between PSAC signal and the signal from the Frisch grid of the BIC.

Specially designed start-detector represents symmetrical avalanche counter (SAC) with an
internal largel (fig. 3). An active layer of the targel was prepared by evaporation of 100

g/cm of U isotope on Al,O; backing of 50 pg/cm? thick.
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FIGURE 2. Detector module of MiniFOBOS

FIGURE 1. Scheme of the experimental setup spectrometer
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THE NUCLEAR CHARGE CALIBRATION
PROCEDURE DEVELOPED

The parameterization of a fragment range in a gas volume was successfully applied in
Ref. [3].

The range of a particle can be expressed as

' R=L-D-V,y, (1)
where L — is the distance between entrance window and Frisch grid, D — drift time of a
track, Vguq — drift velocity of electrons forming the track.

The Bohr-Wheeler [4] relation was applied for description of a particle range:

R=pJEMZ™?, )

where E - is the energy of fission fragment (FF), M — FF mass, Z - FF nuclear charge.

Fragment momentum can be expressed as:

Pyc =~1.923EM . 3)
Using expressions (1-3) one can obtain:
D=a-f-Pyc-Z73 +M + &, @
where a, B, v, 8 are the parameters to be calculated .
Thus one need a parameter vector Y(a,p,y,8) for calculating the FF Z-value basing on

formula (4):
32
Z= __i_ﬂ*’_‘?__ . 5)
a—-D_exp+ 6E
An algorithm for calculation of vector Y (Z — calibration procedure) starts from generation
of matrix “Drift time — energy in BIC” (fig.3) using experimental data for the fixed Mtt value
(FF mass obtained in the frame of the velocity-velocity method).

70

DECO6TM
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T T M M
0 500 1000 1 5I00 2000
D (ch)

FIGURE 3. “Drift time vs. energy in BIC” dependence for the FF having fixed
Mitt mass = (97+1) a.m.u.

A “tail” of the main locus in the figure is due to the FF scattered on the supporting grid of
the BIC. Selected Mitt value is corrected in order to take into account emitted neutrons (fig. 4),
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in other words, mean post-neutron mass value is obtained which is used for calculation of the
FF momentum Pgc in the BIC.

At the next step one obtains the (<D_exp> vs.Ppic) dependence by means of averaging of
D_exp values at each momentum value. Simultaneously Z- value is calculated for each event
involved in the distribution in fig. 3 using current parameters vector Y. This vector is changed
in the frame of the procedure based on the MINUIT minimization code [6] in order to
minimize purpose function which represents the quadratic difference between both
experimental and calculated curves D(Ppic) and <Z> for Mtt mass selected for calibration.
Reference Z values are calculated according Z,c4-hypothesis within the corrections from [7]
(fig. 5).
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FIGURE 4. Average number of neutrons vs. .
pre-neutron mass FIGURE 5. Corrections to the FF Z-value

for the reaction 235U(nm, 5], calculated according Z,.q hypothesis [7].

The scheme of the Z-calibration code is presented below (fig. 6).

2. Momentum of FF in BIC 3. Dependence of "average drift

1. Initial values ¢, B, & _ _. | time —momentum of FF in BIC”
[ i j £ =y1.923-M, By for the experimental data

¥
M=Mtt-v D_exp
4. Calculation of drift ime 5. Calculation of nuclear charge : f
312
D_cadc™=a-p-0-2" + &, | 7= B-Py l_»| 6. Objective function
= m F= a,Fy+a,F,

7. New values
o,pB,0

FIGURE 6. Scheme of the Z-calibration code developed.
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TESTING OF THE CALIBRATION PROCEDURE

In order to test the calibration procedure developed simulations based on the quasi-
experimental data were performed. The following parameters similar to the experimental ones
were used for generation of the model data:

-the BIC is filled by Ar at a pressure of 11 kPa;

-the distance between entrance window and Frisch grid is equal to 26 cm;

-the temperature is 19°C;

-the density of the gas is equal to 1.85%10™ g/cm3.

The range of the particles was calculated using computer code SRIMM 2006 (8] with
PRAL algorithm (Projected Range Algorithm, J.P. Biersack [9]).

Table 1. The charges and energies of the fragments tested.

z 6 8 10 15 20 23 32 34 37 51 55

; 1-15{ 1-30 | 1-30 | 1-30 | 1-30 | 1-40 | 1-50 | 1-60 | 1-45 | 1-25 | 1-20
MeV

1700
1600
1500
1400
13004
12004
1100
= 10004
900
800
700
600
500
400 “c.
300

D (cl

0 10 20 30 40 50 60 70 80 50 100
{a.m.u.*cm/ns)

Pmc
FIGURE 7. “Drift time vs. momentum of the FF in the BIC” model dependences obtained by the
SRIMM code.

As can be referred from the figure the curves D(P) have rather complicated shape varying
smoothly while nuclear charge is changed. Comparison of the calculated D(P) dependences
with model and experimental are shown in fig.8a and fig.8b respectively. From the figures
we observe that calibration proposed gives quite satisfactory description of both model end
experimental data for typical fission fragments of the light mass peak in wide energy range.
An agreement of the calculated D(P) dependences with the data for heavy fragments is much
worse (fig. 9), especially for the model data. Likely it shows on miscalculations of the heavy
ions ranges by SRIM code in this region.
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LIMIT OF LIGHT IONS

In our previous experiments devoted to searching for collinear multicluster decays we

observed fragments of different masses including light ions.

parameterization (4) is suitable for estimation nuclear charges of light ions as well.
Corresponding results are shown in figs. 10, 11. One can refer from the figures that the
calculated curves are shifted reference to model (quasi-experimental) ones approximately on
two charge units.
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on expression (4) for *He, *Be, '*C ions.

70 T T T ==
Simulation
60 *He
*He
50| calculation
4.8,
404 He
304
20
0.0 0.5 1.0 1.5 2.0
Z

FIGURE 11. Comparison of simulated data with the results of calculation based
on expression (4) for 4SHe jons.

Table 2. Parameters of the nuclear charge spectrum of the FFs from the reaction 235 U(ny, f).

MiniFOBOS

Modul 1 Modul 2 Lang et al [10]
<Z>, light FF peak 38.18 38.22 37.92
FWHM 6.45 7.06 5.43
<Z>, heavy FF peak 52.26 53.02 53.92
FWHM 10.43 10.71 543
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FIGURE 12. Nuclear charge spectrum of the FF from the reaction Z”U(n‘h, f) (shown separately for
each spectrometer arm)
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FIGURE 13. Second derivative of nuclear charge spectrum multiplied by factor (-1).

CONCLUSION

Measuring of the fission fragments nuclear charges proves to be more complicated
experimental problem in comparison with measuring of energy. Charge resolution depends
crucially from both electric field uniformity and permanency of the mass of the gas in the
volume of the ionization chamber. Necessary conditions were provided in our experiments at
the miniFOBOS spectrometer. Special calibration procedure was developed for calculation of
the FF nuclear charge which depends from the parameters measured in the experiment.
Simulation showed that the approach developed satisfactory works in a wide range of the FF’s
energies but gives a little bit shifted values for very light ions.
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Abstract

The analytical work consisted of the measuring of the concentrations of 25 chemical
elements (i. e. Ca, K, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Pb, As, Se, Br, Rb, Sr, Y, Zr, Nb, Sb, |,
Cs, Ba, La, Ce) in soils and water river sediment from the region of oil refinery complex Vega
in the town of Ploiesti, Romania. The analyses were carried out on the grain fractions < 2 mm
by using the X-ray fluorescence method.

Further the results were used to develop an approach for incorporating information on

chemical availability in soils and river into risk assessment and risk-based decision making.
Introduction

In terms of the amounts of substances released, the oil pollution may have harmful
effects on soil-plant ecosystems, all of them being related to human health. The oil pollutants
can originate from a single point source presenting a local character as well as they can be
released by mixed diffuse or punctual sources. Furthermore, to the level of ecosystem
poliution contribute both local pollutants and those transported over long distances.

Emission estimates have long been basic tools for soil quality assessment. Usually
emission data from specific test sources as well as continuous emission monitors are used as
input information for developing emission control strategies. The literature data on soil
contamination surveys by different monitoring techniques encounter a substantial difference
between the estimates derived using different methods. Several projects related to the long-
range atmospheric transport of trace heavy metals are carried out by environmental

international/national organizations.
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One of the task forces in the fields of long-range transport and deposition of heavy
metals is to perform integrated assessment model calculations on heavy metal emissions in

the all regions.

Common aspects for local soil contamination

Several changes of soil quality occur when soil is exposed to different impact levels.
The contaminated sites include sites at different levels of environmental and human health
impacts, ranging from minor to relevant significant effects. Some common key aspects can be
identified:- The contamination deriving from point sources, mainly waste disposal, industrial
and military activities, and accidents.- The major local impacts of contaminated soil breed
health problems due to direct contact with contaminated soil and use of contaminated
groundwater, that imply the necessity to restrict some uses of the land.- The sustainable use of
agriculture land supposes the mapping of soil parameters that result in regular network grid

monitoring of the average extent of pollutant impacts on soil.

Indicators for oil pollution

In the past years a preliminary list of indicators for soil contamination from oil localized
and diffuse sources was identified and reviewed using the comparable data sets availability
and quality. The development of oil pollution indicators for diffuse soil contamination follows

the general scheme from the Figure 1.

Data collection approach

The problem is the choice of the kind of sites (i.e. petrol stations) to be included.

The approach employed for data collection ilsed in our researches implied an overall
indicator to assess the number of sites that had been investigated to an acceptable standard for
their use. More detailed stages of the process could introduce double counting of sites;
depending on how often information was collected and updated.

Importance and data availability of this indicator were considered high. Some work has
already been carried out in the monitored area. Unfortunately no clear distinction between
different local sources of emission is possible.

The Ploiesti town region has been identified as one of oil contaminated zones. It is a

highly industrialized town and also a petrochemical town, as presents several oil refineries.
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To all samples collected in area of the Vega oil refinery (20x20 km?), one to three
locations has to be contributing to each sampling location. The spots were further categorized

by groups in relation with the downwind distance from the oil smelter complex.

Key topics for diffuse soil contamination:
- heavy metal contamination

- eutrophication
- acidification
Assessment IAssessment by:
approach: - common agricultural
- driving force . Policy
| pressure ‘ Indicator - sewage sludge
L state regulation
- impact A - nitrate directive
- respons - air pollution regulation
Feasibility
Data availability
Data quality

Figure 1. General scheme of the oil pollution indicators (EEA, 2002)

Results and discussion
The measured concentrations of 25 chemical elements (i. e. Ca, K, Ti, V, Cr, Mn, Fe,
Ni, Cu, Zn, Pb, As, Se, Br, Rb, Sr, Y, Zr, Nb, Sb, I, Cs, Ba, La, Ce) for 52 categorized
locations sampled in the Vega oil refinery area were determined. The average values of heavy
metals were found for each spot category (Table 1). Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Pb, As, Se,
Sb and Ba decrease in the following order of the distance from the refinery location: 1 km >
10 km > 20 km. The heavy metals levels as determined in river sediments of the Teleajen
‘river were lower than those found at 1 km from the plant, but higher than those recorded at 20
km far from the plant. Their distribution point for the oil refinery discharges as source of
those elements in the river. Concentrations of other elements vary since of the natural

variability of the environment (Table 1).

Table 1. The mean elemental concentrations (% at) for different categories of sampling locations

: Av. conc., %
Element Soil, 1km | Soil,10 km ] Soil, 20 km ] River sediment
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K 7.3x1.0 3.9+1.2 0.99+0.15 <0.85

Ca 0.7+0.2 2.1+0.5 4.210.5 3.1£0.4

Ti 0.99+0.15 0.68+0.12 <0.15 0.42

\% <0.19 <0.12 <0.05 <0.07

Cr 0.25+0.01 0.08+0.02 <0.06 0.1+0.03

Mn 0.12+0.04 <0.03 <0.014 <0.05

Fe 3.17+0.03 2.19+0.03 1.78+0.03 2.51+0.03

Ni 0.033+0.010 0.027+0.009 <0.009 0.015+0.004
Cu 0.061+0.009 0.037+0.006 0.017+0.004 0.048+0.009
Zn 0.039+0.006 0.019+0.006 0.013+0.006 0.015+0.006
Pb 0.024+0.003 0.015+0.003 0.0086x0.0029 | <0.004

As 0.016+0.003 <0.003 <0.003 0.009+0.001
Se 0.01120.002 0.007+0.002 0.004+0.001 -

Br 0.007+0.002 0.006+0.002 0.006+0.002 0.013+0.002
Rb 0.0169+0.0012 | 0.0061+0.0013 ] 0.0059+0.0012 | 0.013+0.008
Sr 0.0645+0.0009 | 0.0146+0.0010 | 0.0100+0.0008  0.02180+0.0011
Y 0.0055+0.0008 | 0.0067+0.0009 | 0.0021+0.0008 | 0.0066+0.0010
Zr 0.0255+0.0008 | 0.0256x0.0008 | 0.0235+0.0008 | 0.0019+0.0008
Nb 0.0019+0.0006 | 0.0025+0.0007 | 0.0009+0.0002 | 0.0021+0.0007
Sb 0.0036+0.0013 | 0.0034+0.0014 - 0.0050+0.0008
I 0.0043+0.0012 | 0.0032+0.0013 | 0.0048+0.0010 | 0.0015+0.0008
Cs 0.0038+0.0013 | 0.0022+0.0012 { 0.0018+0.0012 { 0.0031+0.0012
Ba 0.0588+0.0016. | 0.0517+0.0017 | 0.00762+0.0016 | 0.0685+0.0017
La 0.0036+0.0013 | 0.0035+0.0013 [ 0.0020+0.0012 | <0.0013

Ce 0.0058+0.0016 | 0.0106+0.0015 | 0.0054+0.0012 | 0.0106x0.0014

R-mode factor analysis (Table 2), used to determine correlations among the measured
elements, confirmed that elements Cu, Zn, As and Pb contribute to an overall pollution factor
(F1). Concentrations V, Ni and Pb are strong correlated each other in the factor F2 assigned to
petrol refining source. The factor F3 is mostly loaded with bedrock elements as Ca and Se.

The results for the all heavy metals, mainly for the three elements of major concern (V,

Ni and Pb) show a proportional variation with the downwind distance approximated with a

linear decrease of element concentration away from the source of pollution.

Table 2. R-mode factor analysis loadings

[Metal

iFactor 1

l Factor 2

Factor 3 J
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K 0.75 0.47 0.36
Ca -0.78 0.39 0.75
Ti 0.91 0.30 -0.14
Cr 0.90 -0.17 0.07
Mn 0.78 0.25 -0.09
Fe 0.88 0.15 -0.02
Ni 0.86 -0.84 -0.08
v 047 -0.73 -0.03
Cu 045 -0.49 -0.20
Zn 0.54 -0.13 -0.06
As -0.43 -0.47 -0.17
Se 0.77 0.38 0.72
Sb 0.73 0.07 0.04
Ba 049 0.25 -0.28
Pb 0.51 -0.82 0.19
Eigenvalue | 4.17 2.35 0.48

Variance 0.44 1.81 0.16

Conclusions

It has been shown that the XRF analysis can be efficiently used for the screening of
surface soil and river sediment elemental composition over local areas. The survey showed
that in the monitored area bordering the Vega oil refinery complex there are zones with
significantly elevated concentrations of Ni, Pb and V and other heavy metals as As, Cr, Cu,
Fe, Sb and Zn linked to anthropogenic activities in the oil and hard industry.

Data for the indicator “progress in the management of contaminated sites” seems to be

more accessible and it was further developed.

References

1. Cevik, U., S. Kaya, B. Ertugral, H. Balts, S. M. Karabidak. 2007. K-shell X-ray
fluorescence cross-sections and intensity ratios for some pure metals at 59.5 and 123.6 keV.
Nucl Instrum Methods B 262:165.

2. Gonzales-Fernandez, O., 1. Queralt, M. L. Carvalho, G. Garcia. 2007. Elemental

analysis of mining wastes by energy dispersive X-ray fluorescence (EDXRF). Nucl Instrum
Methods B 262:81.

405



3. EEA, 2001a. Proposal for a European soil monitoring and assessment framework.
Tech. rep. 61/2000.

4. European Commission, 2002. Towards a strategy for soil protection. COM 179 final.

5. Nedelcu M., C. Oprea, C. Podina, D. Cupsa, I. A. Oprea, A. Teusdea, I. Burca.
Impact of hazardous substances in/on soil. Research reports. 37™ Annual meeting of ESNA,
Sept. 10-14, 2007, JINR (in press).

6. Oluwole, A. F., O. Ajayi, J. O. Ojo, F. A. Balagun, L. B. Obioh, J. A. Adejumo, O. J.
Ogunsola, A. Adepetu, H. B. Olaniyi, O. I. Asubiojo. 1994. Characterization of pollutants
around tin mining and smelting operations using EDXRF. Nucl Instrum Methods A 353:499.

7. Oprea C., A. Mihul. 2007. Oil pollution in relation with land use. Research reports.
37™ Annual meeting of ESNA, Sept. 10-14, 2007, JINR (in press).

8. Orescanin, V., L. Mikelic, S. Lulic, G. Pavlovic, N. Coumbassa. 2007. Seasonal
variations in the concentrations of selected heavy metals and radionuclides in Sava River
sediments upstream and downstream of NPP Krsko. Nucl Instrum Methods B 263:85.

9. Randa, Z., J. Kucera, L. Soukal. 2001. Possibilities of simultaneous determination of
lead and thallium in environmental and biological samples by microtron photon activation

analysis with radiochemical separation. J Radioanal Nucl Chem 248 1:149.

406



IMPACT EVALUATION OF THE TOXIC AND BIOLOGIC ACTIVE
ELEMENTS CONSUMED THROUGH FOOD CROPS ON THE CONSUMER"S
HEALTH USING NUCLEAR METHODS AND NEURAL NETWORK TECHNIQUE

C. Oprea, O. D. Maslov, M. V.Gustova, A. G. Belov, A.L. Oprea
JINR, Dubna, Russian Federation

A. Mihul

Bucharest University, Bucharest, Romania

V. Loghin, C. Nicolescu, G. Gorghiu

Valahia University, Tirgoviste, Romania

Abstract

The main goal of the present research is to determine the extent to which industrial
element pollutants are transferred to the crops. This will be achieved by using nuclear and
related techniques, but also multivariate process to determine levels, pathways, and fate of
toxic and non-toxic bioactive elements.

At the Flerov Laboratory of Nuclear Reactions (FLNR) were conducted experiments
using gamma activation - at the microtron MT-25, and X-ray fluorescence analysis. The
preliminary measurements effectuated in 2008 have shown that these methods are suitable for
analyzing of different agricultural crop samples.

The heuristic determination of abnormal patterns by univariate statistical methods was
performed. Further, in order to interpret the concentration data, multivariate statistical process

was implemented using a variety of neural network techniques.

Introduction

Environmental pollution is a complicated issue. Since there are strict national and
international regulations on the amount of contaminant allowable in different environmental
media, models have been designed to determine the degree of pollution. The environmental
data are collected by active or passive monitoring and analyzed by means of various methods

including first principles, feature extraction and pattern recognition, and also neural networks.

407



Recent studies focusing on the preservation of our environment have shown, on a global
scale, the considerable potential of analytical techniques and multivariate process as tools to
understand the interrelationships existing between different environmental components.

This research investigates the potential application of neural network technology to
forecast the concentrations of industrial pollutants beyond the origin source in relation with
agricultural lands. Various solutions including mathematical algorithms implemented as

software were used.

Neural Networks

A neural network is based on the working of the brain. The network is fed inputs and
outputs and it tries to work out any connections or relationships between the two.

Since neural networks incorporate non-linear components they are suitable for modeling
non-linear systems as weather systems and environmental conditions. Due to the complex
nature of the variables associated with air modeling and the large array of non-linearity
imposed by meteorological conditions and physical landscapes the neural network serves as a
potential alternative to conventional air dispersion and regression type models.

The calculations of a neural network yield in the following way. In a multi-layer neural
network model, the way complex behavior is simulated by the processing element, which is a
software neuron, or node. The combined information is compared to a threshold and/or
modified by a transfer function and then sent as output, which becomes input for any other
processing nodes connected downstream. Given the correct data whose output is correlated
with each input — a neural network is able to self-organize and subsequently predict an output

for any input.
Example: Neural network modeling of crop pollution in the Tirgoviste region

The aim of this example is to show how neural network modelling was used in the
Tirgoviste region to assess the main pollution agents in crops in comparison with tree
leaves.Samples of cabbage lettuce and leaves of acacias (Robinia pseudacacia) trees grown in
different locations of the local monitoring net were used in this investigation.

Accurate determination of trace concentration levels is an important task in agricultural
sciences and their applications. Photon activation analysis (IPAA) supplemented by the X-ray

fluorescence analysis using the 1%¢d (Ey=22.16 keV) and 1 Am (Ey=59.57 keV) radioisotop
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irradiation sources offered a reliable approach of providing a rapid multielemental analysis of
various samples in ppm range, supposing as well the preservation of the samples.

Suggested analytical techniques were found as appropriate to measure concentrations of
heavy metals in vegetation samples.

Suggested methodology mostly gives lower concentrations than in standard samples,
high concentrations can be received in 1-2 cases from 5 for Cr, V, Ni.

Only 48.3% and 70% of standard concentrations are determined for Cd and Pb using the
above methodology. Maximum determined concentrations of Cd and Pb were 64% and 76%

from standards.
Neural network modelling by the Levenberg - Marquard algoritm

One of the major limitations of current methods of biological detection of exposure to
hazardous environmental agents is their inability to detect long-term exposures, and exposures
occurred in the past. In the current study we examined the potential of a neural network
bioassay that is based on the hypothesis that organism of the exposed leaves contains a toxic
factor.

The Levenberg - Marquard algoritm is adopted as training method; the run is stopped
once the squared error on the validation dataset begins to increase. To test the model, weather
forecasts were fed into the model 24 hours in advance and the pollution levels were checked.
The run showing the lowest squared error is selected as optimal and then simulated on the
testing set (Figs. 1 - 2).

To study the correlations (Fe — Co) — (Ti — V) a neuronal 2 — 7 — 2 simulation was
performed. As training values the first 15 data sets and as test values the last 8 data sets were
used. The best approximations for linear function (R = 0.922, R = 0.960) are presented in the
Figures 1 and 2.

A component of Fe, Co, Ti and V characterized a general pollution agent in crops and

tree leaves connected with urban anthropogenic activity of Tirgoviste town.
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Fig. 1. Graphical representation of the experimental points versus regression line — Best
Linear Fit — etalon line (A = T) for Ti concentration in cabbage lettuce leaves in the neuronal

model adopted (Fe — Co) — (Ti)

5

© Data Points
—— Best Linear Fit

Fig. 2. Graphical representation of the experimental points versus regression line — Best
Linear Fit — etalon line (A = T) for V concentration in tree leaves in the neuronal model

adopted (Fe — Co) - (V) .
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Conclusions

It was obtained a good analytical recovery for most metals. The crops provided their
capacities as biomonitors, but less than tree leaves.

We have shown that a neural network can reproduce output nearly identical to that
produced by existing biomonitoring approaches. Furthermore, the results demonstrate the
potential of the proposed methodology to detect environmental exposures long after they have
occurred. It was notified the further decline heavy metal concentrations in tree leaves between

2000 and 200S; for crops, the situation is still unknown

References

1. Bishop, C.M., 1995. Neural networks for pattern recognition. Clarendon Press, Oxford.

2. Dare, P. and Saleh, H. A., 2000. GPS networks design: logistics solution using optimal and
near-optimal methods. Journal of Geodesy, 74, 467.

3. Deb, K., 2001. Multi-objective Optimisation using Evolutionary Algorithms. Chichester:
Wily & Sons, Ltd.

4. Oprea Cristiana, et al., 2005. Analysis of the pollution agents through neural network
algoritms. Eurisy Conference “Integration of the New EU Member Countries into the GMES
Programme”, Warsaw, Poland, 12-14 December 2005, pp 8.

5. Oprea Cristiana, et al., 2005. Modeling the human health and environmental impacts status
at Targoviste city area using neural network algorithms. Eurisy Conference “Integration of the
New EU Member Countries into the GMES Programme”, Warsaw, Poland, 12-14 December
2005, pp 10.

6. Oprea, C. D., Pincovschi, Eu., 2003. The assessment of pollution in the area of Turnu
Magurele affected by fertilizers plant. Romanian Reports in Physics, 55, 2, 111.

7. Pantelica, A., Oprea C., et al., 2004. Contamination of crop vegetation with trace elements
from a fertiliser plant: an INAA study. Vincent Guinn Memorial Issue of Journal of
Radioanalytical and Nuclear Chemistry, Kluwer Academy, 262, 1, 111.

8. Rosenblatt, F., 1958. The perceptron: A probabilistic model for information storage and
organization in the brain. Psychological Review, 65, 386.

9. Rumelhart, D. E. and McClelland, J. L., 1986. Parallel distributed processing: explorations

in the microstructure of cognition, Vol. 1, Cambridge, MA: MIT Press.

411



10. Saleh, H., 1999. A Heuristic Approach to the design of GPS Networks. Ph.D. thesis,
School of Surveying, University of East London, UK.

11. Zorriassatine, F., Tannock J.D.T., 1998. A review of neural networks for statistical
process control. J, Intell. Manuf. 9, 209.

12. Wilson, D.J.H., Irwin, G.W., Lightbody G., 1997. Neural networks and multivariate SPC.
Proceedings of the IEE/InstMC Colloquium on Fault diagnosis in Process Systems 97/174,
London, April 1997, pp. 15.

412



COMPARISON OF INORGANIC CHEMICAL CONSTITUENTS
OF DIFFERENT HERBAL MEDICINES

C. Oprea', M.V. Gustova', 0.D. Maslov', A.G. Belov', A.L Oprea'?, C. Pirvutoiu'?, D. Viadoiu'?
!Joint Institute for Nuclear Research (JINR), Dubna 141980, Russian Federation

’Bucharest State University, 76900, Bucharest, Romania
Abstract

The microconstituents and also some minor- and macroelements in seven medicinal
plants, namely Achillea millefolium, Chelidonium majus, Cynara scolymus, Hypericum
perforatum, Tilia cordata, Matricaria recutita, and Urtica, were determined. The above
medicinal plant species were used for the experiments as they are an important source of drug
with many pharmaceutical effects as well as bioaccumulators of the trace heavy metals and
other bioactive chemicals. i

The analytical work consisted of the measuring of the elemental concentrations of
inorganic specific constituents using instrumental gamma-activation analysis in suite with X-
ray fluorescence technique.

Further the results were used to develop an approach for incorporating information on

biochemical availability in herbal medicines into practical anthropogenic use.
Introduction

The medicinal plants studied in this work have been administrated currently to cure
some diseases in Romania and abroad. Diet is the main source of trace elements. Although the
efficacy of herbs for curative purposes is often accounted for in terms of its organic
constituents, it has been established that there exists a relationship between the chelating of
metals and some chemotherapeutic agents. Herbs can interact directly or indirectly with body
chemistry. The chemical compounds of these herbs are mainly responsible for the curative
properties. It is known that there is a significant role of trace elements when treating various
diseases. The absorption of their active constituents into the blood can influence the body
system and these chemical constituents present in the plant are responsible for their curative

aspect. Many essential elements play an important role in the plant metabolism products of
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plant cells. Few studies have been reported about the elemental composition of medicinal
plants. The goal of this work was to determine the availability of essential trace elements in
commonly used medicinal plants in Romania and their possible correlation from one

medicinal herb to another one.
Materials and methods
Sample collection

For each type of herbal medicine, an average sample was prepared by mixing of the 6
samples collected from an area of 50 x 50 m?. Medicinal plants were purchased in the dried
form of root, bark and leaf from local herbalists. Others were collected from national
botanical parks situated in the Romanian Carpathians. Each plant was washed extensively in
drinking water as to remove superficial dust and then dried by an IR lamp for one day. Prior
to analysis the samples were dried at room temperature one month and later 48 hours at 40°c
and then homogenely melted into fine powder in an agate mortar. The fresh/dry mass ratios

calculated for herbal material were about 5.78 — 6.32.
Analytical methods

A hfghly sensitive y activation method based on the (Y, n) reactions and gamma-ray
spectrometry (IGAA) for measuring the elemental concentrations in environmental samples is
applied. The powdered samples were packed in polyethylene vials into duplicate. A packet
consisting of 10 cassettes with samples and standard samples was irradiated by gamma-rays
for 5 h together with flux monitors by a photon flux of 24 MeV at the MT-25 microtron
(FLNR, JINR). For the irradiation there was a 7% difference in the flux factors between the
upper and lower positions of the container. The overall integrated flux over a 5 hours
irradiation is practically constant. The spectra calibration by the use of 226Ra source was done.

Complementary the replicate samples were investigated by X-ray fluorescence analysis
(XRF). The spectra of the characteristic X-ray lines were recorded by a Si(Li) X-ray detector
having a thickness of 3 mm and an area of 30 mm2. The measured energy resolution of the
detector system was 200 eV FWHM at the 5.9 keV Mn K4 line. Another components are the

Be window of the detector, the glass sample holder and the protections of Pb and Ag to
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absorb the Compton scattering effect. Photons of 22.1 KeV from the 109Cd annular source
and photons of 59.57 keV from the #lAm annular source were used for excitation of the
target X-rays. An Al shield was used in the case of each source to suppress the low-energy
photons emitted from the radioisotope. The geometry of 'Cd source was normally versus
detection direction and that of **' Am source was such that the incident direction was situated
at 530 versus the detection direction.

The analysis of the measured spectra were performed using the SPM software
developed in FLNR using a nonlinear least squares fitting routine which approximates
characteristic X-ray peaks with Gaussian curves of various types of background depending on

the spectrum region and calculates intensities of X-ray peaks.
Results and discussion

A total of 34 elements have been determined in the 7 medicinal plants commonly used
in Romania using IGAA and XRF (Table 1). Elemental contents vary in a wide range, in
some cases even by an order of magnitude (Figure 1). It can be observed that mean
concentrations of Cu, Mn, Rb and Zn are in amounts >10 pg]g whereas of Cr and V are in
amounts >1pg/g. Toxic elements as As, Cd, Hg and Sb, are present in quartiles below the

permissible limits.

-
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Figure 1. Variation in mean concentration of essential trace elements in medicinal plants
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Table 1. Some elemental concentrations in medicinal herbs (% at)

LT1 LT2 LT3 LT4 LT5 LTé6 LT7
K 3.840.6 3.130.5 3.120.5 2.0£0.6 1.940.5 44207 4.240.5
Ca | 15103 2.540.3 2.810.3 2.610.3 3.140.3 6.1204 0.6:0.3
Ti | 0.168+0.080 | 0.37240.070 0.20710.074
v 0.15£0.04
Mn 0.037+0.010 0.055+0.012 0.041+0.012 0.08610.015 0.04210.010
Fe | 0.172+0.009 0.192+0.008 0.091+0.009 0.4390.010 0.040+0.009 0.079£0.010 | 0.077+0.008
Ni 0.011610.0030 | 0.0140:0.0036 0.01600,0036 | 0.00900.0033
Cu [ 0.0198£0.0028 | 0.0102£0.0026 | 0.0114+0.0026 | 0.0267+0.0031 | 0.011610.0027 | 0.007420.0024
Zn__ | 0.012620.0023 | 0.013240.0023 | 0.0054+0.0026 | 0.0104£0.0026 | 0.022130.0026 | 0.0107£0.0028 | 0.0060+0.0020
Pb | 0.0015£0.0008 | 0.0018+0.0008 | 0.0017+0.0009 | 0.0029+0.0010 <0.0012
Se | <0.0005 N 0.0013+0.0005 | 0.0023+0.0006 0.00090.0004
Br__ | 0.0062£0.0004 | 0.001240.0004 | 0.001240.0005 | 0.0195+0.0005 0.00160.0004
Rb | 0.0011£0.0003 | 0.001330.0003 | 0.0009£0.0003 | 0.004110.0004 | 0.003310.0003 | 0.0014£0.0004 | 0.0012+0.0003
Sr | 0.0037£0.0003 | 0.0047+0.0003 | 0.0072+0.0003 | 0.0092+0.0003 | 0.0054+0.0003 | 0.0185£0.0003 | 0.0042+0.0003
Y 0.0010+0.0003 | 0.0008+0.0003 | <0.0003 0.0009+0.0003 | <0.0004 <0.0003
Zr__ | 0.0025:0.0003 | 0.0009+0.0002 | <0.0003 0.0064+0.0003 | <0.0005 0.0018+0.0003 | <0.0005
Nb | <0.0002 <0.0002 0.0008+0.0002
Mo 0.00060.0003 | 0.000520.0002
Pd 0.0008+0.0003
Ag 0.0016+0.0003 <0.0004
Cd <0.0004
In 0.001520.0004 0.0006+0.0004 | 0.0011£0.0003 | 0.0028+0.0005 | <0.0004
Sm__ | 0,0009+0.0003 0.000820.0003 <0.0004 0.0027+0.0004
Sb 0.00100.0004
Cs 0.0018+0.0004
Ba__ | 0.0023:0.0004 | 0.0059+0.0005 | 0.0035£0.0004 | 0.0079+0.0004 | 0.0008+0.0004 | 0.0033+0.0005 | 0.002420.0005
La <0.0003 <0.0003 0.0027+0.0004 | <0.0003 <0.0004 0.0018+0.0005
Ce 0.0019+0.0004 | 0.0027£0.0004 | <0.0005




Bar plots of the all essential trace elements V, Cr, Mn, Fe, Co, Cu, Zn, Rb, Cs and Se
exhibit large variations with Co (being in least amount) and Mn (the highest). This variation
in elemental concentrations may be explained by the differential uptake by the plant from the
soil or due to inherent nature of the plant species grown in that region.

There are interrelationships of various elements in plant species (Figure 2). K/P ratio
exhibits a mean value of 8.5+0.55 and lies in the range 6.73 — 10.2. Also, Cu and Zn (r=0.74)
exhibit consistent correlationship, indicating a suitable balance of biochemical processes and

consequently potentially contributing to a good health.
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Figure 2. Correlations Zn - Cu and Cs - Rb in Achillea millefolium

Experimental data obtained for the minor, essential and toxic elements content in
medicinal herbs can be used to evaluate their potentiality for the improvement of human
-health,

Conclusion

Leaves, roots, fruits and seeds of seven medicinal plants have been analyzed for 5 minor
(Na, K, Ca, Mg and P) and 21 trace (s, Ba, Br, Cd, Ce, Co, Cr, Cs, Cu, Eu, Fe, Hg, La, Mn,
Ni, Pb, Rb, Sb, Sc, Se, Sm, Th, V and Zn) elements by IGAA and XRF.

Results show that the application of the combination of the two analytical methods
allows a realistic determination of the elemental content of the investigated herbal medicines

with good detection limits and accuracy for the low level concentrations. The present work
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will be developed into an approach between elemental content as therapeutlc probability as
well as when they are used as basic materials for the development of drugs for the

pharmaceutical industry.
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ASYMMETRY EFFECTS IN THE "F(p,a) REACTION
A. 1. Oprea, C. D. Oprea
Frank Laboratory of Neutron Physics — JINR
141980 Dubna, Russian Federation

Abstract. In this work we try to obtain the asymmetry effects (forward — backward, left —
right and parity non conservation) using the model of the mixing states of the compound
nucleus with opposite parities in the two level approximation as the authors already did in the
case of the (n,p) reaction on 3¢l and N. This task is more complicated than in the case of
the (n,p) reaction because the partial proton widths in the entrance cannel are practically
unknown like the alpha widths in the exit channel. Also for the proton incident energy about a
half of MeV the mechanism of the reaction is not well established. For this incident energy if
we accept that the reaction is passing through the compound nucleus are a lot of resonances
close to each other.

In [1] was evaluated an asymmetry effect for this reaction and it was of order of 107, This
value is in good agreement with experimental evaluated. The weak matrix element was
evaluated of order of 0.8 eV and this value is higher than the predicted expected value [1].

1. Introduction. The main goals to obtain the asymmetry effects like: forward —
backward, left — right and parity non conservation in the 19F(p,ot)l‘SO reaction. In this reaction
it is forming the compound nucleus “’Ne. This nucleus has two close resonance Ep=1620 keV,

Ji= 3% (P — state) and Eg=1680 keV, J§ = 3% [2]. It is expected as results of interference

of these resonance to have the mentioned asymmetry effects. It is proposed to use the
formalism of the the mixing states with opposite parities of the compound nucleus [3], {4],
[5]. As is suggested in [6] with the help of the experimental values of the indicated
asymmetry effects in the two level approximation, it is possible in principle to extract the
matrix element of the weak internucleon interaction in the compound nucleus. These
procedure (in the two level approximation) was already realized by authors for the (n,p)
reaction on the 3°C1 and "N [7), [8]. [9). Taking into account the above it is of interest to
evaluate theoretically the asymmetry effects in the 19F(p,a)mO reaction and to try to measure
also experimentally these effects. To realize these it is necessary an accurate analyze of the
reaction. From [2] we see that the widths for protons and alpha particles are practically
unknown. These parameters can be evaluated using some theoretical assumptions but will be
better to obtain them from experimental data on elastic scattering of protons and alpha
particles on 'F. In [1] the asymmetry in the differential cross section is evaluated,
(6.622.4)-10™ , in the "*F(p,0)'®0 reaction with proton energy E=670 keV and the weak

matrix element obtained from the asymmetry is (P | H,, | S) ~0.8eV.

2. Theoretical background. The model of the mixing states of the compound nucleus
with the same spin and opposite parities will be used to obtain the asymmetry effects and in
the beginning only two resonance will be taken into account. These resonance have the same
spin and opposite parities and it is a necessary condition to observe asymmetry effects. To
evaluate the asymmetry effects we write first the amplitude of the (n,p) reaction. [3-7]. The
relations (1), (2) are the amplitudes conserving the spatial parity and the relations (3), (4)
represent the amplitudes non conserving the parities. The reaction takes place by formation of
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the compound nucleus and the compound nucleus has definite properties as for example spin,
resonance energy and parity etc. More detailed about the theoretical background can be found
in the references at the end of the paper. We will continue with the amplitudes of the (n,p)
reactions {3-5].
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3. Asymmetry coefficients. The asymmetry coefficients are an efficient tool for the
studying the properties of the compound nucleus, the reaction mechanism and the parity non
conservation effects in nuclear reactions. The expressions of the studied effects with
correspond angular correlation are presented above.

The asymmetry effects can be interpreted as interferences between amplitudes of
reactions. The forward backward effect is a result of the f; and f; amplitudes with unpolarized
neutrons and the left right asymmetry is also the result of the interference between the same
amplitudes but with transversal polarized neutrons. These first two as it is possible to see not
include the weak interaction and they only the strong nuclear interaction. The parity non
conservation effect is a result of the interferences between f; and f3 and f> and f; this effect

420



includes the weak interaction. Usually the parity non conservation effect is about two or three
order of magnitude lower than the forward backward and left right effects.

Forward — backward effect and angular correlation.
_W@E=0)-W@=m

Ay = 6
U wWe=0+w@=x) )
W) ~ 1+a(n, n) 3.1
Left —right effect.
w 0=ﬁ,¢=3—”)—w(a=f,¢=ﬁ)
2 2 2 2
Fua = 7 3 7 7 ©
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Parity non — conservation effect.
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o = 2 2 7
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2 2
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4. Discussion. The same procedure as in the (n,p) reaction will be fulfilled for the
F(p,0) reaction. As both particle (incident and emergent) are charged it is necessary to
determine the appropriate coulombian (and not only) phase shifts. It is necessary also an
experimental and / or theoretical evaluation of the proton and alpha widths. As for the proton
energy about 1 MeV near the two mentioned resonances are also other resonances. Will be
evaluated the influence of the other resonances and open channels to see the availability of the
two level approximation suggested in [1]. It is proposed an experiment to evaluate the
forward — backward, left — right and parity non conservation asymmetry in the
l9F(p,ot)“(’O reaction and some further measurements to evaluate the proton and alpha widths
necessary to obtain the asymmetry effects.
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Abstract

Trace element contents of the sea lettuce algae collected from the Romanian littoral by
- photon neutron activation analysis were determined. The tréice heavy metal concentrations in
marine algae samples were 2.5 ~ 29.4 ug/g for As, 1.5 — 3.5 ug/g for Cd, 32-117 pg/g for
Co, 0.7 - 8.5 pg/g for Cr, 2.4 - 21.9 pg/g for Cu, 201 — 350 ng/g for Fe, 0.15 — 0.18 pg/g for
Hg, 15 — 85 pg/g for Mn, 1.2 — 18.3 ug/g for Pb, and 15 — 24 pg/g for Zn. The presence of
different heavy metals released into the Black Sea through the Danube River waters are of
~anthropogenic origin, proceeding from industrial and farmer wastes and bilge oil from ships
and also from air pollution influenced the algae’s growth and their contents. The Sea lettuce

algae are consumed for human diet.

Introduction

Sea lettuce (Ulva lactuca) is a deep green sea vegetable with a distinctive flavor and
- aroma. It is bright green algae composed of lobed, ruffle-edged leaves that are coarse and
- sheet-like and resemble a leaf of lettuce. The leaves may appear flat, thin, broad, and often
- rounded or oval. Its leaves are often perforated with holes of various sizes. Almost no stalk
- exists at the point of attachment, and no true roots are present. When dried by the sun, its
color can range from white to black. Among the most familiar of the shallow water seaweeds,
sea lettuce is often found in areas of exposed rocks and in stagnant tide pools. Sea lettuce has

. also been recorded at depths of 75 feet or more
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It thrives in brackish water with organic enrichment. It thrives in polluted water without
being effected by it from a quality point of view. The semi permeable membranes (cell wall)
do stop most types of harmful organic materials including bacteria. If brown or red seaweed
grow in the same environment it would be toxic.

It is very high in iron and protein (similar to dulse), and is high in iodine, aluminum,
manganese and nickel as well (Table 1). Like dulse and most of our sea veggies, sea lettuce
provides considerable amounts of dietary fiber (31%). Since the Black Sea veggies are low
temperature dried in the sun, sea lettuce enzymes are still active. The sustainable harvesting
and handling of the sea lettuce is certified organic by environmental agencies and the sea crop

samples are tested for heavy metal, chemical, and microbiological contaminants.

Table 1. The average composition of sea lettuce

Component Mean conc.
Protein 18-24 %
Carbohydrates 4045 %
Magnesium 2-3%

Sodium 1-2 %

Fat 1-2%
Potassium 0.7-1 %
Calcium 7000-8000 ppm
Iron 870-1370 ppm
Manganese 300-350 ppm
Todine 200-250 ppm
Vitamin A, C,B3,Bi12

Tolerant of nutrient loading that would suffocate many other aquatic plants, sea lettuce
can actually thrive in moderate levels of nutrient pollution. Their growth is stimulated by the
presence of other pollutants. Then the sea lettuce is used as an indicator species to monitor
pollution trends. The density and location of this alga can often indicate the presence of high
amounts of nutrients. ‘ ’

Photon ncutron activation method is a multielemental technique used in some
environmental studics, using a microtron as primary excitation source.

In the present paper, some sﬁmplcs of Sea lettuce as the pollution indicators of the
Black Sca Romaman littoral, which is a marine ecosystem greatly affected by natural and

human causes, were characterized by the photon neutron activation method.
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are directed into a uranium-beryllium converter to produce neutrons. The scheme of the
MT- 25 microtron is presented in the Figure 2.

Sémples of 2-g were placed in polyethylene cassettes. Then a packet consisting of 10
cassettes with samples and etalons (CII-3 standard material) was irradiated by 24 MeV
electron beam for 4 h. Measurements of the induced activity were performed with the help of
a HPGe detector with a resolution less of 2.0 keV at the line of 1333 keV. Short lived isotopes
were recorded by 5 min measurements after 1.5 h cooling, and the medium and long-life

isotopes were determined by 1h measurements after 1, 5 and 10 days of cooling, respectively.

n” m ~nt
¥

Figure 2. Scheme of the microtron MT - 25. (1 - system of high frequency; 2 - wave channel;
3 - ferrite isolator; 4 - resonator; 5 - vacuum system; 6 - magnet; 7 - vacuum camera, 8 - orbits

of accelerated electrons; 9 - exit of electron beam; 10 - magnet, focusing electron beam;
.11 - brake target).

Calculating the peak areas from the Yy spectrum by the SPM software developed in

FLNR, the amounts of elements in a sample was determined by using the relative method.

Results and discussion

The variation in the trace heavy metal concentrations in marine algae samples as

obtained by the photon neutron activation analysis was as follows: 2.5 — 29.4 ug/g for As, 1.5
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The highest values for the Costinesti and Eforie Sud sampling locations were
determined. Large volumes of sea lettuce found on the littoral of the Costinesti and Eforie Sud
localities and also the elevated levels of heavy metals indicate high levels of pollution of the
two spots. The spatial variations of the most significant heavy metals were examined
(Figure 3). The general behavior of the values recorded shows a gradient along the coastal

marine current.
Conclusion

The heavy metal content in sea lettuce algae samples from the Romanian Black Sea
coast was studied for the second time. The results obtained during the present research in
terms of heavy metals bio-accumulation of algae show that Sea leftuce is a reliable
bioindicator for heavy metal pollution of the coastal waters.

Data reported in this study suggest that a greater amount of pollution comes from
Danube Basin, with respect to the natural background environment. Marine algae of the Black
Sea coastal waters and littoral should be analyzed regularly in Romania with respect of toxic
elements. In the case that the algae should be used in the food industry, it should to be
monitored the content of heavy metals in such by-products and to establish the proper

(“clean”) areas in order to collect non polluted algae.
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ISINN-16 Program
Wednesday, 11.06.08

Neutron facilities, UCN

Belushkin A.V. Director of FLNP, Meeting Opening
Masuda Ya. He-II spallation UCN source.

Altarev L., Frei A., Gutsmiedl E., Paul S., Schrekenbach K., Stoepler R. Status of the
UCN source project at FRM-II reactor.

Lychagin E. Storage of Very Cold Neutrons in bottles. First experimental results.

UCN, Fundamental properties of the neutron

Nesvizhevsky V. Observation of neutron quantum states in the field of centrifugal forces.
Frank A.lL, Geltenbort P., Jentschel M., Kulin G.V., Kustov D.V,, Nosov V.G., and
Strepetov A.N. Acceleration matter effect in neutron optics: first observation and
investigation.

Crawford B.E. On the coincidence measurement in the YAGUAR nn-experiment.

Furman W. Current status of the experiment on neutron-neutron scattering at the reactor.
YAGUAR, Snezhinsk.

Fundamental properties of the neutron, fundamental symmetries

Lyuboshitz V.V, and Lyuboshitz V.L. Low-energy scattering of a polarized neutron on a
polarized proton.

Skorkin V.M. Dipole shift of neutron scattering resonances.

Vasiliev V.V. Neutron lifetime dependence on decay asymmetry.

Fedorov V. Test experiment for the neutron EDM search by crystal-diffraction method .
Voronin V. Diffraction enhancement and new way to measure neutron electric charge and
the ratio of inertial to gravitational mass.

Nikolenko V.G., Okunev LS., Parzhitski S.S., Sinyakov A.V., Tchuvilsky YuM. Is it
possible to study pt-noninvariant effects with no coincidence scheme using thermal neutron
source?

Sedyshev P.V. Measurement of the P-odd asymmetry of y-quanta from the °B(n,a)’Li* ->
Li(g.st.) reaction at heightened frequency of neutron polarization switching.

Thursday, 12.06.08
Nuclear structure

von Egidy T. Nuclear level densities and spin distributions.

Algin E. Level Densities and Thermal Properties of ***"Fe.

Zhuravlev B.V., Titarenko N.N., Trykova V.I. Nuclear interaction dynamics in 56Ff:(a,xn)
reaction.

Sukhovoj A.M., Furman W.I., Khitrov V.A. Status and problems of experimental study of
excited nucleus superfluidity.
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Nuclear data, Methodical aspects

Grigoriev Yu.V.,, Pavlova O.N. Alekseev A.A., Berlev A L, Koptelov E.A.,

Mezentseva Zh.V. Measurements of neutron transmissions and cross sections on the TOF
spectrometers of Moscow meson factory.

Wang Tao Feng, Ranman M. S., Lee Man Woo, Kim Kyung-Sook, Kim Guinyun, Zhu
Li Ping, Lee Xia, Xia Hai Hong, Zhou Zu Ying, Oh Young Do, Cho Moo-Hyun, Ko In
Soo and Namkung Won Measurement of the Total Neutron Cross-Sections and Resonance
Parameters of Natural Molybdenum and Niobium.

Yurevich V.I. Study of neutron emission in high-energy reactions with lead target.

Zhang G., Tang G. Cross section measurement for the "*’Sm(n,a)'“Nd reaction at E, = 5.0
and 6.0 MeV.

Zhang G., Tang G. Measurement of cross sections of the 6Li(n,t)4He reaction from 1.2 to
2.5MeV.

Koyumdjieva N. Evaluation of 2**Th cross sections and self-shielding factors in the
unresolved resonance region (4-140) keV.

Panteleev Ts., Borzakov S.B., Panteleev-Simeonova L. On the possibility of experimental
measurement of the deformation of nuclei in excited states.

Abdurashitov J.N., Gavrin V.N,, Matushko V.L., Shikhin A.A., Vetretenkin LE.,
Yants V.E., Nico J.S., Thompson A.K. The development of segmented high resolution fast
neutron spectrometer.

Parallel session
Nuclear Analytical Methods in the Life Sciences

Duliu O. Instrumental Neutron Activation Analysis Applied to Environmental and Geological
Studies.

Frontasyeva ML.V. Trace element atmospheric pollution in the Balkans studied by the moss
technique, ENAA and AAS.

Gerbish Sh. Insrumental neutron activation analysis for sediments of the central and northern
mongolian rivers.

Nyamsuren Baljinnyam, Gerbish Shovoodoi. Possibility of production of some
radionuclides using bremsstralung of high energy electrons.

Pantelica A. A retrospective review of JINR — IFIN-HH collaborative projects based on
NAA. . :

Karadzhinova A. Air pollution studies in Bulgaria using moss biomonitoring technique,
NAA and AAS. - »

Friday, 13.06.08
Fission-1, Theory-1

Gagarski A. Detailed study of the effects following from rotation of the scissioning nuclei in
ternary fission of 25U by cold polarized neutrons (“ROT” and “TRI” effects).

Petrov G., Gagarski A., Guseva 1., Gonnenwein F. and Bunakov V. TRI- and ROT-
effects in ternary fission as a new way of low energy fission dynamics study.

Danilyan G.V. ROT-effect in binary fission.

Karpechin F.F. Neutron-resonance mixing through the electron shell in (n, ya) reaction;
Right-left asymmetry of radiation from fission fragments.
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Bunakov V.E., Kadmensky S.G. The rotation of the fissioning compound nucleus in
reactions induced by polarized neutrons.

Theory-2

Bunakov V.E., Kadmensky S.G., Kadmensky S.S. The mechanism of excitation of giant
resonances in nuclear fission and t-odd correlations for prescission gamma-quanta.
Barabanov A.L. Symmetries and spin-angular correlations in neutron induced reactions:
elastic, radiative and fission channels -

Nureddin Turkan, Ismail Maras The missing points in calculations of electromagnetic
transitions by using the code PHINT: an example on doubly even palladium nuclei.

Parallel session
Nuclear Analytical Methods in the Life Sciences

Zaichick V., Ermidou-Pollet S., Pollet S. Role of nuclear analytical methods in the
environmental health elementology.

Zaichik V. Neutron activation analysis of trace element contents in the crowns of human
permanent teeth.

Maslov O.D. Multielemental and radionuclides content of moshrooms growing in the forest
ecosystem.

Culicov O. Instrumental neutron activation analysis: interlaboratory comparison based on
short-lived isotopes.

Korokin A.Zh. Assessment air pollutions level in urban areas by using bioindication.

Saturday 16.06.08
Fission-2

Guseva LS., Gagarski A.M., Petrov G.A., Sokolov V.E., Krinitsin D.Q., Valsky G.V.,
Vorobyev A.S., Scherbakov O.A. The estimation of scission neutron parameters from n-f
and n-n angular correlations in 23SU(nm,l‘) reaction.
“Vorobyev A. Measurements of angular and energy distributions of prompt neutron emission from
thermal induced fission.
Hambsch F.-J. *U(n,f) prompt fission neutron spectrum.
Hambsch F.-]., Zeynalov Sh., Oberstedt S., Fabry 1. Fission fragment mass dependent prompt
neutron emission investigation for resonance neutron induced fission of 25U and for B2Cf(sf).
Calviani M. Fission cross section measurements of actinides at CERN n_TOF facility.
Kamanin D.V. Experimental evidences of clustering in thermal fission of 25U.

Pyatkov Yu.V.,, Tjukavkin A.N., Kamanin D.V., Sokol E.A., Kuznetsova E.N. Exotic
high neutron multiplicity modes in Z2Cf(sf)
Maslov V.M. Neutron capture by fissile targets.
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Poster session
Thursday, 13.06.08

Grosheva E., Zaichick D., Lyapunov S., Schevchenko E. Wave-dispersive X-ray
spectrometry of minor and trace element determination in soils of the Khamar-Daban
mountain range.

Krmar Miodrag. Neutron induced activity in low background gamma spectroscopy systems.
Pankratova Yu., Gundorina S. Identification of metal emissions from adjacent point sources
in Northern Norway using moss biomonitoring and factor analysis.

Ostrovnaya T. Air pollution studies in Greece using the passive moss biomonitoring and
neutron activation analysis.

A.L Pantelica, C.R. Badita Low background gamma-ray spectrometry on environmental
samples at GammaSpec laboratory of IFIN-HH.

Blagoeva E. 1., Gustova M.V., Maslov O. D., Marinova S., Filippov M.F. Heavy metal
determination in soils collected near the crossroads in the Plovdiv city, Bulgaria.

Bulavina D.A., Maslov_O.D., Gustova M.V. Determination of microclements and
radionuclides in mushrooms of the forest ecosystems.

C. Oprea, 0.D. Maslov, M.V. Gustova, A.G. Belov, A.L. Oprea, A. Mihul, V. Loghin, C.
Nicolescu, G. Gorghiu. Industrial risk assessment of the toxic and biologic active elements
on agriculture crops using nuclear methods and neural network technique.

C. Oprea, A. Velichkov, A.I. Oprea, D.V. Filosofov. The perturbation of the y-y angular
correlations for HFI and biological researches.

A. L Oprea, C. Oprea, P.V. Sedyshev. Asymmetry effects in the '*F(p,r) reaction.

C. Oprea, M. V.Gustova, O.D. Maslov, A.G. Belov, A.I. Oprea. IGAA and XRF analysis
of Sea lettuce algae samples.

M. V.Gustova, C. Oprea, O. D. Maslov, A.I. Oprea, A. G. Belov. Comparison of inorganic
chemical constituents of different herbal medicines.

C. Oprea, M.V. Gustova, O. D. Maslov, A. 1. Oprea, A. G. Belov. A statistical analysis of
regional oil impacts on environment.

Popesku 1.V., Stihi C., Gheboianu A., Radulescu C., Belc M., Frontas’eva M.,

Culikov O. Atomic Absobtion Spectroscopy and Neutron Activation Analysis methods
applied in environmental studies using mosses as bioindicators.

Anicic M. Active moss biomonitoring of trace elements with sphagnum girgensohnii moss
bags in relation to atmospheric bulk deposition in Belgrade, Serbia.

Krivopustov MLL Investigation of Spatial Distribution of Fission Rate of Natura]l Uranium
Nuclei in the Blanket of Elektro - Nuclear Setup "Energy plus Transmutation” at Nuclotron
Proton Beam at Energies 1.5 GeV.

Krivopustov M.I. Topics on Creation of Accelerator Driven Systems and Investigation of
Transmutation of Radioactive Waste of Nuclear Energetic at Synchrophasotron and Nuclotron
Protons and Deuterons Beams (10-years of Dubna Experience).

Voronin V. Neutron volumetric test of a high perfect crystal quality.

Matsumiya R. Development of the He-II spallation UCN cryostat and UCN Storage
Experiment.

Roccia. R&D on Hg magnetometry for the nEDM experiment at PSL

Okunev LS., Parzhitski S.S., Sinyakov A.V. Tchuvnlsky Yu.M., Study of pt-noninvariant
effects with radioactive sources

Sukhovej A.M., Khitrov V.A. Main parameters of the gamma-decay process and the
property of nucleus "4¥b from the radiative capture of slow neutrons.
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Sukhovoj A.M., Khitrov V.A, Distribution of parameters of the primary y-transition
intensities followmg resonance neutron capture and some properties of the 171159G4
compound nuclei.

Khafizov R.U., Tolokonnikov S.V.,, Solovei V.A., Kolhidashvili M.R. Status of the
experiments on radiative branch of decay.

Kim G.N., Khandaker M. U., Kim K., Lee M. W,, Kim K. S., Cho Y.S., and Lee Y.O.
Production cross section of residual radionuclides by proton-induced reactions on "*Cd and
natFe

Soroko Z.N., Sukhoruchkin S.1., Sukhoruchkin D.S. Compllatlon of neutron resonance
parameters NRF-3.

Alexandrov Yu. A., Oprea C., Oprea A.L Determination of n-e length from neutron
diffraction on a tungsten isotopic mixture in magnetic field.

Mitsyna L.V., Nikolenko V.G., Parzhitski S.S., Popov A.B., Samosvat G.S. Neutron-
electron scattering length extraction from the neutron diffraction data measured on noble
gases.

Tyukavkin A. Measuring of the fragment nuclear charges at the MINI-FOBOS spectrometer.
Svirikhin A. Neutron barell" at the focal plane of the VASSILISSA separator.

Sedysheva M. The systematic study of (n,p) cross-sections for i8 and 20 MeV neutron
energy.

19
A. L Oprea, C. Oprea, P.V. Sedyshev. Asymmetry effects in the F(p,a) reaction.

Oprea I.A. A Monte Carlo Simulation of the Asymmetry Coefficients Measurements in the
(n,p) reaction.

Oprea L.A. Statistical Model Evaluation of the cross section in (n, @) reaction on Zn
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