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Preface

The annual International Seminar on Interactions of Neutrons with Nuclei (ISINN-26) was
held from May 28 to June 1 in Xi’an, the ancient capital of China. This year, for the first time
[SINN-26 was jointly organized by its founder and long-term organizer — the Frank Laboratory of
Neutron Physics (FLNP) of JINR, the Northwest Institute of Nuclear Technology (NINT), Xi'an
Jiaotong University (XJTU) and the Chinese Radiation Physics Society (CRPS). The Seminar
drew the attention of specialists from the major nuclear centers of China — the Institute of Nuclear
Physics and Chemistry (INPC) of the Chinese Academy of Engineering Physics, the Chinese
Institute for Radiation Protection (CIRP), the Chinese Institute of Atomic Energy (CIAE), the
Institute of High Energy Physics (IHEP), universities of Lanzhou, Beijing, Sichuan and others.
The Seminar brought together a large group of researchers from the JINR Member States, as well
as from Egypt, Italy, Pakistan, the Republic of Korea, the United States, France and Japan. The
scientific program of the Seminar included 23 invited talks, 47 oral presentations and 64 posters
presented (for more details, see http://isinn.jinr.ru/past-isinns/isinn-26/program.html).

Opening the Conference, the co-chairman of the Organizing Committee, NINT Director
Prof. Hei Dongwei pointed out that he was very pleased to see the participants of ISINN-26 in
Xi'an, the capital of ancient China, which played an important role in history as a link between the
West and the East. The co-chairman of the Seminar, FLNP Director V.N. Shvetsov, thanked his
colleagues from China for the work done on the organization of ISINN-26 — a conference that
every year for 26 years already has been gathering scientists from around the world. It was
attended by about 170 people from 12 countries. The participants of the Seminar were greeted by
the Head of the Department of International Cooperation and Exchange of XJTU, Prof. Liang Li
and the Honorary Chairman of ISINN-26 W.I. Furman (JINR), who expressed the hope that the
traditional exchange of knowledge between experienced and young researchers will continue. And
the fact that the conference attracted a large number of young people means that neutron research
has a future.

The first plenary sessions were opened with invited talks by W.I. Furman (FLNP JINR)
("Experimental and Theoretical Aspects of Nuclear Fission Induced by Resonance Neutrons"),
V.N. Shvetsov ("Nuclear Planetology"), Tang Jingyu (“Status of CSNS and Back-n White
Neutron Facility”), Giuseppe Tagliente (“The n_TOF Facility at CERN”), Peter Geltenbort
(“Fundamental Neutron Physics at the ILL"), Ruan Xichao (“Progress of Neutron Reaction Data
Measurements at CIAE”), Gong Jian ("Prospects for Studying Neutron Scattering in China").

The second day of the Seminar also included only plenary sessions with invited talks by
AL Frank (FLNP JINR) “Group Delay Time and Neutron Optics”, Yoshie Otake “RIKEN
Accelerator-Driven Neutron Source, RANS and Neutron Application”, S.A. ' Kulikov
“Development of Neutron Detectors for the Spectrometers of the IBR-2 Reactor” and K. Mukhin
“Cold Neutron Source for IBR-2 Reactor on Pelletized Mesitylene Beads”. They were devoted
both to problems of fundamental nuclear physics, and purely practical problems. Lively
discussions were triggered by the reports on research using neutron-activation analysis,
development of neutron detectors and an original cold moderator at the IBR-2M reactor of FLNP
JINR.

The third and fourth days of the Seminar were held in the form of two parallel sessions
and a joint 3-hour poster session. They covered a wide range of issues ranging from the violation
of fundamental symmetries in nuclear fission to discussions of parameters of neutron sources on
high-current proton accelerators operating in Russia and just recently put into operation in China,
as well as experiments on them.

As usual, the session devoted to nuclear fission was very informative, featuring the reports by
Yu.M. Chuvilskii (SINP MSU) (“Resonance Interference as a Common Origin of Pseudo-T-
Noninvariant ROT Effect in Fission and other Neutron-Induced Reactions™), D. Berikov (FLNP



JINR) (“Measurement of T-Odd Effects in the Neutron-Induced Fission of ?**U at a Hot Source of
Polarized Resonance Neutrons in Munich”), N. Carjan (FLNR JINR) (“Acceleration Induced
Neutron Emission from Heavy Nuclei”), Zhiming Wang (Beijing University) (“Study of Five-
‘Dimensional Potential-Energy Surfaces for Actinide Isotopes in the Double-Center Oscillator
Model”), A.M. Vorobyev (RNC K1 PNPI) (“Search for Scission Neutrons in the Measurements of
Angular and Energy Distributions of Prompt Fission Neutrons for #*2U, 2Py and 252Cf”), and
A.M. Gagarski (RNC KI PNPI) (“Angular Distributions and Anisotropy of Fission Fragments
from Neutron-Induced Fission of *2Th, 233235 238 29py_ natpp and 2Bj in Intermediate Energy
Range 1-200 MeV™).

Great interest was aroused by the reports devoted to the study of collinear cluster fission
presented in the reports of Yu.V. Pyatkov (FLNR JINR) “Manifestation of Pear-Shaped Clusters
in Collinear Cluster Tri-Partition (CCT)” and D.V. Kamanin (FLNR JINR) “Detailed Analysis of
the Data Indicating True Quaternary Fission of Low Excited Actinides™. Unusual properties of
this exotic nuclear fission mode still trigger heated discussions and criticisms, which, in turn,
initiate new experiments.

In other parallel sessions the reports made by V.N. Shvetsov on the results of the search
for water on Mars by NASA’s Curiosity rover using an instrument developed by the Space
Research Institute of RAS with the participation of FLNP and LRB of JINR, and by
Prof. Chaogiang Huang (INPC) about neutron reflectometry studies at the CMRR research reactor
were met with great interest. A large number of results were presented on the preparation of
measurements and first experiments on the new Chinese pulsed neutron source CSNS (reports by
Yonghao Chen, Taofeng Wang, Liying Zhang and Ji¢ Bao) and at the spallation neutron source
RADEX of INR RAS in Troitsk (report by D.V. Khliustin).

Lively discussions were sparked by the reports of E.V. Lychagin (FLNP JINR), Lv Ning
(RFUE, China), Wenshou Zhang (NINT), Dongming Wang (University of Xi'an) and Li Xuesong
(NINT) devoted to the development of promising experimental techniques. The wide geography
of the speakers of the session dedicated to the application of neutron activation analysis in
ecology and archeology inspired an active discussion of the presented results.

Many interesting talks were presented at the session devoted experiments with fast
neutron. Long-term collaboration of FLNP group led by Yu.M. Gledenov, the team from NRC
NUM (Ulaanbaatar) led by G. Khuukhenkhuu and the group from IHIP PU (Beijng) led by
Guohui Zhang reported new results of (n,a)-reaction study. Xuesong Li from NINT reported on
feasibility analysis of unfolding fast neutron spectrum by using (n, n'y)-reaction.

During a three-hour poster session, there was an opportunity to discuss in detail a lot of
interesting experiments performed by numerous young Chinese participants of the Seminar, as
well as by researchers from other countries. Among them we note the talks of N. Fedorov (FLNP
JINR) on new results obtained with tagged neutrons, Lv Ning (RFUE) about design and
implementation of Matryoshka-type neutron spectrometer, D.N. Grozdanov (FLNP JINR) on use
of resonance neutrons from IREN source for prompt NAA.

Summing up the results of the conference at the final plenary session, NINT Director
Hei Dongwei and FLNP Director V.N. Shvetsov noted the success of the first experience of
hosting the International Seminar on Interaction of Neutrons with Nuclei, ISINN-26 in China and
expressed the hope for the implementation of plans for further joint organization and holding of
future meetings of this series. This will help to strengthen and develop real cooperation between
JINR and institutes and universities of China.

All ISINN-26 organizers are looking forward to the next ISINN meetings at Dubna and
China.

Co-chairman of ISINN-26
V.N. Shvetsov
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Group Delay Time and Neutron Optics

A. Frank"", V. Bushuev’

! Frank Laboratory of Neutron Physics, Joint Institute for Nuclear Research, 141980, Dubna, Russia
2 Lomonosov Moscow State University, 119991, Moscow, Russia

*frank@nf jinr.ru

The concept of group delay time (GDT) was introduced into the theory by D. Bohm and E.P.
Wigner as a measure of time shift of a wave packet interacting with a stationary potential
structure. It was widely used in the analysis of a number of quantum problems, at the same
time playing the role of some sort of “theoretical clock". Later on, A.l. Baz proposed to
measure the time of scattering by the potential of a particle with a magnetic moment,
calculating the precession angle in a magnetic field presets in the potential region.
Subsequently, it became clear that neutron experiments enabled implementation of the
Larmor clock based on the constant precession frequency, and the Larmor time measured by it
was closely related to the GDT. In the case of neutron reflection from resonant multilayer
structures, the GDT can be much longer than in the case of total reflection. Moreover, under
certain circumstances, it can be negative. The latter can also be measured by the Larmor clock
method. In addition, the GDT concept has proved useful for clarifying new aspects of neutron
wave propagation in a refractive matter.

Introduction

The problem of interaction time in quantum mechanics has been the subject of intense
discussion for many decades. Apparently, for the first time, the question of how much time a
particle spends in the potential region was formulated in [1]. In the 50s, the concept
‘interaction time’ acquired its mathematical formulation in the works by L. Eisenbud [2], D.
Bohm [3], and E.P. Wigner [4]. To date, the number of publications devoted to this problem
has reached several dozens. In this paper, let us refer only to reviews [5, 6]. The diversity of
opinions expressed in this discussion is largely due to differences in the definition of the
physical clock or time measuring procedure.

A very common definition of interaction time going back to works [1-4] is the so-
called group delay time (GDT), formerly often referred to as ‘phase delay time’

At=h(dg/dE), (M)

where ¢ is the phase shift of a plane wave passing between points x/ and x2 that enclose the
area of interaction (potential). Formula (1) corresponds to the total time spent by the particle
when passing between x/ and x2, including delay t associated with the interaction itself.
Obviously, to determine the actual time of interaction, it is necessary to subtract the time of
free propagation in the absence of potential.

An important step in the study of the issue was made in 1966 by A.L. Baz [7].
Referring to the problem of the time of particle scattering on a spherical potential with
effective range ro, he defined the quantum clock as follows: “Let us suppose that inside a
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sphere R > rg there is an infinitely small homogeneous field B directed along the Z-axis, and
for » > R field B equals zero. Moreover, let us assume that the scattered particles have a spin
s=1/2 and a magnetic moment p=2sp. Let the spin (and the magnetic moment) of the particles
incident on the potential be polarized along the X-axis. If the particle enters sphere r=R,
where field B is in effect, the magnetic moment begins to precess with the Larmor frequency

o= 2uB/n. @)

Therefore, the spin of the particles scattered and gone beyond sphere r=R will be rotated
through a certain angle 0 relative to its initial direction. One can calculate this angle and
consequently find the average time spent inside the sphere r=R: {(E) = 6/w».

The ‘Larmor time’ measured by such a clock has a close connection with the GDT.
Indeed, the angle of the Larmor precession 6 can be identified as phase difference A¢ of the
two wave function components corresponding to the two values of the spin projection on the
Z-axis, which differ in values. According to A.l. Baz, having determined the time delay
associated with the interaction as 4¢; = Ag/w, and taking into account that in (2) 2uB=AE,
we obtain 4¢t; = h(A@/AE) that coincides with (1) in the limit B — 0.

V.F. Rybachenko used A.l. Baz's method to calculate the time during which the
particle tunnels through the potential barrier [8]. Owing to works [7, 8], the term ‘Larmor
clock’ has become deeply embedded in scientific literature.

Larmor clock and neutron spin echo

With a progress of a technique of neutron experiment, it has become possible to put the
Larmor clock into practice. To measure the time of neutron interaction with an object by
means of this method, the object should be placed in an area with a magnetic field, where the
neutron spin should precess. We assume that the magnetic field is normal to the plane of the

spin. Thus, the task is to measure the precession angle 6 = o1, where t is the measured .

interaction time. In this case, the complete precession angle is determined by the time spent in
the precession region ® =, (r+ 1), where the time of flight f = L/V, V'is the velocity, and L is

the length of the region with the magnetic field. With a reasonable length L, time t is several
orders of magnitude shorter than time of flight #. The relative smallness of 1 together with the
. requirement of practical measurability of phase 6 imposes a lower limit on the Larmor
frequency ®.. Therefore, the w;f factor becomes sufficiently high. This means that in such a
measurement it is necessary to ensure a very high degree of beam monochromatization, so
that the dispersion of the Larmor phase was not too high: A® L =0 Lt(Av/v) <<1, Otherwise,

the beam will be depolarized and the measurements will become impossible. In practice, this
requirement is difficult to meet, since the necessary degree of monochromatization leads to
unacceptably great intensity loss.

The problem of monochromatization can be avoided by using the neutron spin echo
method [9]. In this case, neutrons pass not one, but two precessing paths of the opposite
precession direction successively. If the neutron velocity is constant all the way, the total
Larmor phase becomes zero for all neutron velocities, provided

[Bde= [Bde 3.

L L,
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The degree of monochromatization is limited only by the extent to which condition (3) can be
fulfilled. Placing the sample in one of the precession path results in a phase change by o,T.
Several experiments based on this idea were carried out using the spin-echo spectrometer of
the Laue-Langevin Institute [10-12]. The Larmor clock method was applied applied to
measure the time delay caused by the difference between the classic neutron velocity in
vacuum and in a refractive medium. In this experiment, the time measurement error was
3.7x107'° seconds, despite the fact that the total time of neutron flight through two regions
with a field was 0.017 seconds, i.e. eight orders of magnitude longer. In addition, the time of
Bragg reflection from a multilayer periodic structure and the time of tunneling at the
resonance of a quasi-bound state in a three-layer structure analogous to a Fabry-Perot
interferometer were measured. In these cases, the delay measured by the Larmor clock was
about 107 seconds.

Fig.1. Design of the experiment on the measurement of the delay time of the sample
passage, using the Larmor clock method. 1 — velocity selector, 2 - polarizer, 3 - n/2-
flippers, 4 — precession solenoids, 5-n-flipper, 6 — analyzer of polarization, 7 — position-
sensitive detector, 8 — multilayer mirror monochromator, 9 — sample location. Below is
the position of the sample in one of the two beams shaped by the aperture.

Group delay time at reflection from resonant structures

The characteristic delay time of total neutron reflection is about several nanoseconds. To
significantly increase the GDT in [13] it was proposed to reflect neutrons from multilayer
structures. As a result of multiple interference and formation of standing waves in such
structures, one can also speak of emergence of resonant modes.

Fig. 2 shows the calculation results for the neutron reflection from two three-layer
Ni/Ti/Ni structures with the parameters indicated at the top. Structure 2 differs from structure
1 in the first and the third layers being swapped. In both cases, a sharp and sufficiently deep
dip associated with excitation of the waveguide mode is observed on the reflection curve in
the vicinity of 144 neV. For structure 1, the derivative of the phase has its maximum in this
point, which corresponds to the GDT 1, = 370 ns. For structure 2, the reflection phase has a
pronounced S-shaped form with a negative derivative in this region, which leads to a negative
delay time with T, =—85 ns. However, the negative value of the GDT does not contradict
the principle of causality [14,15). The two lower plots of Fig. 2 show the calculation results
for the short-time pulse reflection — the Gaussian wave packet — from the same structures. It
can be seen that in the case of the negative GDT (the right lower plot), the maximum of the
reflected packet does slightly outpace the maximum of the incident flow. However, it occurs
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due to a change in the pulse shape. The difference in the areas under the curves is obviously
due to the neutron passage through the structure
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Fig.2. Above: reflection coefficient and the GDT for three-layer structures differing in
the order of the layers. Below: relative magnitude and time relations between short
wave packets incident and reflected from the same structures.

Group delay time and neutron velocity in a refractive substance

Above, we mentioned the measurement of the neutron GDT conditioned upon refraction in
the sample. Let us consider this question in more detail. Suppose that a neutron passes
through a refractive sample of length L with a refractive index n(kg). Let us define the medium

dispersion law as k=F(k}) and calculate- the neutron velocity in the medium v= L/r,
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where T is the time of passage through the sample. Using group time (1) as the latter and
taking into account that the phase shift 4@ can be obviously determined as A® = kL, for the
velocity in the medium we obtain

h -1
v=—(F}). 4
e GRS @
where m is the neutron mass, and F'=dF / d(k?). Thus, the velocity in the medium depends
not only on the refractive index n, but also on the medium dispersion law. From (4) it follows
that by demanding fulfillment of v= nv,, we immediately face the requirement &’ =&; + 1,
where #? is an arbitrary constant. Therefore, the relation that was considered as obvious turns

out to be valid only for the potential dispersion law. For very slow neutrons, the following
dispersion law form is valid:

k? =k; —4npb, )

where p is the number of nuclei per unit volume, and 4 is the scattering length. Nevertheless,
in the case of thermal neutrons, the form of the dispersion law may differ significantly [16].
The result is easily comprehended. Keeping in mind that the nature of the refractive
index for any type of waves is associated with interference of primary and secondary waves
Q\ generated by the scattering by nuclei inside the medium, it is natural to assume that the
neutron in the medium is not a true particle, but a quasi-particle with an effective mass m*.
"Q\ Supposing that the neutron velocity is v= #k/m*, we get the following relation from (4)

AN _ m* = 2mkF", ©)

and for the potential dispersion law, m*=m is valid. It also should be noted that from the
proportionality of the effective mass of the dispersion function derivative, it follows that the
mass itself can be negative. In a refractive medium, a negative effective mass can appear in
the case of resonant behavior of the scattering amplitude.

This work was partly supported by Russian Foundation for Basic Research (project 19-02-
00218).

References

L.A. MacColl, Phys. Rev. V.40, 621 (1932).

L. Eisenbud, Dissertation, Prinston, June 1948 (unpublished).

D. Bohm, in Quantum Theory, Prentice-Hall, New York, 1951. P.257-261.

E.P. Wigner, Phys. Rev., V. 98, 145 (1955).

E.H. Hauge, J.A. Stevneng, Rev. Mod. Phys., V.61, 917 (1989).

R. Landauer, Th. Martin, Rev. Mod. Phys., V.66, 217 (1994).

A.l. Baz’, Sov. J. Nucl. Phys., V.4, 182 (1987); Yad. Phys., V. 4, 252 (1966).

V.F. Rubachenko, Sov. J. Nucl. Phys., V.5, 48 (1987); Yad. Phys. V. 5, 895 (1967).
Neutron Spin Echo, edited by F. Mezei, Lecture Notes in Physics. Vol. 128, Springer,
Heidelberg, 1980.

R g e N

| F AVIHO, TEXHIUECKAS:
BUELAOTEKA

Touan




10. A I Frank, 1.V. Bondarenko, A.V. Kozlov, P. Hoghgj and G. Ehlers, Physica B, V.297,
307 (2001).
11. A.L Frank, I.Anderson, L.V. Bondarenko, A.V. Kozlov, P. Hoghgj and G. Ehlers, Phys. of
At. Nuclei, V. 65, 2009 (2002).
12. AL Frank, L.V. Bondarenko, V.V, Vasil’ev, I. Anderson, G. Ehlers, P. Heghgj, JETP
- Letters, V.75, 705 (2002).
13. AL Frank, Journal of Physics: Conference Series, V.528, 012029 (2014).
14. V.A. Bushuev, A L Frank, X-ray optics 2014 (Chernogolovka) 31-33.
15. V.A. Bushuev, A L Frank, Physics-Uspechi, V.61, 952 (2018).
16. V. F. Sears, Phys. Rep. V.82, 1 (1982).

18

Parity Violation Effects in Capture Process of Slow Neutrons on Lead
Nucleus

A.l Oprea, C. Oprea, Yu.M. Gledenov, P.V. Sedyshev
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141980 Dubna, 6 Joliot Curie Street, Moscow Region, Russian Federation

Abstract. In the capture process of slow neutrons by 2%ph nucleus, asymmetry of emitted
gamma quanta was evaluated. Using theoretical and experimental data on scattering and
capture process of slow neutrons new information about weak matrix element and negative
resonance were extracted.

INTRODUCTION

The measured parity breaking effects, in neutrons scattering were the following: spin
rotation per unit length of emitted neutrons for initially transversal polarized neutrons
(d®/dz) and polarization of emitted neutrons of initially longitudinal polarized neutrons (P)
[1]. Preliminary results on capture process are published in [2]. Lead nucleus has a few
isotopes but only the isotope 2**Pb is responsible for parity breaking effects [3]. Relations of
definitions of PV effects together with their theoretical expression can be found in [4, 5].

In the capture and scattering process of slow and cold neutrons on Lead nucleus were
observed some unexpected large experimental spatial parity violation (PV) effects in
comparison with theoretical evaluations. The differences between theoretical and
experimental data were explained by the presence of new, unknown negative P-resonance
near neutron threshold [3].

In the present work experimental data and theoretical evaluation of neutrons scatteting
and capture processes of PV effects on 29pp were analyzed. Possible existence of a negative
resonance was confirmed. Matrix element of weak non leptonic interaction was also
extracted.

THEORETICAL BACKGROUND

Parity breaking effects were calculated in the frame of the “resonance-resonance”
model. According to this approach, PV and asymmetry effects can be observed in the
presence of compound nucleus resonances with the same spins and different parities. Parity
breaking effects, coming from weak non leptonic interaction between nucleons, in nuclear
reactions are going in the presence of strong interaction which is parity conserving. As it is
expected that weak interaction is 2—4 order of magnitude lower than strong nuclear
interaction and therefore PV effects have very small values (107-10*) which are difficult to
measure in experiment. Using nuclear reaction induced by slow neutrons with formation of
compound nucleus in the presence of resonance, PV effects are amplified and they can reach
even tens of percents values. A comprehensive description of parity breaking effects and their
amplification mechanisms can be found in [6, 7].

In the capture process of slow neutrons by 24pp pucleus, the asymmetry of emitted
gamma quanta A,, is defined as [3, 4]:



+ -
Uny - anr
4, =,

o, +to,

6]

where: 6, ,0, are neutron capture cross sections with initial longitudinal polarized neutrons

with spins parallel (+) and anti-parallel (-) with the direction of incident neutrons.
Cross sections are evaluated based on the amplitude capture process described in

[6,7]. The amplitudes of neutrons capture reaction involving spatial parity breaking process
(f, £ have the following expression [4, 6, 7]:

ffif(En)NWsP rrn rr T
[(E—Es)+i75][(E-E,,)+i7"
LTS

{(E—ES)HEZS—}[(E-E,,)H%

where Wsp is weak non leptonic matrix element. Wgp ~107-107 eV<<l; Esp is energy of S
and P resonances, respectively; I ,,S I ,,P are neutron widths corresponding to S and P states of

]Exp(w;‘ -¢’), @)

Ppﬁ (En ) ~Wsp

]Exp(ﬁ ~o!), 3)

compound nucleus; T rs I ,” are gamma widths in the S and P states; [;,T, are total widths for
S and P states, respectively (I =TI +T7 + T, +T7 +...., T, =) +T) +T7 4T +...);
@S, 0! are S and P neutrons phases; @, ¢/ are S and P gamma phases.

Relation (2) represents the capture of neutrons with orbital momentum 1=0 (s-
neutron), followed by formation of a compound nucleus in S states. Further, due to weak
interactions between nucleons in compound nucleus a gamma quantum is emitted from a P
state of compound nucleus. Expression (3) describes the process when neutrons with orbital
momentum I=1 (p-neutron) are captured, a compound nucleus in a P state is formed, followed
by emission of gamma quanta corresponding to an S state of compound nucleus due to the
weak interactions between nucleons.

In comparison with expressions (2) and (3), the amplitudes describing nuclear strong

interaction, which are parity conserving ( £, f.) are shown below, [4, 6, 7].

- R 1
frc'“_“'—s’ fch—_———_IT G
(E ES)+12 (E EP)+,_2_

Relations (4) describes the nuclear process which is parity conserving (PC). In the
capture process of an s-neutron (or p-neutron), an S (or P) compound nucleus is formed,
followed by gamma emission corresponding to S (or P) states of compound nucleus.

For a better understanding of PV and PC phenomena, in the amplitudes from (2-4)
expressions, sums of Clebsch-Gordan were not shown. From (2—4) formulas it is obvious that
parity breaking and asymmetry effects are coming from the interference of amplitudes
described above. Furthermore, theoretical evaluations on other nuclei and reactions like (n,p),

(n,n), (n,c) have demonstrated that asymmetry and PV effects can be observed near P
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resonances. Also, in the resonances, where the cross sections have maximal values the effects
are equal with zero. Between resonances, where the cross sections have small values, the
effects can reach maximal values. From these, can be concluded that the measurem_ents of PV
effects which are acting in the background of nuclear forces, represents a very difficult and

accurate task [2], [4-8].

RESULTS AND DISCUSSIONS

Asymmetry of emitted gamma quanta in 2%Pb(n,y)**Pb capture reaction from s!ow
and cold neutrons up to 500 eV was evaluated in accordance with relation (1). Cross.se.ct}o.n,
for parallel and anti-parallel spin orientation of incident neutrons relative to their initial
direction was calculated applying Flambaum-Sushkov approach [4-8]. Were analyzed also
the influence of first 10 resonance of **’Pb compound nucleus and it was concluded that for
incident cold and slow neutrons contribution to the PV effects are coming only from the first
2 resonances, an S and P resonance respectively. Energy, spin and parity of S and P states of
compound nucleus are respectively: Es = —2980 eV, J™ = (1/2)" and Es =450 €V, M=y
[9]. Taking into account all above, using the two levels approximation in the frame of tbe
formalism of the mixing states of the compound nucleus with the same spins and opposite
parities, asymmetry of emitted gamma quanta (A,) has the form:

4, = W AT enc EVSIPoL(E ) oH(E). )
emelE) = (B, = B, )Coslan(E, |- 2 sinlaolE,), s
Is]=(-£) +°5. [Pl=(E-E,} + £, 62
ol(E,)= g4 T IS]", 04(E,)=g,2L 1) [P]", (5.3)

gs =27+ +1X2s + 1), g, = (4, +1)(27 +1)2s + )], (5.4)

where: A, is reduced neutrons wave length; J = J, =1/2 are spins of compound nucleus in
S and P states, respectively; / = 0 is spin of target nucleus; s =1/2 is neutron spin.
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Fig. 1. Energy dependence of A,
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Neutrons energy dependence of the asymmetry of emitted gamma quanta is
represented in Fig. 1.

In the vicinity of P-resonance (Ep = 480 eV), A, has maximal value and is decreasing
quickly faraway from resonance. In the resonance A(E,=Ep=480eV)=0.

In reference [5] parity breaking effects like polarization of emitted neutrons (P) and
neutrons spin rotation (d®/dz) in the scattering of cold and slow neutrons were analyzed.
Using neutrons resonance parameters from [9] a serious difference between experimental
data [1} and theoretical evaluations [5] was observed. Results are shown below.

dq)theor , ) "
= (B, =3.27-107e¥)=+2.41-10"rad /cm— >
Iz
do*® ©
= (£,=3.27-107e¥)= (2.47£0.23)-10"*rad /cm
Z

P (£, =1.767-107V )= £1.41-10*~ > P*(E, =1.76-107V)=(0.7£0.8)-10° ()

Due to undetermined phases sign, the :sign appears in the expression of theoretical
evaluation. The high difference between theoretical and experimental data, in resonant-
resonant approach, was explained by the presence of a negative P-resonance near the
threshold. Based on qualitative analysis of only polarization data (P), the energy of new P-
resonance was suggested to be, Ep = ~16 eV [3]. It was clear that new data are necessary to
be included because in reference [3] the value of weak matrix element Wsp was supposed to
be of order of 10 eV.

In [5] the authors added theoretical and experimental data of neutrons spin rotation
(see (6) and (7)) and for the first time the energy of P-resonance and the value of weak matrix
element were extracted. The obtained results are the following;

E,=-18eV, W, =279-10"¢V )

Results from (8) are obtained by neglecting capture channel in the case P-resonance.

In reference [2] gamma asymmetry (A,) was measured and cannot by higher than a certain
value as shown below:

A4°(3.27-10%)=5.107 ©)

From here, result that capture data are necessary to be added. Therefore, using
expression (5) together with existing measurement (9), scattering theoretical and
experimental data of (P) and (d®/dz) (see (6), (7)), weak matrix element Wsp, energy of P-
resonance Ep and gamma width Fr" were extracted and their values are the following:

E, =-23eV, W, =3.40-107¢V, 7 =4.73.10%eV (10)
Considering scattering and capture theoretical evaluations and existing experimental

data the hypothesis of the existence of a P-negative resonance near the threshold is once
again confirmed. The effect of the presence of the new P-negative resonance is very difficult

to observe in the cross section due to the very small value of gamma width (F,P) (see (10)).
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CONCLUSIONS

Capture and scattering PV process of slow and colfi neutrons on **Pb nucleus were
analyzed. Theoretical data of PV process were evalu.ated in the f'rame of the model of the
mixing states of compound nucleus with the same spin and opposne parities and- two levels
approximation. From calculated PV effect§ and existing experimental data the existence of a
P-negative resonance near the threshold is confirmed. The values of P-resonance energy,
weak matrix element and gamma width were also extracted. Due to the very low values of
pV effects their measurements are very difficult and presented dat? have large. absolfne
errors. For the improvement of future results are necessary new experimental data in a wide
energy range which can be obtained at high intensity neutrons sources.

The present work represents a proposal for new PV effects measurements both at
basic facilities of FLNP JINR in Dubna and of neutron centers abroad.
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Annotation

This report aims to research the influence of the ionic background on registration of
radiative neutron decay events and the measurement of its branching ratio (B.R.). Our
methodology is focused on measuring the spectra of triple coincidences of radiative gamma-
quantum, beta electron, and recoil proton and double coincidences of beta electron and recoil
proton. The peak on the spectrum of triple coincidences shows the number of radiative
neutron decays, while the peak on the spectrum of double coincidences shows the number of
regular neutron beta-decays. This methodology enabled us to become the first team to
measure the branching ratio of radiative neutron decay B.R. = (3.2 + 1.6)-10” (where C.L. =
99.7% and gamma quanta energy exceeds 35 keV) in 2005 on our old experimental
equipment.

We have now prepared a new experiment on radiative neutron decay with the aim of
measuring B.R. with a high degree of precision. The. precision of branching ratio
measurement is determined using the value of the ion background. The spectrum of double
coincidences obtained in our experiment shows a fairly significant ion background, the
fluctuations of which indicate the precision of measurement for the number of recoil protons.
Because the ion background specifically is quite significant, it appears even under super deep
vacuum as beta electrons ionize the highly rarified air inside the chamber. The value of ion
background very slowly decreases with decreasing density of air inside the equipment. For
example, our experimental data lead to the conclusion that the value of the ionic background
is significant when compared with the value of the proton peak and on the other hand
decreases only by 5-6 times if the pressure within the chamber goes down by two orders of
magnitude. Besides, we discovered an additional wide peak on the spectrum of triple
coincidences. This peak consists of delayed gamma quanta created during the jonization of
rare gas by beta-electrons.

Thus, this experiment allows us to study another important phenomenon, the ionization
of rarified gas by beta electrons with emission of gamma quanta. Our last experiment showed
that these two phenomena, radiative neutron decay and ionization with gamma quanta
emission, are distinguishable in the case of high time resolution and can be studied separately.
This is another important result of our last experiment and in this report we mention that the
authors of articles registered namely the jonization with gamma radiation events.

This report is dedicated to a discussion of the computer experiment we conducted using
the well-known GEANT4 software package. As a result of these calculations, we
demonstrated that the value of the ionic background is proportional to the cubic root of the
rarefied air density within the equipment, i.e. it changes very smoothly in relation to the
pressure within the chamber. Besides, the report presents a comparison of our measurements
of double coincidences and triple coincidences, with two other experimental groups.
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Introduction

Presently, the characteristics of the ordinary decay mode are fneasured with pr_ecision of
tenths of a percentage point. Under these circumst.ances, the expe'rlmt'antal 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 the experimental research of the ordinary mode of neutron decay
have exhausted their usefulness for testing the standard model. To test the theory of
electroweak interaction independently, it is necessary to move from the research of the
ordinary branch of decay to the next step, namely, to the experimental research of the

jative decay branch. .
radlan’}]ﬁe rad}ilative decay branch of elementary particles, where an additional particle, a
radiative gamma quantum is formed along with the regular decg)f products, has been
discovered for practically all elementary particles. Thi§ has been f:.mlntat'ed by t!'\e fact th'fit
among the rare decay branches the radiative b‘ranch is the most intensive, as lts.value is
proportional to the fine structure constant o and is only.several percent of'th.e intensity of the
regular decay mode (in other words, the relative intensity B.R. of the radiative decay branch
has the value of several hundredths of a unit.) .

However, for the neutron this decay branch had not been discovered until recently and
considered theoretically only [1-4]. Our first attempt to register the radia.tive neutron decgy
events was made on intensive cold neutron beam at ILL [5]. But our experiment conc{ucted in
2005 at the FRMII reactor of Munich Technical University became the first experiment to
observe this elementary process [6]. We initially identified the events of radiative neutron
decay by the triple coincidence, when along with the two r.egular particles, beta electron gnd
recoil proton, we registered an additional particle, the radiative gamma quantum

n—pt+te +v+y,

and so could measure the relative intensity of the radiative branch of neutron decay B.R..=
(3.2 £ 1.6)-10° (with C.L.= 99.7% and gamma quanta energy over 35 keV; before this
experiment we had measured only the upper limit on B.R. at ILL [5]).. o )

The main characteristic of any rare mode of elementary particle decay is its rel'auve
intensity, branching ratio (BR). By definition, BR is equal to the ratio between the intensity (.)f
the rare decay mode and the intensity of the ordinary mode. In the case .of neutron, this
intensity ratio can be reduced to the ratio between the number of triple coincidences between
the registration of beta-electrons, radiative gamma-quantum and the delayed proton Nr to the
number of double coincidences between the registration of the ordinary decay products, beta
electron and recoil proton Np: :

BR = [(radiative decay) / I(ordinary decay) = N(e,p,y) / N(e,p) = Nt/ Np,

These two values can be determined only from the analysis of doubie and triple coincidences
spectra, which form corresponding peaks. Identifying these peaks and distinguishing them
from the significant background is the central problem in the methodology of BR
measurements for neutron radiative decay. .

Further, this experimental BR value needs to be compared with the theoretical value;
estimated within the framework of the electroweak model. Any difference between these two
values would mean that we are observing a deviation from the electroweak interaction theory.
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Our group calculated the neutron radiative spectrum in the framework of standard
electroweak theory in the following papers [1-4]. The calculated branching ratio for this
decay mode as a function of the gamma energy threshold was published in these papers. BR
value for the energy region over 35 keV was calculated to be about 2.1-107.

It follows that to measure the main characteristic of radiative neutron decay it is
necessary to obtain and analyze the spectra of double and triple coincidences. So, it is
necessary to consider the main particularity of these spectra — the ion and gamma
backgrounds.

Let us consider in detail the question around the value of ion background in the
experiment on radiative neutron decay, namely, its value in the spectrum of double
coincidences of electron and proton. Theory makes it clear that the number of ions created by
an electron that spreads in the media of its path with length of L is equal to N;,,= L/A. Here, A

is the length of the electron’s free path in media with molecular density n. If ionization cross

section of media is oj, then the length of the free path is inversely proportional to the product
of media density to the cross section A = (ng;)". On the other hand, if the probability of the
one media atom ionizatin is P(n), then the number of ions Nj,, created when the electron cross
the media equals the product of this probability to the total number N of atoms on the electron

trajectory length L. This number is equal to the ratio of the trajectory length L to the average -

distance between nearest atoms of media £ = n”'?

the following chain of equations:

with density n: N = L/£. Thus, we arrive at

Nion=7 = Lng; = P(n)N = p(n)§ = P(r)Ln3.

L
2
Thus, the classic probability of ion creation per one media atom with density n is equal to the
ratio between the two areas — that of ionization cross section o; to area S = 02>, the area per
one media atom: P(n) = /S = o;n?>,

This formula occurs in the simplest model of a “perfectly black sphere”. Introducing a

random value, aim distance p, leads to the probability of ionization dependent on that aim
distance of P(p) = 1 for all aim distances shorter than the atom radius a = (o/r)"” while for
greater aim distances probability of ionization is 0 (see Fig. 1).

Pp)

1 .
7

: ~—
: T

)

a £ P
Fig.1. The dependence of the ionization probability on p. For the usual model: P(p) = 1 for p < a and
P(p) =0 for a < p < #; for Coulomb interaction model P(p) =1 and P(p) = a/p fora <p < 4.

However, in the case of ionization process in highly rarefied media this simple model
becomes inaccurate as it does not take into account Coulomb interaction, which may have a
fairly long “Coulomb tail” inversely proportional to the aim distance. In this case, one must
consider a more realistic model where probability P(p) is not zero, when the electron flies by
the atom without touching it, i.e. at aim distances p greater than a. So, it is necessary to
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consider the long “Coulomb tail” of distribution P(p), which falls inversely proportionally to
the aim distance (see Fig. 1). Thus, the total ionization cross section will depend on density
and have an additional term, inversely proportional to the cubic root of media density n:

o e g la
O = ] d(pf pdp +j d:p] ;pdp =na® + 2n6(l - 0) = —na® + Inal = ~g; + 2(n;)n 2
0 0 0 a

The probability of ionization per one atom will be: P(n) = cm..n;//; = -; 0%+ 2(nop) 20",

It is evident that in extremely rarified media where o;n"" is significantly below 1, the
second member of this formula leads and significantly exceeds the first. Thus, probability of
jonization of one atom becomes proportional to the cubic root of density (pressure), .i.e.
depends on density in a very smooth way. This, in turn, leads to a gradual reducing (_)f th‘e ion
background dependency on density and this background cannot be ignored even in highly
rarified media. For example, a fall in pressure within the experimental setup of two orders of
magnitude leads to a fall in the ionic background equal to the cubic root of pressure, i.e. 4-5
times. Our experiment observed exactly this behavior of ionic background and, as we’ll show
later in this report, such smooth dependency on density is experimentally demonstrated when
measuring spectra of double coincidences obtained by our and emiT groups.

Analysis and comparison of double coincidences spectra

Here let's pause to analyze the spectra of double coincidences between beta-electron
and recoil proton, and compare our spectrum with the results obtained by other authors. We
have published the diagram of our experimental equipment in the past [5-6, 8]. Here we will
simply note that in its sizes our equipment is comparable to the equipment used by the two
other groups and the distance between the observed decay zone and the proton detector in our
equipment is about 0.5m. The accelerating potential of the electric field is also approximately
the same in all three equipment sets, so ail three experiments should lead to similarly forms of
double and triple coincidences spectra. )

Fig.2 demonstrates the summary statistics on double e-p coincidences (coincidences of
electron with delayed proton). Fig.2 clearly shows two major peaks: one peak with a
maximum in channels 99-100, which is the peak of zero or prompt coincidences [6, 8]. The
position of this peak marks the zero time count, namely the time when the electron detector
registered the electron. This peak is not physics-related in its nature. Instead, it is a reaction of
the detectors and the electronic system to the registration of the beta electron. It is namely the
pulse from the electron channel that opens the time windows on spectra Fig.2 for 2.5 ps
forward and backwards. The next peak visible in Fig.2 has a maximum in channel 120 and is
the peak of e-p coincidences of beta-electron with delayed proton.

An analogous situation was observed in experiments on the measurement of the
correlation coefficients by two independent groups at ILL [10] and emiT group at NIST [11],
and it was also mentioned at [12]. We would especially like to emphasize the correspondence
of our spectrum of double coincidences with an analogous spectrum from the result obtained
by the emiT group from NIST [11]. In Fig.3 we present their spectrum and diagram for the
registration of the beta electron and the recoil proton. A comparison of our results with the
results of the emiT group shows their unquestionable similarity. Moreover, the position of the
second proton peak in Fig.3 (emiT group), like in Fig.2 (our result), corresponds well to the
simple estimate obtained by dividing the length of a proton trajectory by its average speed.
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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.

Here we will also note the presence of a significant homogenous ionic background in
Fig.2 and Fig.3. However, in both cases this background allows to easily distinguish the
neutron decay peak. As we will shortly demonstrate, this ionic background will play a
dominant role in the presence of a strong magnetic field and it will become impossible to
distinguish events of ordinary neutron decay against it.

Following Avogadro’s law, even in the case of a very deep vacuum under pressure of
10°-10® mbar, air molecule concentration remains very high. In fact, it is sufficient for beta-
electrons produced in neutron decay to create a significantly high ionic background. Here one
must note that the probability of jon creation along the trajectory of beta-electron in inverse
proportion to the average distance between neighboring ions, i.e. proportional not to the
molecule concentration but to the cubic root of this value. From this observation it follows
that the value of the ionic background does not significantly depend on the vacuum conditions
inside the experimental chamber. In our case, pressure was two orders of magnitude greater
than the pressure in the emiT experiment. However, we observed an ionic background of only
4-5 times their background. This estimate is confirmed when one compares the spectra in
Fig.2 and Fig.3. Our spectrum, presented in Fig.2, has a 1:! ratio of the value of e-p
coincidences peak and the value of the background. The emiT group (Fig.3) spectrum has a
ratio of 4:1 - 5:1, i.e. only 4-5 times our number, that is equal to the cubic root of pressure
ratio in both teams’ work (see Introduction).

We will present the specific calculations using the GEANT4 package in a separate
paper, where we will consider the ionization process in more detail. It is noteworthy that in
our case it is impossible to isolate and track individual tracks of electrons ionizing the residual
air in the chamber due to their multiple reflections and scattering on the walls of the chamber,
the neutron guide and other structural elements of the instailation. As shown by concrete
calculations, in this case it makes more sense to talk about the steady-state electron density pe
inside the chamber and, accordingly, the jon density p;. The density of ions p; is proportional
to the density of electrons p., with the proportionality factor being the probability of the
formation of the ion P(n) (see Introduction): p; = P(n)-pe = 2(n5;)"*-n'"p,. Thus, the ratio of
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the ionic background value to the proton peak value also decreases in proportion to the cube
root of density or pressure.
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Fig.3. Spectrum of double electron-proton coincidences obtained by emiT Group.[l 1] with
two peaks and ion background value comparable to the neutron decay peak; emiT group
scheme for registering beta electron and recoil proton.

0 T T T T

-4

page

2 0 2
beta-proton relative ime (us)

Fig.2 shows that the total number of events in e-p coincidences peak in our experiment
equals Np = 3.75-10%. This value exceeds the value we obtained in our previous experiment
conducted on beam PF1 at ILL by two orders of magnitude. It was precisely because of the
low statistics volume that we could not identify the events of radiative neutron decay in that
experiment and instead defined only the upper B.R. limit {5]. It is very important to note 'fhat
the peak of double coincidences between electron and the delayed proton is observed aga1n§t
a non-homogenous background (see Fig.2 and Fig.3): besides the homogenous ionic
background, which has a value comparable to the value of the e-p coincidences peak, ther'e is
an obvious peak in channels 99-100. In essence, this peak is a response peak to .the time
spectrum of electron registration, which contains just one peak in channels 99-100, signifying
the time when the electron detector registered the electron. We will shortly see that the
radiative peak of triple coincidences appears against a non-homogenous background with not
one, but two response peaks.

The remaining peaks in Fig.2 are small, with just seven peaks distinct from the
statistical fluctuations. These occurred because of the noise in the electric circuits of the
FRMII neutron guide hall. There are no other physics-related reasons for their occurrence.
These peaks appeared and disappeared depending on the time of day, reaching their maxima
during the work day and disappearing over the  weekends. Such behavior was observed
throughout the experiment as we collected statistics. Since the nature of these seven small
peaks is in no way related to radiative and ordinary decay, we did not emphasize them in our
article.

The comparison conducted demonstrates that the spectra of double coincidences
obtained in our experiment completély correspond with the results obtained by the emiT
group. Now we will compare these two spectra ‘with the spectrum of double coincidences
obtained by the third group. Unfortunately, the authors did not publish the spectrum of double
coincidences in their original article [7], instead it was only published this year in paper [13].
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Fig.4 displays the spectrum of double coincidences and the diagram of their experimental
equipment. -
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Fig.4. Equipment diagram and the single peak of “electron-proton” coincidences, published
in [13]. The lower curve corresponds to 0 volts, the middle curve corresponds to 300 volts
and the highest curve corresponds to 500 volts in an electrostatic mirror. The location of the
peak’s maximum and its significant width differ from our and the emiT results subsequently
by one and two orders of magnitude. The location and the width of the peak also deviate by
one and two orders of magnitude from the elementary estimates of delay times (see below).

The significant deviation obtained is explained by the fact that the peak in the NIST
experiment consists not of beta-decay protons, but rather of ions. The density of gas
molecules inside the equipment is proportional to pressure and according to the Avogadro’s

Law is at the order of 10" mol/cm® even at the pressure of 10*-10° mbar. This is a very .

significant number, which quite enough for creation the large ionic background in the
presence of ionizing radiation. The energy of beta-electrons significantly exceeds the energy
of ionization. Besides, the probability of ion creation by electrons is inverse proportional not
to volume taken up by one molecule but to the average distance between molecules. It is
precisely due to this reason that the ionic background falls proportionally to the cubic root of
the pressure and not proportionally to pressure. In the emiT group experiment the pressure
was.the same as in the NIST experiment, i. so, the ionic background should be the same too.
The light ions, together with the beta protons, should have a delay time comparable to 1 ps.
The pulses from these particles are simply not visible in the spectrum due to the NIST group’s
use of combined electron-proton detector (see Figure 5 with the shape of electron and ion
pulses). The maximum of the “proton” peak in the NIST experiment, according to the delay
times éstimations (delay time is proportional to square root of ion mass), falls exactly to the
air ions 4-6 us.

 Fig.5 presents the pulse forms on the electron-proton detector. As was pointed out
above, the significantly delayed pulses of low amplitude correspond to ion pulses, and the
pulses from protons are simply invisible due to a presence of a wide electron pulse of high
amplitude. Namely this fact explains the dead zone around zero on the spectrum of electron-
ion coincidences in Fig.4.
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Fig.5. The signal from the decay proton has to be delayed by less than one microsecond,
which is why it is located at the base of the electron pulse (see line number 2) and so cannot
be registered by the combined electron-proton detector. The pulses that are del'ayed 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. The line number | shows the shape of pulses
from the gamma detector.

Analysis and comparison of triple coincidences spectra

In paper [11] the emiT group researched only the ordinary decay. mode, thus this
comparison is limited to our spectrum of triple coincidences, presented in F1g.§, and the only
peak published by the NIST authors in Nature [7], presented in Fig.7. Analysing the doub}e
coincidences spectra obtained by our and the emiT groups (both of which present two main
peaks) shows that in the spectrum of triple coincidences we should observe not two bl.lt three
peaks. Namely, along with the sought after radiative peak, the triple e-p-gamma coincidences
spectrum should show two (not one!) response peaks to the registration of beta-electrons and
the registration of protons. Fig.5 of triple coincidences clearly shows three peaks, anfi Fhe
leftmost peak with the maximum in channel 103 is connected to the peak of the radlatnYe
gamma-quanta in question, as this gamma-quantum is registered by the gamma detectors in
our equipment before the electron.

It is also important to note that while both teams’ double coincidences spectra show.the
peaks at a distance from each other and easily distinguishable, in the spectrum of the triple
coincidences the radiative peak is on the left slope of the response peak to electron
registration. This means that we observe the peak of radioactive neutron decay events aga'inst
a heterogeneous background. At the same time, both response peaks on the spectrum of tr!ple
coincidences are significantly wider and located closer to each other than in the original
spectrum of double coincidences. As we demonstrate below, one must take into account such
spectrum behavior (related to the presence of a response in the electron detector system of
data collection) by introducing the non-local response function. Using this well-known
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method it is possible to distinguish Nt the number of triple coincidences from the
heterogeneous background, arriving at the experimental BR value

Number of events
40 Spectrum of triple coincidences e-p-gamma
dl
X
1:?5 | “—— These two peaks are response to the two main
Radiative peak peaks of the double coincidences spectrum
or peak of the
30 radiative beta
decay events
25+
Only this wide peak of delayed secondary
20+ gamma quanta can be compared with
single peak observed in NIST [7]
’d
15
10
Statistics fluctuation of the gamma background with sigma=60 events
O llllllllllllllllllllllIIIIlllllllllllllllllllllll

1 26 51 76 101 126 151 176 201 226 251

Fig.6. Timing spectrum for triple e-p-g coincidences. Each channel corresponds to 25 ns. In
this spectrum, three main peaks in channels 103, 106 and 120 can be distinguished. The.
leftmost peak in 103 channel among these three main peaks is connected with the peak of

radiative decay events. k

Comparing Fig.2 and Fig.6, it becomes clear that if we ignore the first lefimost peak
with the maximum in channel 103 in Fig. 6, the spectrum of double e-p coincidences wiil
resemble the spectrum of triple e-p-y coincidences in Fig.2. The peak with the maximum in
channel 106 in Fig.6 is connected to the left peak of false coincidences in Fig.2, and the peak
with the maximum in channel 120 in Fig.6 is connected to the right peak of e-p coincidences
in Fig.2. The emerging picture becomes obvious when one uses .a standard procedure,
introducing a response function for gamma channel R,(t,t') [6] , which is also necessary for
calculating the number of triple radiative coincidences Nr in radiative peak: -

SaulO=ISin(t)Ry(t,t')dt’

Using the method of response function, one can confidently define our double-humped
background: the narrow peak with the maximum in channel 106 in Fig.6 is the response to the
narrow peak of zero coincidences (by other words this peak is response to beta-electron
registration) in channels 99-100 in Fig.2, and the second peak in this double-humped
background in Fig.§ is the response to the peak in channels 117-127 in Fig.2 (or this peak is
response to proton registration).

It must be noted that in our case we have to use the non-local response function, as the
peaks on the original spectrum Sin(t) of double coincidences are significantly narrower than
those in the spectrum S.u(t) of triple coincidences and also are shifted in their relative
positions. In this case we use “functional” multiplication, however if we use the local
response function, the triple coincidences spectrum is arrived at by simple multiplying the
double coincidences spectrum by a number, in which case neither the width of the peaks nor
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heir position change. It is also evident that the local response function approach leads to an
! neous number of triple coincidences Nrand, therefore, the wrong BR v.alue.' o
e When discussing the similarities between the spectra in Fig.2 and .Flg.6., it is important
note that the response peak in Fig.6 with a maximum in channe.l ]0§ is s.hlfted to the rlght
° delayed in comparison to the peak responding to electron registration in channel IOO. in
o 1. This is due to the fact that in our electron diagram we used a constant f_ractlop
g'lsg(;ri'minator (CFD). CFD has its own delay line and the location of the tin.le_-plckf)ff signal it
:a,nerates is determined by the method of comparing the fraction of the ongmfal signal to the
delayed (CFD method [14]). Thus, there is a shiﬁ in the‘ first response pe'fik with a ma>:]1mul:n
in channel 106 in Fig.6 versus the first peak in .Flg.Z with the maximum in cl?annel 10 . The
value of this delay is equal to the front duration of. the gamma quantum sxgngl and is on
average 150 ns. The CFD method obviously also ShllﬂS't.he radiative peak, but it should be
Jocated to the left of the response peak, as is observed in Fig.6.

al NP B | PO PV |
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300 -
| ® Data
250 - - Gaussian fit

L FENLANL I Nl B S B SR S S B A B B M A R R 2 N N |

-10 o -5 ' "0 ; 10
Electron—photon time delay (us) )
Fig.7. Only peak of “electron-photon” coincidences, shifted to tl:le leﬂlof 0 — the time of beta-
electron registration — by 1.25 microseconds, published in {7, 11].

As for the wide, almost indistinguishable peak in channel 165 in Fig.6, its influence on
the radiative peak in channel 103 is negligible. Its nature is ir} no way related to the
researched phenomenon, so we do not discuss it in our article. ThlS. peak is createq by Fhe
radioactive gamma quanta delayed on average by 1.25 us .and e_mltted by thef radioactive
medium within our experimental equipment. The medium is activated by registered beta-
electrons. This event of artificial, induced radioactivity has been kn'own for over 100 years
and does not have anything in common with the new event of radiative neutron de.cay which
is the subject of current research. As we will demonstrate belqw, only this 1 ml;Cl‘OSCCOI’ld
peak and delayed from the registration time by about the same time can be compdred to thp
peak observed by the authors of paper [7] at NIST (see Fig.7). Thus, the authors of t}'ns
experiment observed not the events of radiative decay. but rather the event of artificial
radioactivity, already well known in the time of Joliot-Curie.
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After analyzing the spectra with the help of the non-local response function R,(t,t') we
finalize the average value for the number of radiative neutron decays Ny =360 with a statistics
fluctuation of 60 events. B.R. can be expressed as a ratio of Ny to Np as BR = k (N1/Np),
where coefficient k = 3.3 is the geometrical factor that we can calculate by using anisotropic
emission of radiative gamma-quanta [4]. With the number of observed double e-p
coincidences Np = 3.75-10° and triple e-p-y coincidences Nt = 360, one can deduce the value
for radiative decay branching ratio of (3.2 £ 1.6)10” (99.7 % C.L.) with the threshold gamma
energy ® = 35 keV. The average B.R. value we obtained deviates from the standard model,
but because of the presence of a significant error (50%) we cannot make any definite
conclusions. The measurements must be made with greater precision. According to our
estimates, in the future experiment we will be able to make more definite conclusions about
deviation from the standard electroweak theory with experimental error less than 10%.

The difference between the NIST experiment and our experiment becomes immediately
apparent.. First and foremost, it is the time scale: in our spectra, the scale is measured in
nanoseconds, while in the other experiment the scale is in microseconds. Besides, we used
three types of detectors, each of which registered its own particle: one detector for the
electrons, one for the protons, and six identical detectors for the radiative gamma-quanta (see
[6]). The duration of the front pulse from the electron and proton detectors is 10 nanoseconds
in our experiment and 100 times greater than that in the NIST experiment, in the order of 1
us. The rise time of gamma signal from our gamma-detectors is on average 150 ns, and from
avalanche diode on the NIST equipment greater-than 10 ps, besides that the diode pulse
arrives with significant noise, which makes the thickness of the front pulse line equal to more
than 0.5 ps (see the photon line in Fig.7 from [7]). All of this leads to our factual time
resolution being two orders of magnitude better than the resolution achieved in the NIST
experiment. However, as the two experiments used equipment which was practically the
same in size and smaller than 1 meter, the choice of the time scale is a matter of principle.
Given this geometry, it is impossible to get microsecond signal delays from all of the

registered charged particles, i.e. electrons and protons. In this light, it is surprising that the
peak identified by the authors of the NIST report {7] as the peak of radiative gamma-quanta,

is shifted by 1.25 microseconds to the left. The expectation that magnetic fields of several
tesla in magnitude delay all electrons and protons, are absolutely ungrounded. :

Indeed, the magnetic field cannot change the speed of charged particles. It can only
twist a line trajectory into a spiral. The length 1 of this spiral depends on angle 8 between
particle velocity and magnetic field direction. In beta decay, electrons can fly out under any

angle 0, therefore the magnetic field can increase the time of delay by several orders of

magnitude only for a negligible portion of the charged particles. Even this negligible number

of particles that flew out at an almost 90 degree angle to the direction of the magnetic field -

that coincides with the direction of the narrow neutron guide (see Fig.4) will most likely end
up on the walls of the neutron guide rather than reach and hit the detector due to the presence
of the strong electrostatic field. Because the distance between the point of decay and the

detector is about 0.5 meter and electron velocity is comparable with speed of light, the .

electron time of delay should be less than a microsecond by two orders of magnitude.

Thus, both the 1 microsecond shift and the width of the only peak in Fig.7 in theil
experiment conducted at NIST, is in sharp contradiction to elementary estimates. We, on the

other hand, did not observe any wide peaks before electron registration and our gamma

background is very even in this part of the spectrum (see Fig.6). However, when we assume,

that the NIST experiment authors observed the wide peak, shifted by 1 microsecond, not
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pefore, but after the registration of beta-electrons: In that case, the wide peak on our spectn{m
in Fig.6 completely corresponds to the wide peak in Fig.7. I-Isowe_\’(er, as noted z.lbove‘, density
of gas molecules remains high even with the pressure of 10710 pbar and this residual gas
is activated by beta-clectrons. The wide peak in our spectrum is formed by the delayed
gamma quanta from this induced artificial radioactivity.

Conclusions

The main result of our experiment is the discovery of the radiative peak namely in the
location and of the width that we expected. The location and the width of the radiatiw? peak
correspond to both estimates and the detailed Monte Carlo simulation of the expenme.:nt.
Thus, we can identify the events of radiative neutron decay and measure its relative intensity,
which was found to be equal BR. = (3.2 = 1.6)-10° (with C.L.= 99.7% and gamma quanta
energy over 35keV ).

At the same time, the average experimental B.R. value exceeds the theoretical value by
1.5 times. However, due to a significant error we cannot use this result to assert that we
observe a deviation from the standard model. Therefore, our most immediate goal is to
increase experiment precision, which we can improve by several percent according to
estimates.

For last two years we were preparing this new experiment and conducted number of
tests for our new electronics. We constructed multichannel generator what can generate the
pulses with the same forms as our electron, proton and gamma detectors. During these tests
we got the same responses as during our last experiment on real neutron beams at FRMIL It
means that all additional peaks on our spectra have no any physics reasons and It proves once
more that we were absolute correct when applied the response function method for explaining
these peaks as response ones and for developing our experimental spectra.

We created and tested our new electronic system for obtaining experimental spectra. By
using this new programmable electronics we can significantly reduce the influence of
response peaks on peak with radiative decay events. Now we can get this peak almost isolated
from responses. On our estimations all these allow us to reach accuracy for our new
experiment about 1%. So, on the base of our new electronics we can confirm or refuse the
deviation of our average experimental value of BR from the standard model one.

As concerning the comparison of our experimental results with others we can make the
following two main conclusions. The main parameters of our spectrum of double electron-
proton coincidences identifying the events of ordinary neutron decay fully coincide with an
analogous spectrum published by emiT group in [11]. ‘

Unfortunately we cannot say same for another experiment measuring the radiative
neutron decay published in [7]. Particularly vexing is the authors' unsubstantiated assertion
that they observe their only wide peak of gamma quanta before the registration of beta-
electrons. Both the position and the width of this peak are located in sharp contradiction to
both the elementary estimates, and the results of our experiment. In the course of our entire
experiment we did not observe such a wide peak in the triple coincidences spectrum, located
before the arrival of electrons at a huge distance of 1.25 ps. However, it is possible to
reconcile our spectra of triple coincidences with the one isolated peak observed at NIST if we
assume that at NIST, the gamma-quanta were registered after the beta electrons. Only in this
case does the NIST peak almost completely coincide with the peak we observed in the spectra
of triple coincidences with the maximum in channel 165, both in terms of the huge delay of
1.25 s and in terms of its huge width. This peak is created by the delayed secondary
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radioactive gamma-quanta, arising from the activation by beta electrons of the media inside
experimental chamber, which was the real object of the NIST experimentalists’ observation.
Despite the recent disagreements [15], which we consider to be subjective in nature
[16], we acknowledge the contribution of our Western colleagues Profs. N. Severijns, O,
Zimmer and Drs. H.-F. Wirth, D. Rich to our experiment conducted in 2005. Here it ig
important to note that the authors of the article published in Nature [7] consciously misled
first our Western colleagues and then the physics community at large by insisting that their
only wide peak is removed by 1.25 microseconds to the left from the time of electron
registration, when in reality this peak was formed by delayed gamma-quanta, emitted by the
activated medium inside the experimental equipment, and corresponds to our wide peak with
the maximum in channel 165 (refer to Fig.6) [15, 16]. The authors would like to thank Profs,
D. Dubbers and Drs. T. Soldner, G. Petzoldt and S. Mironov for valuable remarks and
discussions. We are also grateful to the administration of the FRMII, especially Profs, K.
Schreckenbach and W. Petry for organizing our work. We would especially like to thank
RRC President Academician E.P. Velikhov and Prof. V.P. Martem’yanov for their support,
without which we would not have been able to conduct this experiment. Financial support for
this work was obtained from RFBR (Project N 014-02-00174). ‘
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ABSTRACT. In 1932, Heisenberg suggested that the interaction of a neutron with a proton is
due to the exchange of an electric charge between these particles [1]. E. Fermi proposed in
1934 the theory of B-radioactivity [2], in which the proton can, under certain conditions,
become a neutron and vice versa; at the same time, the electric charge of a heavy particle is
changed due to the emission or absorption of two light particles: a neutrino and an electron or
positron. The Fermi theory, therefore, contains a certain mechanism for the exchange of
electric charge between a proton and a neutron, which was considered by Heisenberg as the
basis for the interaction of these particles, and makes possible a theoretical calculation of this
interaction, based on data on B decay. The emission and absorption of light particles
(electrons, positrons, neutrinos) by heavy particles (protons and neutrons) must be due to the
interaction of heavy particles (Heisenberg-Fermi field) in the same way as the emission anfl
absorption of photons is due to the interaction of electric charges (Maxwell's field) . E. Fermi,
D.D. Ivanenko and LE. Tamm arrived at this conclusion independently and almost
simultaneously. The calculation of the neutron-proton interaction, based on the Fermi ﬁ—decay
theory, was carried out by Tamm and his result was very disappointing for ordinary nuc_lel.
The theory of Tamm [3], which he put forward at one time (1934) to explain the mechanism
of nuclear forces for ordinary nuclei was not consistent for them. Tamm himself valued his
"unsuccessful" theory of nuclear forces more than his Nobel work on Cherenkov radiation.

However, there is reason to believe that the Tamm interaction can be realized precisely
for superheavy nuclei (neutron matter) of an appropriate scale (of the order of 200~300 or
more femtometers), giving it additional stability. In strongly interacting systems, many virtual
particles are present and all kinds of interactions are allowed, resolved by considerations of
invariance. V.L. Ginzburg and E.L. Feinberg believed: "... although these beta forces, of
course, exist, they do not ensure the stability of the nuclei” [3]. This is true for ordinary
nuclei, but is fundamentally changing for super heavyweight. The “original” theory of
exchangeable P-nuclear forces Tamm (e - exchange of nucleons), and not only its
modification of Hideki Yukawa (m-exchange of nucleons), is still waiting for its recognition
and "dominates"” in the neutron matter of the Universe, ensuring its stability and wide cosmic
distribution, as well as the possibility of obtaining neutron matter in laboratory conditions
[4,5].
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Introduction

It should be noted that from the very beginning electrons were assigned a significant
role in the atomic nucleus. According to E. Rutherford's model before the discovery of the
neutron, it was believed that the nuclei consist of protons and electrons. This model was based
on two experimental facts: in nuclear reactions with a-particles protons fly out of nuclei, and
electrons in radioactive B-decay. In accordance with the classical concepts of the composite
system, the nucleus should have seemed to consist of these particles. But on this path there
were insurmountable obstacles. To solve these problems, N. Borh even suggested that
electrons, entering nuclei, “lose their individuality” and their own moment — spin, and the
energy conservation law is satisfied only statistically, i.e. may be violated in individual p-
decay acts. . :

The assumption about the presence in the nucleus of neutral particles with spin 1/2
was already contained in the well-known letter of V. Pauli, where in 1930 he expressed the
hypothesis of the existence of a certain neutral particle ejecting from the nucleus along with
the B-electron escaping observation energy conservation law in B-decay. But only after the
discovery of the neutron was the idea of the possibility of electron production in the process
of B decay allowed D.D. Ivanenko suggests that nuclei are composed of protons and neutrons.,

Problem of B-nuclear forces

Consider the problem of B-nuclear forces from the standpoint of the theory of p-
decay. Immediately after the work of Fermi, 1.Ye. Tamm [6] and D.D. Ivanenko [7], it was
independently hypothesized that the short-range interaction between a neutron and a proton in
the nucleus can occur due to the exchange of an electron-antineutrino pair according to the
scheme If we present the Tamm interaction in the form of a Feynman diagram;

a) 6)
) g p@) ) G @
e~ v e* 1%
p(D) n(2) p(1) n(2)
Gr Gr -

The exchange interaction between the neutron n and the proton p, arising according to the idea of .
Tamm and Ivanenko due to p-forces.

Neutron n(1), emitting an electron e~ and antineutrino v ', turns into proton p(2), and
proton p(1), absorbing electron and antineutrino - into neutron n(2) (a). The proton p(1),
emitting a positron ¢ and a neutrino v, turns into a neutron n(2), and a neutron n(1),
absorbing a pair (¢* and v) - into a proton p(2). Gfis a constant characterizing B-forces (b).
The undertaken estimates, based on the experimentally determined B-interaction constant of
the Gf, showed, however, that the forces arising between the nucleons due to the exchange B-
interactions turn out to be 14-15 orders of magnitude smaller than those needed to hold the
nucleons in the atomic nucleus. It would seem that the authors suffered a failure. But the work
of Tamm and Ivanenko stimulated the Japanese physicist H. Yukawa, who had alluded to this
work, to put forward a new hypothesis. Yukawa suggested that the interaction between the
nucleons occurs through the exchange of an unknown previously charged particle, the mass of
which he predicted, based on the experimentally known radius of action of nuclear forces.
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Neutron n(1), emitting a negatively charged n-meson, transforms into proton {)(2), ar+1d

roton p(1), absorbing z-meson, into neutron n(2) (a). The proton 1?(1), emitﬁing a positive 2 -
Fneson, turns into the neutron n(2), and the neutron n(1), absorbing the ©° -meson, (}nto the
proton p(2) (b). The interaction of nucleons through the exchgnge of a neutral n -meson
ensures, together with the exchange of charged pions, t.he charge mde.penden'ce of the nuclear
forces (c); g is a constant characterizing the magnitude of the interaction between the

nucleons and the pion.

nEl) 'g p£2)— nél) g péz) o(1) g (@
vy s 4 o®
p(l) n(2) p(1) . 0(2) p(D) a(2)
g g " g g - " g

Nuclear forces that arise according to the Yukawa hypothesis as a result of the exchange of mesons.

Neutron n(1), emitting a negatively charged n- meson, transforms ir}t(? proton 1?(?), a{rld proton
p(1), absorbing n-meson, into neutron n(2) (a). The proton p(1), Emlttmg a posmve T -meson,
turns into the neutron n(2), and the neutron n(1), absorbing the " -meson, into the proton p(2)
(b). The interaction of nucleons through the exchange of a neutral n0-meson ensures, toget‘her
with the exchange of charged pions, the charge independence of the nuclear forces (c)s gisa
constant characterizing the magnitude of the interaction between the nucleons and the pion.

The mass of the exchange particle turned out to be about 300 electron masses, i.e.
lying between the masses of the electron and the proton. Therefore, it was called the meson.
As for the strength of the unknown interaction of mesons with nucleons, it could be estlmate.d
on the basis of the required value of the nuclear forces. The dimensionless constant of this
interaction turned out to be approximately three orders of magnitude greater than the
dimensionless constant of electromagnetic interaction. Thus, the notion of a strong
interaction, differing by 14-15 orders of magnitude from weak interaction, arose. Or more
familiar and modern:

n p o— PP P
P np i fl— 1
We now know that before the final beta decay into an electron and antinenutrino and in K-

capture there are intermediate bosons (W, Z). ) o _
Then the Tamm interaction could be presented in a modern version using intermediate bosons:

fn—s= p n—= : pp p
N S W
P N np non 1

The exchange interaction between the neutron n and the proton p, arising according to the idea of
Tamm, but with the participation of intermediate bosons.
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Both beta decay and K-capture go through the intermediate boson stage:

W d Ve
w
w
, /\.
Cl —_—
* u/ /d/u e
Beta decay K-capture

Why not combine them?

So we got the Tamm-interaction in the modern version using intermediate bosons.

But this is a typical, so-called weak interaction, which does not correspond to real nuclear
forces, both in intensity and in distances. To implement the Tamm interaction, lighter bosons
are needed. The discovery of the X-boson [8] brings us closer to an understanding of the
reality of the Tamm interaction and suggests the existence of different generations for bosons,
as well as for fermions. The possibility of the existence of various generations for bosons is
also indicated by papers claiming the existence of heavy Higgs bosons [9], the presence of a
particle with a mass of about 700 + 75 GeV. Briefly speaking, existing bosons do not fit into
Jjust one generation in the SM elementary particles. 1

Generations of bosons

Standard Model of Elementary Particles

Fermions

Leptons

of Mt Fermione) “*
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existing tabular forms of the SM contain the number of open bosons more than four and
€ .
g(]: not fit into one generation. :

MATTER FORCEl

Qulcle
jd]slb

Quarks Gauge Bosons

Leptons

Because of this, or the special significance that is attached to it, the Higgs boson is
distinguished by a special position.
Tl

4308 83304 -

*Yet to be contirmed Sowrce: ARRS

The Higgs boson is often carried out separately, it is logical to assume that it already belongs
to the new generation.
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Then there is a place not only for him, but also for the graviton, which in other schemes has to
be ignored. ‘

Three Generations
of Matter (Farrmions)
u

Basens (Forces)

From symmetry considerations, we can assume the existence of three generations of bosons,
as well as fermions.

I II 11
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" electron

) Then there is a place for the long-awaited and sought light bosons and probable heavy
H}ggs bosons. Heavy Higgs bosons as well as missing light bosons can claim empty cells.
Finally, imagine a system of particles in a more familiar form, just like a system of chemical
clements: an increase in mass from left to right and from top to bottom. .

Where the heavy Higgs is a boson [9] is probably identical to H,, and the X boson [8]
corresponds to Z, and there is a possibility that there is an even lighter boson — Z, (close in
mass to the electron), which is even better responding to Tamm - interaction.
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Conclusion

The “original” theory of exchangeable f3-nuclear forces by V. Heisenberg, E. Fermi, D.
Ivanenko, and I. Tamm can get its rebirth in the modern approach to the physics of nuclear
forces and elementary particles. That light, not yet open boson and close in mass to an
electron can be called a B-boson in honor of the long-predicted P-nuclear interaction by
outstanding physicists of the last century. Beta-nuclear forces manifest themselves weakly in
conventional nuclei (1fim is the area of the nuclear forces of Yukawa) and enter into their
rights at much longer distances (10 fm —X-boson and, probably, 200300 fm for B-boson).

Thus: Beta - nuclear interaction between nucleons carried out by means of light
bosons (at distances of 10-200 fm) and electrons at large distances requires serious attention
and close study, is realized in neutron matter, giving it additional stability.

Beta - nuclear interaction can explain many previously incomprehensible phenomena
and "dominates" in the neutron matter of the Universe, providing it with stability and wide
cosmic distribution, as well as the possibility of obtaining neutron matter in the laboratory
[4,5].

References

W. Heisenberg , Soeman Festschrift, Hague, p.-108 (1935).

2. E.Fermi, Zs. Phys. 88, 161 (1934).

3. Tamm LE. The theory of nuclear forces and nuclear, Collection of scientific works,
Vol. 1, of the "Nauka", Moscow, p. 283-326(1975).

4. Ryazantsev G.B., Lavrenchenko GK., Khaskov M.A., Beckman I.N. Chemical
properties of the Neutron Matter and its place in the Periodic System of elements. 24th
International Seminar on Interaction of Neutron with Nuclei. JINR, E3-2017-8,
Dubna, Russia, p. 65-74; http://isinn.jinr.ro/proceedings/isinn-24/pdf/ryazantsev.pdf

5. Ryazantsev GB., Beckman L.N., Lavrenchenko GK., Buntseva LM., Lavrik A.V. The

Neutron Matter as «the Beginning» and «the End» of the Periodic System of D.I.

Mendeleev. 25th International Seminar on Interaction of Neutrons with Nuclei. JINR,

E3-2018-12, Dubna, Russia); http://isinn jinr.ru/proceedings/isinn-25/pdf/ryazantsev.pdf

—

43



. Tamm I. Exchage forces between neutrons and protons and Fermi theory. Nature,
1934, V.133, June 30, P.981.

- S.S. Gershtein. Na zare yadernoj fiziki. Priroda Ne 8, 2004 (in Russian);
http://nuclphys.sinp.msu.ru/hist/ivanenko.htm

. A.J. Krasznahorkay, M. Csatlés, L. Csige, Z. Gacsi, J. Gulyss, M. Hunyadi, I. Kuti, -

B.M. Nyaké, L. Stuhl, J. Timar, T. G. Tornyi, and Zs. Vajta, Observation of

Anomalous Internal Pair Creation in *Be : A Possible Indication of a Light, Neutral

Boson, Phys. Rev. Lett. 116 (2016); 042501, arXiv:1504.01527 [nucl-ex].

. https://'www.segodnya.ua/lifestyle/science/novaya-nahodka-uchenyh-mozhet-
ukazyvat-na-sushchestvovanie-vtorogo-bozona-higgsa-675206.html
https://lenta.ru/articles/2015/12/16/lhc/

44

Nuclear and subatomic physics and weak interaction
Yu.L. Ratis
Institute of power engineering for special applications

Abstract

The formalism allowing to calculate a creation cross-section of the neutrino’s exoatom and its
decay probability as well as to analyze other exotic electroweak processes without use of heuristic
assumptions is constructed. The easiest neutrino’s exvatom the "neutroneum” considered in ref. [1]
can be interpreted as "the quasi-bound state of a quasi-neutron and a quasi-neutrino”. Here and below
{he prefix “quasi” means that the metastable compound system can be considered as exoatom in which
neutrino moves near a neutron. The special property of the neutrino is used for this purpose, namely:
the boundary condition "zero at infinity" for the neutrino wave function. This condition is not
forbidden if the decay of the neutrino exoatom into the residual atom and the electron is allowed by
the energy conservation law. But at the same time the exoatom decay with only neutrino emission is

“forbidden.

1. Introduction

The base of the theory of neutrino exoatom was developed in [1]. The easiest of them
named the "neutroneum” can be interpreted as "the quasi-bound state of the quasi-néutron and
the quasi-neutrino” [1]. Here and below the prefix “quasi” means that the metastable
compound system can be considered as the exoatom in which the neutrino moves near the
neutron. The role of different boundary conditions in physics of nuclear B-processes at the
low energies was investigated in [1-2]. It was shown that, at least, for the easiest neutrino
exoatom the neutroneum the neutrino confinement in compound system the quasi-neutrino
plus the quasi-neutron is not caused by the neutron - neutrino interaction but due to the energy
and momentum conservation laws. :

We develop below the mathematical formalism for description of the induced exotic
electron capture by any atomic nuclei resulting in a creation of the neutrino exoatoms. This
approach provides the methodical basis for an analysis of the secondary effects in similar f§ -
processes.

2. Main formalism
Let's consider’ Hamiltonian describing the exotic electroweak resonances (neutrino
exoatom) for interaction of leptons with nucleons:

A=H+V +V, @.1)
Free Hamiltonian H , in the second quantization representation (SQR) is
3 S b A ~don A o At oA At oA
H = Zs)ye)'e& -+ Ze&u&u& + Zek'p\p& + ZE,\,"‘\,")\ + }:5&,7/,\,”77&V (2.2)
A A A A M,
where éA' ,17'\ s ﬁA’,ﬁA- ’ﬁA..,, - are the electron, neutrino, proton, neutron and the neutroneum
annihilation operators, respectively, and Hermitian conjugate terms are the creation operators
for the same particles. Index n, here and below means that we deal with the neutroneum.

If the wave functions (WF) of all particles belonging to the continuous spectrum are
normalized to &- function, the sums in (2.2) (and further) are integrals over momentum 3,

and the sums over the spin projections m_ of the particles:
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>k =3 [dpAlm,) 2.3)
A e
We postulate that the Hamiltonian of interaction is (See (2.1)):
V=V +V, 2.4
and
V.=V +V +V, (2.5)
where Vu - Coulomb potential of electron-electron interaction
s 1
[ (Dy(2) BN\ s+ ot 5 3
V" 2,\(:),\(1).,\(3),«\50 </\e /\z IVCI/\' )" )e'\me"f”e'\.me'\?) (26)
VW - Coulomb potential of proton - proton interaction
5 _ 1 OO [ x@y O\ A+ 25 5 o :
V” T A A 3 \¢) <)‘p /\p 'Vcl/\p /\’ ) p"ﬁ')p"f»”p"ﬁ‘)p*w @7
ch - Coulomb potential of electron - proton interaction: :
> I\ ats 2t a .
V,= 3 (W [N )ere,m; by @8

AA NN
To take into account the contribution of the weak interaction we use formulae .
5 Ad A4 A At At A
vV, = Z <ep V""_wlnu>e,\pl\_n,\u + Z <”," Vn dmlnp) u'{ hy iy +he  (29)
L ARA, AR, \
It was shown [1-2] that (A=c =1)

G I
(ep’V,, ae,,lﬂ,.) = —=L—(n)’6(k, —k, -k)5(j, ,m, |m,m). (2.10)
, '2Vave;; h Y v
where V' is the normalizing volume, and the angular factor in (2.10) is equal
80, vm, lm,m) = Cp ), 6,05, ). @.11)
and Lo
1172172
b (7)) =1+6X~1)™
9,0, ) =1+6X-1) [j” 1/2 1/2} (2.12)

The matrix element (2.10) contains wave function in cat-vector

i s TN
n)= 3G
,,
m .m

1/2m, 1/2m,

n, ), which by definition is

),

l/)m” (2.13)

and the neutrino WF (2.13) satisfies to the boundary condition

LI W

lim|v), =0 @i

According to [1]
19, (0) =143 =~ 4.69 :
8, ()=1-A~-023 (2.15)
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The operators €, ,17&, ?, ,ﬁ)\‘,ﬁA satisfy to the standard anti-commutation and

commutation rules:

{6,860} =6, =060, —5)0,,: {&.8,)={8.&}=0 (2.16)
7= by =0~ s (5,0 = 00,55 =0 @
(B, Dy} =8, =80, =)0, i {B,,p,}={5],B;}=0 2.18)
(i iy} =6, = 8@, =58, s {40} ={A] 74 }=0 (2.19)
[y iy =6,y =80, —BL)8, 4 8 w3 1 i 1= 75 1=0 (220)
[&,7 7y &) =1p, 7 /i p,1=0 @21
[, &éi, 1= 10, B3.831, 1=0 (2.22)

As in the theory of finite Fermi-systems (TFFS) [3] we use basic functions for given
atom. For example, the wave functions of the €lectron in the Coulomb field of the proton are
usual Coulomb functions of discrete and continuous spectrum, i.e., eigen-functions of the
Hamiltonian

HD =) e g6 + EEA’ﬁ:ﬁA' +V, +V 4V, . (2.23)
A . %

It is obvious that the Hamiltonian (2.23) corresponds to the system of any interacting
electrons and protons.

For the free neutrinos we use the plane waves, normalized to unit in volume V , or on
8- function. Transition from one system of normalization to another is carried out by formal
substitution of L «» 2x. All calculations are carried out in' m, «<m approximation. In

practice it means that the neutrons, protons and neutroneum considered as infinitely heavy
particles in comparison with leptons (the electron and the neutrino).
We use the simplest set of the constants [4]

G, ~8.76-10°° MeV - fm® = 4.439.107 fm?, A =1.23. 2.24)

Let's show that the ratios given above satisfy to the compliance principle and can be
used to calculate all the properties of heavy neutrino atoms, and, perhaps, neutroneum stars.

3. Perturbation theory and Green's function in the theory of exotic electro-weak
processes (TEEP).

The main properties (mass, spin, life-time, the creation cross-section in eH -
collisions) of neutrinos exoatom neutroneum established in [1-2]. An obvious lack of works
[1-2] is their heuristic character. The self-consistent theory of the creation cross-section, life-
time and “effective sizes” of the neutrino exoatom requires a clear understanding the fact that
"switch on" of the weak interaction changes all important properties of the hydrogen atom.
The system of the eigenfunctions of the standard Coulomb Hamiltonian added by a new
function, orthogonal to all eigenfunctions of the non-perturbed Hamiltonian,

Let's consider a problem of the eigenvalues (EV) and the eigenfunctions (EF) of the

Hamiltonian H. As we use SQR then the number of particles in the exoatom is arbitrary.
When we have a small parameter, we can use the perturbation theory. In our case the
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influence of the weak interaction to the full Hamiltonian is extremely small. According we
can use the standard perturbation theory [5].
According to [5] we rewrite our Hamiltonian as:

H= H +V(t) G.n

The Schrédinger equation for the time-dependent WF is:

mg—‘f = (H, +V)0. (3.2)
Exact solution ¥ we can write as superposition of EF of non-perturbed Hamiltonian: :

V=3 a(t)s? . (3.3)
and ’

AT = OO (3.4)

The transition probability (Fermi’s “golden rule”) in the framework of zero order
perturbation theory is 5]
2 4
dw, = _h__|<¢, [P}, )o(E, - E,)an, @3.5)
where :
U(x,t) = i(z) - exp(~iEt / h) (3.6)
Similar expression for the first order of the perturbation theory is:

” =‘2777r<1/’/|‘71“/’-)+f<¢ AUEICAE )

B 10 V| 8(E, - E)dn 3.7

Let's calculate a decay probablhty of the exoatom neutroneum.
If the neutroneum WF is normalized to unity in the "box" with volume V, then the
decay probability to proton and electron is (see [1-2]):
Vdp  Vdp 2 N
w = [3 X" —
npre h @y @y TS 7 (] i3 > ’ G5
where WF of the initial and the final states in SQR are

) =, [0}

|e) =&;[0,) ' (3.9)

[p) =2, |0
where |O >- the lepton vacuum, IO )- the nucleon vacuum, and IOWN) = IO ) ®l0 ) —l )

direct production of the lepton and the nucleon vacuum, as well as the external square’
brackets mean averaging over spin projections in the initial state and summation over spin’

projections in the final state.
As WF of the initial and the final states are defined by (3.9) so only one term
"survives" out of all sum (2.9). Therefore according to (3.8) (A =c =1).

¢(J),,

ny-—~p+¢ 2 n
Vef/

fdké(e —€,—¢) (3.10)

is in a full agreement with [1-2].
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The problem of a correct calculation of the neutroneum creation cross-section with the
e,-mrbation theory is much more difficult. To show it we consider the neutroneum creation

reaction in the electron-proton collision.
According to momentum-energy conservation law

(z/:f |VI1/;1> - &5, - 5, <¢, 4 1/)'.> (3.11)
Therefore the neutroneum creation cross-section in ep - collisions (if we take into account the
known neutroneum life-time) in the framework of the zero order perturbation theory is [1-2]:
T r
0y =N 7| ep) S (3.12)
ep—n, ﬁvg » w 271' (Eep _ Sn )2 + Fn / 4
The cross-section (3.12) depends on the energy of the incoming electron. The width of
the resonant peak I in cross-section (3.12) is extremely small value since we deal with the

resonance caused by the weak interaction.

4. A role of the third particle in the initial state
The vanishing width ', of a quasi-discrete level permits us to replace the Breit -

Wigner formula (3.13) by é- function &(E, +E, —Eﬂ'). It means that the radiationless

processes of the neutrino exoatom creation in the free particles collisions are actually
forbidden by momentum-energy conservation law.

Thus we have to use (3.7) to calculate the neutroneum creation cross-section. We can
do it because the electron WF "tail" is mainly placed inside the nucleus-target (for example, in
the proton). Therefore “switch on” of the weak interaction is adiabatic.

According this circumstance the ratio (3.7) we rewrite as:

~ N 2
o vl [ vap, vap, (n|V.|en){ere|V, H>' I v,
e hv, (@nh)® (2mh) E - Ecp + 0 I i ! @nh)® 2nh)’
@.1)

Expression for reaction cross-section H(e,e')n_ demands detailed comments.
The neutroneum creation in the gas target was studied in detail [1-2]. From the
quantum mechanics point of view formula (4.1) contains the two-particle Green function G_:

s L)l pvas, vas, |er)(er|
Cs = Z,,E —E_ +i0 B f (2mh)* (27rh;3 E —E_ +i0 “42)

The sum over e, p includes all eigenfunctions of the Hamiltonian ﬁc = ﬁo + Vc:

A |ep) = B, |ep) 43)

DUIlng the derivation (4.2) we have used the fact that the WF of the initial, final and
intermediate states are known. For example, WF of the initial state in obvious designations is

[8)=|d) o[) =|n) @
and the hydrogen atom WF is
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1) = [ 4200, @ 5, 4, |0) @3)
The main question of the perturbation theory in the framework of TEEP - is the
problem of the eigenfunctions of the Hamiltonian '

I =H+V (4.6
The set of these WF is incomplete if we deal with the eigenfunctions of the Hamiltonian
ﬁ = gc + Vw (4'7)

To make the set of two-particle electron-proton eigenfunctions complete, it is necessary to
take into account a possibility of the quantum transition ep « n,. As a result the Schrodinger
equation is :

Hi/{\ =E 1, (4.8
and the two-particle Green function (4.2) is modified: o
) (o ,,

G,=y ——L (49)

“E-E +iy
Set |‘q’rA> contains the following basic functions:
1) the functions of a discrete spectrum of the electron in the hydrogen atom;
2) the Coulomb wave functions of a continuous spectrum;
3) the resonant state of neutroneum (state A

As the matrix element <",, ,leep> is non-equal zero only for the state Aps so“‘the

contribution into integral (4.1) gives only a pole. This fact was taken into account in [1-2],
and in the cross-section the index § stresses that the contribution gives only a pole and we
have to neglect the contribution of the principal value of the integral into (4.1). g

When obtaining the eigenfunctions and the eigenvalues of a Hamiltonian H it is
necessary to take into account a coupling of the reaction channels: namely, the virtual

transition ep «» n and the real transition ep > n_ (in the 'quarks “language” eu « vd
emission of the d - quark at the mass surface).

A small component of the neutroneum WF in the full WF of the ep- pair we can
calculate according to [5] E
¥, = 1/;;” +8y, (4.10)

where & =c¢ ,n >
ep n, v

Above in we use WF normalized in the “box”. For the further purposes is more
convenient to use ¢ - function WF normalization. Thus

_ (" v, ep) =5
¢ = (de —————1 4.11)
i " E — E, +1i0
where (see (2.10))
<ep V. o np) _ g (27r)36(fc'"’ —Ep —IEB)SA'(]'”V,@“ |m,,m, (4.12)

\ ,2(271')3 Vi
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In the plane wave approximation the WF of the particles in the continuous spectrum

are: .
1) the ep - pair

p0 = 3 eXp[i(Ef; + E,F,,)] " Xijom (gp)xuzg (§¢) (4.13)
A 0.9 » .
2) the neutroneum
1 - ~
P o=—— ik 7 )-x . 4.14
¢, = " exp(ik, 7, ) X o, G,) (4.19)
We can easy take into account the Coulomb distortions of the WF [4].
The two-particte Green function decomposition includes the singular term <.
G‘i(bc (Jn ) (271’)3/2 gy T,
? ch/ir.n,' o (4.15)

¢ =
" E —-FE 41t n,
ep n, ’Y J2‘/€f/
Therefore the Green function (4.9) has the singular component proportional to the product
!n ><n | . It means that in the framework of TEEP exists the state, the transition probability to

m,
m,

which is equal: 5
2 Gi6,03,)

3
i : @m) oE,
(B,—E, )+ 2V,
The energy dependence (4.16) has a §- function form since the Breit - Wigner resonance is
caused by weak interaction, and is extremely narrow. At the same time the ratio (4.16)
includes the ratio
@36

n,
Vi

Therefore the singular component of the ep - pair Green function is not depended on the weak

(4.16)

~-E,)

n,

4.17)

interaction constant G, and an effective volume K}} of the neutroneum. Exactly thanks to

this circumstance in formula (4.1) for the neutroneum creation cross-section only the polar
term is survived and there are no the additional factors demanding measurements in special
experiments.

Due to the energy-momentum conservation law the electroweak reaction
€4+ u - 11 +d + G has a channel with recoil momentum transfer to gluon. At the quarks
level of matter the existence of this channel corresponds to the reaction of the induced exotic
electron capture, when the neutrino is stopped. It can lead to many the observable secondary
effects [6] which are of interest to future investigations.

5. Conclusion
We can sum the results obtain above as follows.

1. The formalism allowing to investigate the exotic electroweak processes by standard
methods of quantum mechanics and nuclear physics was developed.

2. The TEEP-results for the main electroweak processes are reproduced by the standard
methods of the perturbation theory.
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3. It was shown that the new formalism of the theory of the nuclear B- processes at the
low energies satisfies to the compliance principle.

4. The correctness of the pole approximation in the TEEP was proved.

5. The base of the general theory of the neutrino atoms is created.

6. The investigations of the secondary effects which accompany the new type of the B-
processes, is of huge interest, and still not described in scientific literature.
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1. Introduction

Alpha-clustering in nuclei is one of the important subjects for nuclear structure and
reaction study [1-5]. The a-clusterization of four nucleons before the emission is usually
described by a preformation (or clustering) factor, which is defined as the probability of
finding an a-cluster inside the parent nucleus. Consequently, this factor (or probability)

. should be less than or equal to one. Many attempts for evaluation of the a-cluster formation

probability were carried out for a long time using different methods based on various
theoretical approaches. For examples, the molecular viewpoints in nuclear structure [4,6-8],
one-body model [9,10], preformed a-particle model [11], a-cluster model [12], a-particle
occurrence on the surface of a nucleus {13], a-particle formation through the spectroscopic
factor [14,15] ratio of the nucleon-nucleon and nucleon-alpha interaction rates [16,17],
classical formula for the assault frequency of an a-particle inside a nuclear potential barrier
{18,19], cluster formation model [20], density-dependent cluster model [21], binary cluster
model [22], exciton model [23] and microscopic cluster model {24,25] were used to study the
a-clustering effect. Most of these studies were focused on the a-decay. Several methods were
suggested to determine the a-particle formation factor in the (n,a) and (p,a) reactions [10-12,
16,17,23,26]. However, the results of these attempts are not consistent and up to now a
common explanation of the o~clustering in a nucleus and an unified method to obtain the a-
clustering probability are not available. ‘

Recently, from the unified viewpoint, namely, in-the framework of the compound
mechanism, using the statistical model we have determined the clustering factors for the
resonance (E, < 5 keV), intermediate (E, =~ 24 — 30 keV), and fast (E, = 2 — 20 MeV) neutron
induced (n,a) reactions [27-30].

In this work we suggest a new method to derive a-clustering probability from the
analysis of known experimental data of the fast neutron induced (n,a) reactions and total
neutron cross sections for the *He using the knock-on mechanism. The obtained a-clustering
probabilities are compared with our previous results and those determined by other
approaches.
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2. Method

The method suggested in this work for calculation of the a-clustering probability g
based on the knock-on mechanism of nuclear reaction. In this case by analogy of Bohr’s
postulate of the compound mechanism, we assume that the (n,a) cross section for fagt
neutrons can be expressed as two stages process: o

o(na)=0, -6 (‘He). m

Here, the (n,a) cross section is defined as the multiplication of the a-cluster formation
probability on the surface of target nucleus, ®,, and total neutron cross section for the *He
o (*He) . From (1) the a-cluster formation probability can be obtained as following:

_ ona)

D, =D
o (*He)

@

For evaluation of the a-clustering probability, the experimental data of the (n,a) cross

sections and total neutron cross sections the *He were taken from the EXFOR [31] and other
references.

3. Results and Discussion
3.1. Light nuclei

. Ex;ergy gependence of the a-clustering probability obtained by formula (2)for 5 light
_'nuclel of °Li to *Ne, for which fast neutron induced (n,a) reaction cross sections are available
in the wide energy range, is shown in Fig.1.

0.50

0.40 +

020 §

0.10 -

0.00 -

25

E, MeV)

Fig.1. Energy dependence of the a-clustering probability for light nuclei.

The t?l{'esrfold energy calculated by binding energy [32] for some cluster structures of these
nuclei is given in Table.1 together with values from Ikeda diagram [8].
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Table.1. The threshold energy of some cluster structures for light nuclei

Cluster Threshold energy En (MeV)
Isotope From Tkeda
structure Calculated values Diagram [8]
o - a+d 1.47 -
Li tht 15.81 -
10 "Lito 4.46 -
d+2a 5.93 -
C+d 10.27 -
“N "B+a 11.61 -
SLi+2a 16.07 -
150 "C+a 7.16 7.16
0+q 4.73 4.73
20Nje 2C12a 11.90 11.89
5a 19.17 19.17

It is seen from Fig.1 that the o-clustering probabilities for given isotopes in the energy
range of 1 to 10 MeV are varied not so much and with maximum value of ®, = 0.145 + 0.011
for the '*N at the neutron energy of 4 MeV. Above 10 MeV the a-clustering probabilities are
increased and reached ®= 0.371 £ 0.031 at E, = 16 MeV and @, = 0.251 + 0.004 at E,= 14
MeV for the '°0 and Ne, respectively. At the same time, the o-cluster formation probability
of the Li isotope with the lowest a-clusterization threshold energy (see Tab.1) among light
nuclei has not the highest value and is varied in the narrow interval of 0.022 to 0.068. This
fact shows that the o-clusterization threshold energy is not a single decisive factor in the a-
clustering effect for these nuclei.

0.40
030 |
P y =0.0085x + 0.0218
R*=0.7395
A 020 1 o
- T S
L2 S N 9
o010 L } ; { ........................
| ¥__,§...§.... i1,
0.00 +——— ¢ —— t *

En (MeV)

Fig.2. Energy dependence of average a-clustering probability for light target nuclei.

However, essential increasing of the a-clustering probabi_lity for the *Ne and 'O lin
the energy region of 14 to 16 MeV is perhaps caused by opening the two a-particle (En =

57



11.90 MeV for *Ne) and four a-particle (Ex = 14.44 MeV for '®0) emission channels for
these isotopes. Arithmetic mean values of the a-clustering probability averaged over all light
isotopes at each energy point are increased nearly linearly depending on the neutron energy
(see Fig.2). i

The a-clustering probabilities for odd-odd isotopes °Li, '°B and "N at the 1 MeV are
decreased depending on the neutron (or proton) number (Fig.3a). At the same time, for these
isotopes the a-clustering probabilities become nearly the same at the 3 MeV (Fig.3b) and are
linearly increased at the 4 and 5 MeV (Fig.4) depending on the neutron number.

0.0% - 012
' En =1 MeV | En =3 Mev
084 % 8, T : L : 14%
o 6L 6L1
. 6 108 : 0.08 ~ 10B 3
" T — &
e : . ¢ T
0.02 - :
: 0.04 + ¥=10.0022x+0.0587
1t ¥ =-0.0093x+0.0701 ! ! R?=0.3553
0.01 + R*=0.8318 .
: - N P
000 - ' ' 9 R ; ——
2 3 4 L 6 7 8 2 3 4 s 6 7 g
N N .
a) b )

Fig.3. The dependence of the a-clustering probability on neutron number for light odd-odd
target nuclei at the 1 MeV (a) and 3 MeV (b).
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¥=0.0249z-0.0287 14§ B 1],\‘
0.15 R?=0.9998 I ¥= Digl:;fs; 2;)123 oo
........ 1 0.08 3 T
& o0 Sl .
..... 2 ) P
o 0.04 | ]
0.05 -
Ep =4 MeV En =5 MeV
0.00 + + + 0.00 } + + ¢
2 3 4 s 6 7 8 2 3 4 s 6 7 8
N N
a) b)

Fig.4. The same as in Fig.3 at the neutron energy 4 MeV (a) and 5 MeV (b).

3.2. Medium mass nuclei

Energy dependence of the a-clustering probability calculated by the formula (2) for 11
medium mass target nuclei is shown in Fig.5.
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E, MeV)

Fig.5. The same as in Fig.1 for medium mass nuclei

Some increasing tendency of the o-clustering probability for all nuclei was observed in
the beginning of neutron energy. Among these isotopes the highest a-clustering probability
was obtained for the double magic even-even *°Ca. It can be seen that values of the a-
clustering probablhty for the medium mass nuclei are on average lower than those for light
nuclei.

0.12
¥ =-0.0003x? + 0.0089x - 0.007
R*=0479
0.10 1
0.08 +
006 - | I+l | el
g L 3 TPl e
Vo004 1
0.02 + ’ *
0.00 1
002 ;
0 5 10 15 20 25
En (MeV)

Fig.6. The same as in Fig.2 for medium mass nuclei.

Arithmetic average values of the a-clustering factor at each neutron energy for all
medium mass nuclei are increased in the range of 4 to 14 MeV, except value at 10 MeV, after
that are decreased, however they have wide dispersions (Fig.6).
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3.3. Heavy nuclei

The (n,a) reaction experimental data base for heavy nuclei is very scarce for f:
neutr.ons. In connection with this situation four isotopes of the neodymium and samarium e
consxde.r.efi, only, for several MeV energy range. Fig.7 shows that the u-c]usteriar :
probabilities for these nuclei are increased depending on the neutron energy. In addition, :lgl

values of the a-clustering probability for heav i i
/ y nuclej are considerably |
light and medium mass isotopes. el fower than one for

2.5E-04
2.0E-04 |
1.5E-04 | wosm
o ’
LOE-04 T
] -
[ P
- .
S.0E-05 { o ,-%’ P
[ m- T Ta-—%
0.0E+00 ' ¢ t : } .
35 4 45 5 55 6 65 7
E, (MeV) '
Fig.7. The same as in Fig.1 for heavy nuclei.
2.5E-04
2.0E-04 |
¥ =0.00005x - 0.00019
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S.O0E-05 1 ‘} _______ '% %
........ o
0.0E+00 e e e me e B A
3.5 4 4.5 5 55 6 6.5 7
En (MeV)

Fig.8. The same as in Fig.2 for heavy nuclei.

The arithmetic average values of the a-clustering probability for heavy nuclei at 4.0,
4.5,5.0,5.5, 6.0 and 6.5 MeV are increased linearly depending on the neutron energy (Fig.8)."
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4. Conclusions

. 1. The o-clustering probability in the fast neutron induced (n,a) reactions for light,

medium mass and heavy nuclei was obtained using the knock-on mechanism.

2. 1t was seen that the a-clustering probability at the same neutron energy is on average

decreased depending on the mass number of the target nuclei.

3. The a-clustering probability for light and heavy nuclei is increased with growth of

neutron energy. At the same time, for medium mass nuclei the a-clustering probability
is increased in the range of 4 to 14 MeV and from 14 to 20 MeV is decreased.

4. The a-clustéring probabilities found -in the present work are on average in a

satisfactory agreement with our previous results which were obtained in the
framework of the statistical model using the comparison method of the (n,o)) and (n,p)
cross sections [30]. Our present values of the a-clustering probability are lower than
those obtained by normalizing of theoretical (n,a) cross sections to experimental ones
[27] and using the preformed a-particle model [11]. :
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ABSTRACT

The "™Sm(n,a)'*'Nd cross sections were measured at E, = 5.5 and 6.5 MeV. The
experiments were performed at the 4.5 MV Van de Graaff Accelerator of Peking University. A
twin-gridded ionization chamber was used as the detector, and back-to-back '**Sm:0;
samples were mounted on its common cathode. The mono-energetic neutrons were generated
using energetic deuteron beam from the accelerator to bombard a deuterium gas target. The
relative neutron flux was monitored using a BF3 long counter. The absolute neutron flux was
calibrated using a 2*®U standard sample. The present results are compared with existing
measurements and evaluations, : .

L INTRODUCTION

1445, a stable isotope of samarium (natural abundance 3.08%), is the fission product in
nuclear reactors. The study of '**Sm(n.&)'*'Nd reaction is important in nuclear engineering
applications. Besides, measurements of this cross section could enhance our understanding in
nuclear physics. For example, in nuclear astrophysics, the (n,a) cross sections of samarium
could be used in the calculations of reaction rates which are significant in the analysis of
explosive nucleosynthesis [1]. However, the measurements are quite scanty for this reaction.
For neutron energies from 4 to 7 MeV, there is no measurement except our results in 2016
because of the small cross section of this reaction and the low intensity of the neutron flux [2].
For other neutron energy region, only three measurements exist around 14 MeV, and there are
three-times differences among them [3-5]. Thus, the "**Sm(»,a)"*'Nd reaction cross section
differs by more than one orders of magnitude among different evaluated nuclear data libraries
[6]. So, accurate measurements are demanded to clarify exciting discrepancies among
different libraries and address application needs. : :

For samarium isotopes, we have measured the cross sections of the "*Sm(n,a)"*'Nd at
E.=4.0, 5.0 and 6.0 MeV [2], the '¥"Sm(n,&)'**Nd reaction at £, = 5.0 and 6.0 MeV [7], and
the "*Sm(n,a)'**Nd reaction at E, = 4.5, 5.0, 5.5, 6.0 and 6.5 MeV [8.,9]. In the present work,
we measured the '"**Sm(n,a)'*'Nd reactions at E, = 5.5 and 6.5 MeV.

63



II. DETAILS OF EXPERIMENTS

The experiments were performed at the 4.5-MV Van de Graaff accelerator of Peking

University, China. The experimental apparatus, which is shown in Fig.1, consists of three
main parts: the neutron source, the charged particle detector (with samples inside) and the
neutron flux monitor. ‘

”"Sm203

1448m,0;

Deuterium gas
target

BF; long
counter

Deuteron
beam

[

1- Cathode; 2— Grid; 3— Anode; 4 Shield

Fig. 1. Experimental setup.

The mono-energetic neutrons were generated using energetic deuteron beam from the
accelerator to bombard a deuterium gas target. For neutron energies of 5.5 and 6.5 MeV, the
corresponding neutron energy spreads (1) were 0.14 and 0.10 MeV, respectively [9]. The
beam current was about 2.0 #A throughout the measurement. v

The a-particle detector is a twin gridded ionization chamber (GIC) with a common
cathode, and its structure can be found in Ref. [10]. The distance from the cathode to the grid
was 61 mm, from grid to anode was 15 mm, and from the position of samples to the near end
of the gas target cell was 15.25 em. Working gas of the GIC was Kr +2.83% COz, and the
pressure is 2.02 atm for the a-particles to be stopped before reaching the grids. High voltages
applied on the cathodes and anodes were -2600 V and 1300 V (the grids electrodes were
grounded) which allowed complete collection of electrons from the ionization tracks.

A sample changer was set at the common cathode of the ionization chamber with five
sample positions, and back-to-back double samples can be placed at each of them. The sample
positions could be changed without opening the GIC. Each *‘Sm,0;3 sample was prepared on
the 0.1mm thick tantalum backing. Two back-to-back '**Sm,03 samples were mounted on the
common cathode so that forward (0° ~ 90°) and backward (90° ~ 180°) emitted a-particles can
be detected simultaneously. Data of the samples are listed in Table 1, and the number of
1Sm atoms in the samples was determined by weighing the samples. Besides, two back-to-

back tantalum films 0.1 mm in thickness were mounted on another sample position for
background measurements. In addition, two compound a-sources were back-to-back placed at
one of the sample positions for energy calibration and adjustment of the data acquisition
system.
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TABLE 1. Description of the samples.

T . Isotopic Thickness Diameter
Sample  Material enrichrgent( (ug/cm?) (mm)
S %)
WSm  *Smy0s 95.0 4084* and 3177°  44.0° and 44.0°
238y 233J304 99,999 604.84 45.0

sForward sample. ® Backward sample.

To determine the absolute neutron flux, a >**U film sample describ_ed in Table I was
placed at the forward direction of the other position ‘of the sample changer in the GIC.

In order to monitor the relative neutron flux during measurements, a BF3 long counter was
used for all runs. The axis of the counter was along the normal line qf the elect.rodes of the
jonization chamber as well as the 0" direction of the deuteron beam line. The distance from
the BF3 long counter to the GIC was approximately 3.0 m. ] S

Cathode-anode coincident two-dimensional spectra of the gridded ionization chamber
were recorded for both forward and backward charged particles. The fiata-acquisition system
was described in Ref. [11]. For each neutron energy point, the experlme'ntal process was as
follows: 1) compound a source measurement for energy calibration, 2) foregroupd
measurement for  events of the **Sm(s,a)'*'Nd reaction, 3) background measurement with
tantalum foils, 4) 233U fission events measurement for absolute neutron flux calibration, and
5) a source measurement again. However, because the Q value (7.874 .MeV) of the
#Mgm(n,a) *'Nd reaction is rather large, and we found the background was quite weak when
we measured it at E, = 5.5 MeV, we did not measure the background at the 6.5 MeV neutron
energy point.

At the 5.5 MeV neutron energy point, the beam durations for foreground, background and
absolute neutron flux calibration were about 30.5, 15.0 and 3.0 h, respectively. And at the 6.5
MeV neutron energy point, the beam durations for foreground and absolute neutron flux
calibration were about 17.0 and 3.5 h, respectively. So, the total beam time for the two
neutron energies was about 69.0 h. .

The cross section & of the '**Sm(n,a)!*'Nd reaction can be calculated from the following
equations:

Na'€5'Na3gu'NBF3f

o =0 M
f Nf€a'Nsamp'NBF5fore
NBF3fore
N, = - Kk 2
/3 afore NBFsback abac

Where o is the standard cross section of the 2*U(n, f) reaction taken from IAEA Neutron
Cross-section References (2015) [12]. The N, is a counts above the energy threshold (after
background subtraction) from the '**Sm(r,a)'*!Nd reaction. Ny is the fission counts from the
mU(n, Jf) reaction above the energy threshold. &, and & are the detection efficiency for a-
Particles and fission fragments, respectively, and they were calculated through the simulated
anode spectra. The calculation details will be discussed in the next section. Nozgy and Neamp
are the numbers of U and '**Sm nuclei in the samples, respectively. Ngg,r, Npr,fore and
Nge,pack are the counts of the neutron flux monitor (BF; counter) for #*U fission,
"“Sm(n,a)"*'Nd foreground measurements and background measurements, respectively.
Nysore and Napack are the a event counts of foreground and background measurements of

Sm(n,a)'*'Nd reaction, respectively. According to Egs. (1) and (2), forward and backward
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"“Sm(n,a)'*'Nd cross sections could be calculated. Subsequently, total (,a) cross section
could be acquired by adding the forward cross section and backward cross section together

And forward/backward ratios could be obtained through the division of the forward crosg
section and backward cross section.

I11. DATA PROCESSING AND RESULTS

The data processing methods are similar for the measurements at the two neutrop
energies. Take the forward direction data of the "*#Sm(n,a))!*'Nd reaction at 5.5 MeV neutron
energy as an example, the data are processed as follows.

First, the two-dimensional spectrum of the compound a-sources was used for energy

calibration, and the 0° and the 90° curves determination. Fig.2 shows the valid-event-area of ¢
events which should locate between the 0° and 90° curves.
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Fig. 2. Two-dimensional spectrum of the compound a sources of the forward direction.

Second, the two-dimensional spectrum of the '““Sm(n,a)'*'Nd reaction was analyzed.
Fig.3 shows the cathode-anode two-dimensional spectrum after background subtraction at the
5.5 MeV neutron energy point in the forward direction. The effective o events from the
"**Sm(n, a)'*'Nd reaction could be picked through their relatively higher energies comparing
with the background events. :

Third, the detection efficiency (e,) of a-particles was determined after projecting the two-
dimensional spectrum to the anode channel. The detection efficiency was related to two
aspects: 1) the number of events with amplitudes below threshold (the threshold correction),
and 2) the number of events absorbed in the samples (the self-absorption correction) [13].
Both of the corrections could be calculated using the simulation of the anode spectra. For the
spectrum simulation, the stopping power of a-particles in the samples was calculated using
SRIM-2013 [14], and the angular and energy distributions of a-particles from the
1*4Sm(n,a)'*'Nd reaction were calculated by Talys-1.9 [15]. To obtain better results, we adjust

two parameters from default values. The microscopic level densities from Goriely’s tables
(Idmodel 4 in Talys-1.9) were used, and the geometry radius parameter r» of the optical model
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ere adjusted from 1 (the default) to 1.012 for « particle. The calculated total (n.,a) cross
w tions are closed to the measured values, but the calculated forward/backward ratios could
Sei agree with the measured results. The measured forward/backward ratios were used in
ggtaining the simulated anode spectra. As an example, the simulated anode spectrum (purple

line) compared with that from measurement (blue curve) at E, = 5.5 MeV for the forward
direction is shown in Fig.4.
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Fig. 3. Two-dimensional spectrum of the **Sm(zn,a)!*'Nd reaction at E, = 5.5 MeV in the
forward direction,
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Fig. 4. Anode spectrum of the **Sm(r,a)'*'Nd reaction at E, = 5.5 MeV for the forward
direction. -
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The corrected & counts are obtained through the division of a counts above threshold (')
and the detection efficiency (), which were calculated through the simulated anode spectra,
The detection efficiency (&,) is related to the position of threshold, and we would give the
error of £, by changing the position of threshold. At 5.5 MeV neutron energy, the detection
efficiency (g4) of the '*‘Sm(n, &)'*'Nd reaction is 87.34% for the forward direction. ang
87.15% for the backward direction, and at 6.5 MeV neutron energy, the detection efficiency
(£q) is 84.20% for the forward direction and 83.61% for the backward direction.

Fourth, the absolute neutron flux was determined by the 2*U(n, /') reaction fission counts,
The anode spectrum of the fission fragments at 5.5 MeV neutron energy is shown in Fig 5
with blue line. To determine the detection efficiency (&) of fission fragments, the Monte
Carlo simulation was used for threshold and self-absorption corrections. The stopping power
of fission fragments in the samples was calculated by SRIM [14] and the fission production
yield was calculated by GEF code [16]. Details of simulation can be found in Ref. [17]. The
red curve in Fig. 5 shows the simulated result for the fission fragments. Through the simulated
anode spectra and the threshold, the detection efficiency (&) could be calculated. The
detection efficiency (&¢) of the fission fragments is 70.55% for E, = 5.5 MeV and 69.98% for
En = 6.5 MeV, respectively.
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Fig. 5. Anode spectrum of the 238U fission fragments at E, = 5.5 MeV.
* According to Egs. (1) and (2), forward and backward **Sm(n, &)'*'Nd cross sections were

calculated. Subsequently, total (1, ) cross sections and forward/backward ratios in- the
laboratory reference system were calculated, and the results are listed in Table 1L
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TABLE 11 Measured '**Sm(r, a)'*'Nd cross sections and forward/backward ratios (in the
laboratory reference system) compared with Talys-1.9 calculations (Idmodel 4, 1.012ry)

E,(MeV) O(n, o) (b) Forward/backward ratio
Measurement Calculation Measurement Calculation
5.5 0.19+0.02 0.21 2.04+0.36 1.02
6.5 0.41+£0.06 0.40 2.70+£0.79 1.02
68
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For the total "**Sm(n,a)'*'Nd cross sections, good agreements are achieved between
ent measurements and theoretical calculations using Talys-1.9. quever, for the
res rd/backward ratios, the calculated results could not reproduce the experimental data. At
{OM:AeV region, "“*Sm(n,a)'*'Nd cross sections have large forward/backward ratios. For
the arium isotopes, the forward/backward ratios are generally bigger than those from the
San:jel calculations, and this phenomena were also confirmed by other measurements [2, 7-9].
?l?e contribution of non-statistical effects might lead to these deviations between the
measured results and the model calculations. ) ] ' )
The sources of uncertainty and their magnitudes are'llsted in Table IV. Th.e uncertainty
was calculated by the error propagation formula. Major source of uncertainty was the
Jetection efficiency of a-particles for both £, =5.5 apd 6.5 MeV. A'round the neutron energy
of 6.5 MeV, the cross sections of the 284(n, £) reactlop change rapldly gs the n_eutrf)n energy
increases, and it would lead to big uncertainty of fission counts in the determ{natlon of the
absolute neutron flux. So, the neutron energy spreads would be another major source of
inty at En= 6.5 MeV.
uncir:atheYG.S MeV neutron energy point, because we did not measure ?he background, the
background of En = 5.5 MeV was used for the subt.raction. Due t(? the dlﬂ“eren'ce of neutron
energy, the error caused by background uncertainty was consu{ged. We I1:1lcreased .the
background counts of £,= 5.5 MeV by 100%, and recalculated thc? Sm(n, ) Nd reaction
cross section at 6.5 MeV neutron energy point. The error was obtained by comparing the new
cross section with the original one.

TABLE IV. Sources of uncertainty and their magnitudes.

H 0,
Sources of uncertainty =3 Mel:/dagmtude (/0)6.5 VAT
Statistical error of a-particles (N,) 3.45%5.60° 3.49° 6.50°
Valid-event-area of a-sources events 0.47%0.70° 0.15% 1.03°
(Ng) 6.16° 11.82° 5.13°9.49b
Detection efficiency of a-particles (g,) .
Background reduction (Ngpaci) 1.41%3.68° 0.87% 3.88 A
Background uncertainty (Ngback) Only for 6.5 MeV 3.09*17.82
Neutron energy spreads (Ny) 0.80 6.87
Statistical error of fission events (Nf) 0.45 0.54
Detection efficiency for fission fragment S.11 5.03
(&)
Numbers of 22U nucleus (Nzagy) 0.45 0.45
28U (n, /) cross sections (af) 0.70 0.70
Normalization of the BF3 counts (NgF,) :1538 ?(6)(5)

Numbers of '*Sm nucleus (Nsamp)
Total 9.1
* For the forward results of the '*Sm(n, a)'*'Nd reaction
® For the backward results of the "/Sm(n, a)"*'Nd reaction
(The symbols in the parentheses refer to the quantities in Eqgs. (1) and (2), N, refers to the
Counts of the BF; counter.)

15.1
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Results of the present experiments are compared with existing measurements, evaluationg
and Talys-1.9 calculations (Idmodel 4, 1.012r4) as shown in Fig. 6. In both magnitude;an(i
tendency, there are order of magnitude differences among different evaluation libraries in the
MeV region. Our experiment results are closer to the data of TENDL-2015 libraries [18]:The
Talys-1.9 calculations agree ‘with our present measurements as well as the Alford’s and Luo'g
results in the 14 MeV region. However, the present experiment results are higher than’ oy,
measurements in 2016, therefore further measurements in the MeV region are necessary. tg
clarify the discrepancies among different libraries and experiments. Cl

. - -~ JEFF-3.3
=ENDF/B-VIL.

' =ENDF/B-VIIL. 0
~--- JENDL-4.0

~ - - - ROSFOND~2010

~ -+ CENDL-3.1

—— TENDL-2015
Talys-1.9

Yu. M. Gledenov (2016)
W. L. Alford(1965)
Junhua Luo(2016)

L. A. Reyhancan (2013)
g ) +___present

)
.
4
v

0. 001 T T T T— T
2 4 6 8 10 12 14 16

E, (MeV)

Fig. 6. Present cross sections of the **Sm(r,a)'*'Nd reaction compared with existiﬁg
measurements, evaluations and Talys-1.9 calculations (Idmodel 4, 1.012r).

1V. CONCLUSIONS

In the present work, cross sections of the "““Sm(rn,0)'*'Nd reaction were measured at 5.5
and 6.5 MeV neutron energy points. There are very large discrepancies among different
evaluation libraries, and our results are closer to the data of TENDL-2015 library. Theoretical
analyses using Talys-1.9 code was performed, and agreement was achieved between present
measurements and calculations. The present results are higher than our measurements in
2016, and further experiments in the MeV region are necessary to clarify the discrepancies
among different libraries and measurements. NS
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1. INTRODUCTION

Alpha-particle clustering in nuclei is one of the important subjects for understanding
of o-decay, a-particle transfer and emission reactions, and nuclear structure [1]. The a-
clustering effect was investigated for long time by many authors (see, for example, [2-17])
who used different theoretical approaches to this problem. : :

In order to evaluate the o-particle formation probability for nucleus. Bethe first
assumed [2] to use the emission probability of neutron with the same energy. This hypothesis
was considered by Popov et al. [3-5] using the experimental data of (n,a) reactions for
resonance neutrons and found a ratio of the reduced average neutron-width to the alpha-width
in the range of 2.5+8.0. C ' :

In the framework of the pre-compound mechanism -Bonetti and Milazzo-Colli
suggested [6] the preformed a-particle model which was used in analysis of experimental data
for a-decay, (n,0) and (p,a) reactions. From such- analyses the a-particle preformation
probability was found to be ¢, = 0.7 + 0.01. Tonozuka and Arima [7] obtained a ratio of the

calculated reduced a-width to the observed value and estimated surface a-clustering in the a-
decay for 2?Po. It was shown that the surface a-clustering effect produces a tremendous
enhancement of the a-decay widths of the 2'?Po. ‘

In the framework of the pre-equilibrium approach to the nuclear reactions with complex
particle emission Hogan calculated [8] the rates of nucleon-nucleon and nucleon-alpha
interactions in nuclear matter and obtained the a-particle preformation factor
¢, =0.075+0.4. ' ‘ o

A rough estimate of the probability of occurrence of an a-cluster in a nuclear surface
was made by Chang [9,10] using the ratio of volume of the surface region to the volume of
the nucleus. The probability of occurrence of the a-cluster in a surface of '*Po was 6.2:10™.
Knellwolf and Rossel obtained [11] the a-particle preformation probability in the compound
nucleus *'Ca to be 0.57 by comparison of (n,0) and (n,p) cross sections for the same neutron
energy.

Using the exciton model Iwamoto and Harada suggested [12] a method to calculate the
a-particle formation factor from the overlap integral between the wave functions of the a-
particle and four nucleons. In this method the excitons are formed from not only particles
above the Fermi level but from nucleons below, also. They gave the relative a-particle
formation factors normalized fo unity as a function of the a-particle energy.

Zhang, Royer and Li using the semiclassical approach to frequency of the a-cluster
motion inside daughter nucleus obtained [13,14] the a-particle preformation probability for a-
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Jecay of some heavy nuclei to be 0.0065+0.244. Kadmensky: "‘n.:d Furm_4an devgloped [15‘]7 the
g-cluster model and obtained the surface a-clustering probabllme.s 7-10%, 3:10” and 8-10"' for
favoured, semifavoured and unfavoured o-transitions, respectively. Because of the large
pinding energy of a free o-particle, it can be presumed that the a-cluster is a rather stable
gubstructure particularly in light nuclei [16]. Two body a+ a and t.hree body a+ a+ n clus.ter
sructures of the *Be and *Be, respectively, were, for example, studied [}7,18] .amd the re.latlve
Srobabilities of such configurations were obtained. However, serious difficulties occur in the
theoretical calculation of the absolute a-clustering probability. o

So, from the above mentioned approaches to the a-clustering pro'blem it is seen that up to now
2 common opinion to explain the a-clustering effect and an unified method to obﬁaln the a-

ing probability there are no.

CIuStenIr% It,his worlz we from the unified view point, namely, in the framework of the
statistical model evaluated the a-clustering factor for slow and‘fast neutron induqed (n,a)
reactioﬁs. Our results are compared with values of the a-clustering probability which were

obtained by other authors.
2. FORMULAE
2.1. Slow Neutron Induced (n,a) Reaction Formulae

2.1.1. Resonance Neutron Induced (n,a) Reaction

* Using the statistical model and taking into account the a-clustering in the surface of
the compound nucleus the Weisskopf's formula [19] for the average a-width of level can be
written in the following form:

D(J
<, (J) >=——(——)Ta(l)qba, m
SO 2
where D(J) is the average level spacing for given J; T, is the transmission factor of a-particle
through potential barrier of the daughter nucleus; ¢, is the a-clustering factor. From (1) the a-
clustering factor is given by

” <, (J)>
DT, (D)

To simplify calculations we neglect the angular momentum dependence of the transmission
factor. Then the formula (2) can be rewritten as following:

b, = @

d)a = Z”M 3)
D(J)T,
Here the average level spacing for given J, D(J),is expressed by
py=-Lo_ )
ey {C))
Where D, is the observed level spacing for s-resonances; g(Jj is the spin factor:
gy = _2J+1 . )

2021 +1)
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Here J is the compound nucleus spm 1 is the target nucleus spin.
It is possible to calculate by using the formula (3) the a-clustering factor for resonanc,e

neutron induced (n,a) reaction.
2.1.2. Intermediate Neutron Induced (n,a) Reaction

In the framework of the statistical model an averaged (n,a) cross section by anal()gy
with (n,y) reaction is given by [20,21]:

JYy <I,(J,1 Ir,,!
<oln, a)>—2ﬂzxzzzg‘u; (J:D: >, ©

Here: X, is the wave length of the incident neutron divided by 2x:

m2

X2 =207.102 " |
E, (keV)’ @

E, is the incident neutron energy; <T,(J,0)>, <I,(J,)> and <I['(J,/)> are the average
neutron, alpha and total level widths; ‘
Fyis the level width fluctuation factor which is occurred in the range of 0.6+1.0.

The average total level width can be expressed as
<O(J, ) >=<T,(J,)>+<[,(J,)>+<[,(J,]) > +... ®

In most cases for intermediate neutrons can be assumedl, >>T, >>T,. So, the total level
width is given by V

<T(LD)>~<T,(J,})>. _ , ’ ©

From (1), (6) and (9) can be gotten
<olna)>= 23S g, (D, F,. (10)
T

If we neglect the angular momentum and spin dependences of the total (n,&) cross sécﬁon
averaged over the wide neutron energy range and assume F, #lcan obtain from (10)
following simple formula for a-clustering factor:

<a(na)>

™ AT, :(‘“)

This _formula can be utilized to calculate the a-clustering factor using the averaged
experimental (n,a) cross section.
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2.2. Alpha-Clustering in Fast Neutron Induced (n,o) Reaction

By analogy with formula (11) the proton clustering factor can be written in the
following form:

< o(n,p)>

~ 12
4 akoT, (12
From formulas (11) and (12) can be obtained following ratio:
ba ~<o-(n,a)>’£ a3

5;~<0(n,p)> T~

If we assume¢p, =1 the a-clustering factor for (n,a) reaction induced by quasimonoenergetic
fast neutrons is expressed as following:

R o(na)T,
P> G, 0

The a-clustering factor in (14) is defined as the relative probability of interaction of an
incident neutron with an o-cluster to that with proton.
The transmission factors T, and T}, in the formulas (3), (11) and (14) are calculated by
Rasmussen’s formula [22,23].
3. RESULTS AND DISCUSSION
3.1. Alpha-Clustering in the Slow Neutron Induced (n,0) Reaction

3.1.1. Alpha-clustering for Resonance Neutron Induced (n,a) Reaction

Table 1. Experimental data and results of our calculations for resonance neutrons

Target Ty (exp) D, (eV) - T b
Isotopes (ueV) [5] [24] ‘ “
87Zn 12 2940 8.63E-08 0.30
57n 580+340 367 2.75E-05 0.21
Mo 26+18 81 1.58E-06 0.53
123 7.343.7 2.32E-07° 1.97
Te | gow20y | 21 081y
TNd 21+8 37.6 4,12E-06 0.37
T5Nd 0.32+0.19 17.8 1.41E-07 0.35
7Sm 2.3+0.6 5.7 4.67E-06 0.24
¥Sm 0.21+0.06 2.2 5.12E-07 0.52

*) Previous data {25]
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The formula (3) is utilized for some isotopes to estimate the a~clustering factor for the
(n,a) reaction induced by resonance neutrons. Experimental data of the average a-widths
were taken from Ref. [5]. Average level spacing for s-resonances [24] was used-in this
calculations. The transmission factors were calculated, as mentioned above, by Rasmussen’s
formula for zero angular momentum /,=0. Values of the experimental data and results of our
calculations for some isotopes are given in Table 1.

3.1.2. Alpha-Clustering in the Intermediate Neutron Induced (n,a) Reaction

The formula (11) is used to estimate the a-clustering factor for 24+30 keV neutron
induced (n,a) reactions. Experimental data of the (n,a) cross sections were taken from Ref,
[5]. Values of the experimental averaged (n,a) cross sections for 24 or 30 keV neutrons and
results of our calculations for a-clustering factor are given in Table 2.

Table 2. Experimental (n,a) cross sections and results of our calculations
for 24+30 keV neutrons

. E, o(n,a) T N
Targetnuclei| -\ vy (ubarn) 1=0) by o an
Mo-95 30 20£4 1.75E-06 0.53
Te-123 2 28207 | 248807 0.52
Nd-143 30 2083 4.55-06 0.20
Sm-147 30 285 5.14E-06 0.25

In the case of slow neutrons from Tables 1 and 2 can be obtained following common results
for a-clustering factors (see Table.3)

Table 3. Alpha-clustering factors for slow neutron induced (n,a) reactions

Table 4. Experimental data and results of our calculations for 4+6 MeV neutrons

@ a
Target Nuclei for resonance for intermediate
neutrons neutrons
Mo-95 0.53 0.53
Te-123 1.97 (0.81) 0.52
Nd-143 0.37 0.20
Sm-147 0.24 0.25

3.2. Alpha —Clustering in (n,a) Reaction Induced by 4+6 MeV Neutrons

The formula (14) is used to estimate the a-clustering factor for the (n,a) reaction
induced by 4+6 MeV neutrons where experimental (n,0) and (n,p) cross sections
simultaneously there are for the same isotopes [26]. The experimental data and results of our
calculations are given in Table 4.
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e —
E, | Target . Qupw | Epe | om,p/a) Pa b,
Menv Nuclei Reaction (MeV) | (MeV) | (mbarn) Toa by formula (14)

0o, | (@ | 1748 [518 | 1564 | 0282 029
2 [T(np) |-0529 | 3.38 | 300 | 0.161 :
- (na) | 0.841 | 449 | 0.76 | 5.32E-4 0.02
Fe [—(p) 10088 |40l | 276 | 0.004 :
s (@) | 289 643 | 134 | 0.056 0002a | 00655
4 ' mp) | 0395 | 432 | 3524 | 0.0035 :
& (na) | 1715 | 536 | 0.281 | 0.0015 0013
Cu np) 10716 | 464 | 748 | 0.0053 :
o (o) | 3867 | 738 | 596 | 0.162 0022
20 (p) | 0208 | 414 | 1329 | 8E-4 0.
, » (na) | 1363 | 528 | 145 | 0.18 019 1
45 | TR s 10217 | 46 | 280 | 0292 : :
" (na) |-0.111 | 442 | 34 | 0.123 0.04
K Tap) [ 171 [ 321 | 141 | 0.0206 :
“ (ng) | 0.841 | 542 2 0.014 o3
Fe —(np) [ 0.088 [ 499 | 406.1 | 0.038 :
o | (ma) | 289 | 736 | 474 | 0382 00073
Ni —p) (0395 | 53 | 509 | 0.0302 :
5 9 (n,0) 0320 | 4.96 0.13 | 0.0017 0.037 0.0232
° [(mp) [-0783 | 415 8.1 | 0.004 ’
& () | 1715 ] 629 | 1.69 | 0.0247 037
Cu —p) 10716 [ 562 | 7322 | 0.039% 0.
64 (o) | 3867 [832 | 791 | 0841 051
Zn —hp) | 0208 | 512 | 181 | 0.0099 0.0
“ (na) |-0111 |532 | 7.5 | 092
K Map) | =171 [419 | 168 | 0.165 0.08
w (ma) | 0.841 | 635 8 0.147 000
Fe —ap) 10088 | 597 | 265 | 0177 '
. (o) | -0626 | 499 | 05 | 0.0089 w007 |0.0656
6 Mn 1~ p) | -1.806 | 412 | 5.65 | 0.0099 '
" o 0320 [59 | 109 [00315] o
Co ™ np) | -0783 | 5.13 | 1452 | 0.0357 ‘
oy | @ | 1715 [ 724 | 501 | o2l 0,046
(n,p) 0.716 6.61 88.7 0.172

3.3. Discussion

It is seen from Tables 1 and 2 that the a-clustering factors for the (n,a) reactions
Induced by resonance and intermediate neutrons are varied in the range of 0.20 to 0.53 for all

isotopes except 'BTe. As to 'PTe-target nucleus new value I°® =7.3+3.7 eV gives the
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a-clustering factor ¢, =1.97 which is not possible to be ¢, >1. At the same time from th,

previous datum I's™ =3.0£2.0 for the '*Te(n,a)'*°Sn reaction the o-clustering factor Wag
found to be ¢, = 0.81 (see Table 1) that is plausible.

Also, Table 3 shows that the a-clustering factors for each given isotopes are almost the
same on resonance and intermediate neutrons.
In the case of fast neutrons (E;=4+6 MeV) the a-clustering factors are varied from 0.0022 ¢,
0.29 (see Table 4). It is not seen from here an energy regular dependence of the a- clustermg
factor for considered isotopes. In the energy range of 4 to 6 MeV common arithmetic average
value of the d)a , which obtained at each neutron energy point, can be found to be
<g, >=0.086.

This value of <g, >=0.086 can be compared with our previous results of

¢, =0.22 +0.28 at the same neutron energy range of E,=4+6 MeV [27]. It can be seen that
our present results for a-clustering factor are a little less than previous ones, although fnain
conception of the two approaches is very similar and methods of calculation are different.
In addition, it should be noted that our present results of the a-clustering factor
@, =0.20+0.53 for slow neutrons are close to our previous ones &, =022+0.28 for
fast neutrons. So, in future more detailed consideration of these facts is needed.

Our values of the a-clustering factor obtained in this work are satisfactorily in agreement

with results of Popov et al. [3+5], Bonetti and Milazzo~Colli [6], Hogan [8], and Knellwolf |

and Rossel [11].

4., CONCLUSION

1. The a-clustering factors for (n,o) reactions induced by slow (resonance and intermediate)
and fast neutrons were obtained for some isotopes using the statistical model of nuclear
reactions.

2. In the case of slow neutrons the a-clustering factors are varied in the range of 0.20 to
0.53. At the same time the a-clustering factors for fast neutron induced (n,a) reaction
were found in the range of 0.0022 to 0.29.

3. The present arithmetic average value < ¢, >=0.086 for neutron energy E,= 4+6 MeV is
a little less than our previous results of the a-clustering factor @, =0.22+0.28 for the
same neutron energy range. At the same time the present values of the a-clustering factor
¢, =0.20+0.53 for slow neutrons are close to our previous ones of (1) =0.22+0.28

for fast neutrons.

4. Our values of the a-clustering factor for slow and fast neutron induced (n,) reactions on
an average are satisfactorily in agreement with most of evaluations which obtamed by
other authors using the different approaches to this problem.
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Abstract . ;
The angular distributions of gamma-rays from the inelastic scattering (INS) of
14.1 MeV neutrons on iron (Fe) are investigated with Tagged Neutron Method (TNM). The
anisotropy of y-rays emitted during the INS-process was measured, using an improved
TANGRA (TAgged Neutron and Gamma RAys) setup. The setup’s configuration and the
digital method of data processing provide a possibility to significantly improve the spatial
resolution of gamma-ray detection system and, on the other hand, to increase the precision of

obtained gamma-ray angular distributions data. Detailed y-spectrum for (n,n} reaction was -

obtained and y-ray angular distribution was measured for 847 keV and 1238 keV 7y-

transitions. B
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1. Introduction

The present work was undertaken with the aim to study the angular distributions of
gamma rays following inelastic scattering of 14.1 MeV neutrons with various nuclei. The
recise measurement of the y-ray yields and n-y correlations at large (>165°) and small
< 45°) angles are very important for formulation of correct assumptions about the neutron
inclastic scattering mechanism, because the theoretical description of the angular correlations
in these areas is very sensitive to the neutron-nucleus interaction parameters and depends on
the theoretical model features. Moreover, precise information about the y-ray angular
distributions is necessary for fast elemental analysis of compound chemical substances,
because one has to take into account the dependence of the y-ray intensity on the angle
petween the direction of the neutron beam and the y-detector. The existing database on the
angular distributions of y-rays emitted during the neutron inelastic scattering process contains
contradictory information and quite scattered values at large and small angles. The tagged
neutron method is based on registration of the 3.5-MeV a-particle from the reaction:

d+t—n+a (n

The a-particle has practically the opposite direction of flight relative to the direction

of the neutron emission. The energy of the neutron is 14.1 MeV. The q-particles are

registered in coincidence with the pulses from the characteristic nuclear y-radiation, emitted
during the neutron-induced reaction on the nuclei 4 in the sample.

A(n,x)B"—>B @)

So, it is possible to reconstruct the neutron flight direction by fixing the a-particle
emission angle, i.e. to “tag” the neutron. Practically, the position-sensitive a-detector,
embedded in the neutron generator, does the “tagging” of the neutrons. The o-y coincidences
allows one significantly decrease number of the background events in the y—spectra.

This paper is dedicated to the investigation of the neutron inelastic scattering reaction
on iron. The *Fe is an important structural material for nuclear engineering and nuclear
physics research applications. There were a lot of experiments made on iron in the past with
neutron energies from 1 up to 14 MeV to investigate inelastic scattering process, but most of
them didn’t consider y-quanta angular distributions. Recently, a high-resolution measurement
of the inelastic scattering cross-section was done at the nELBE neutron ToF-facility in the
energy range from about 0.1 up to 10 MeV, It was shown that angular distribution
coefficients have a strong energy dependence [10]. In this work we measured y-quanta
angular distributions with 14.1 MeV incident neutrons.

2. Experiment

The scheme of TANGRA-setup for studying the fast neutron scattering reactions is
shown in Fig. 1. The neutron generator ING-27 is used as a neutron source. The neutrons are
Produced in the reaction (1), induced by the continuous deuteron beam with kinetic energy of
80-100 keV, focused on a tritium-enriched target. The products of this reaction are a
14.1 MeV neutron and 3.52 MeV a-particle. The maximal intensity of the “tagged” neutron
ﬂ_uX in 4n-geometry is 5x107 ¢'. The a-particles are registered by a 64-pixel a-detector with
Pixel dimensions of 6x6 mm?. The a-detector is located at a distance of ~ 10 ¢cm from the
tritium-enriched target.
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The y-quanta emitted in the neutron inelastic scattering are registered by a “Romashg»
system, consisted of 18 BGO-scintillator y-detectors placed around the sample with ~14s
step. The background events are separated by using the Time-of-Flight (ToF) method. The
“start” of the measurement time duration is given by the signal from the ay-detector and the
“stop” — by the signal from the o -detector. The difference in speed between the neutron ang
the photon provides the possibility to separate the y-rays from the neutrons. For dat,
acquisition a personal computer with two ADCM-16 boards was used [2].

The profiles of the tagged neutron beams were measured prior to the experiment,
using a position-sensitive silicon charged particle detector (profilometer) [3]. This
information is used for adjusting the neutron generator beams and for sample’s sizeg
optimization. The experimental data analysis procedure is discussed in detail in our previous
paper [1].

The sample used was a 4x4x4 cm’ Al-container filled with natural iron powder.

N P,
oy

/

4

1/ 125 mm

N

Fig. 1. Scheme of the TANGRA setup in the reaction plane: I — portable neutron generator
ING-27, 2 — sample at the center of "Romasha” y-ray registration system, 3 — sample
holder, 4 — generator support , 5 — y-ray detector holder, 6 — BGO y-ray detector. The

“tagged” neutron beam direction is indicated by horizontal plain line.

3. Optimization of sample’s sizes and correction factor calculation

Sizes of the irradiated sample were chosen from two contradictory criteria: the
sample’s sizes must allow us to use as many tagged beams as possible, but, on the other hand,
the self-absorption y-quanta inside the sample must not significantly change the observed ¥
quanta angular distribution.
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We used Geant4 Monte-Carlo simulation to estimate the influence of the y-quanta and
neutrons absorption inside the sample. The simulation results showed that the optimal sample
shape has a square section in the detector plane. To calculate the influence of the sample on
the observed angular distribution, the predefined in Geant4 was changed to isotropic. The
difference between the angular distributions for different pixels on the same vertical strip was
found to be insignificant, so, we decided to use all 8 pixels on the vertical strip, and the
height of all samples was set equal to 14 cm.

The example of Geant4-calculation based data correction procedure is illustrated in
Fig. 2. The simulated areas of the full energy absorption peaks for each “strip-detector”
combination were calculated and normalized per average photopeak area of each strip. In
Fig. 2(a) the calculated correction factor C' is presented. After that, the obtained experimental
angular distribution W'exp, which is shown in Fig. 2(b), was divided by the correction factor:

i
i exp

VVL‘O”‘EL‘MJ = Ci (3)

Here index i is the detector’s number in Fig. 2. The example of corrected experimental data is
presented in Fig. 2(d), with approximation by series of Legendre polynomials and
renormalization per coefficient 4 (Eq. 3):

w(e) = AQ +Ek=~4 a, P, (cos8)), 0
where ax are expansion coefficients, J is y-transition multipolarity.
e2.2F 5. .
2 E a 29F b
g F s F
E E F
= 1.2
S8k g :
1.6: ;Ll:—
< o
1.4_ 3 B
1.2F < F
E 2t
IE 209F
3 E F
08F ZosE
0.6F 3
£ 0.7
0.4 1 L 1 1 1 L 1 L 1 1 1 1 A 1
2 4 6 8 10 12 14 16 18 2 4 6 8 10 12 14 16 18
Ndet Ndet
3226 322
3 2F c & 2 d
s s °F
ng:— El.xs—
2 16F “16fF
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S SL2E
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208 S08F
0.6F 0.6F
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Ndet cos(8)
Fig. 2. Data processing example: calculated correction factor (a), experimental angular

distribution (b), corrected experimental data (c), corrected angular distribution (d).
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4. Results

In this experimental session we used HPGe y-spectrometer to obtain high-resolution
y-spectrum. We can distinguish at least 46 y-transitions generated from **Fe(n,n’), **Fe(n,2n’)
reactions. Their parameters and references to other experiments in which the same y—lmes
were observed are presented in the Table 1.

Table 1. Parameters of the y-transitions observed in this work.

E,, keV[12] | Reaction| FEi.keV JPin En, keV | JPun Reference
471.2 (n2n") 1408 7/2— 931.3 | 52— [5]
846.8 (nn') 846.8 2+ 0 0+ | [5L70,091,11]
931.3| (n2n) 931.3 5/2— 0] 3/2- [51.[6]
9558 (nn) 4401.3 2+ 34453 3+ 9]

1037.9 (n.n’) 3123.0 4+ 2085.1 4+ [5L091,[11]
1175.2 (n.n') 4298.2 4+ 3123 4+ 9]
1238.3 (n.n') 2085.1 4+ 846.8 2+ [51,070.191,[11]
1303 (nn') 3388.6 6+ 2085.1 4+ [5).[11]
1312 (nn) | 4683.04 3+ 3370 | 2+ {5]
13354 | (nn) | 44584 4+ 3123 | 4+ [9]
1360.3 (nn’) 34454 3+ 2598.5 2+ 9]
1408.4 (n,2n') 1408.4 7/2— 0] 32~ [5]
1579.5 (nn) 45395 | 142+ 2960 | 2+ [9]
1669.9 | (nn)|  3755.6 6+ | 2085.1| 4+ [5L,[91[11]
1771.5| _(nn) |  3856.5 3+ | 2085.1] 4+ [91.[11]
1810.8 (n.n’) 2657.6 24 846.8 | 2+ [5L[9),[11]
1852.4 (nn’) 4509.6 3- 2657.6 2+ 9]
1881.9|  (nn) | 45395 | 1+2+| 2657.6] 2+ (9]
1918 (n,n") 4878 2+ 2060 | 2+ [9]
1963.9 (nn') 4048.9 3+ 2085.1 4+ 9]
2015.2 (nn') 4100.3 4+ 2085.1 4+ 9]
20349 (nn)| 41199 3+ | 2085.1] 4+ [51,[9]
20949 | (nn) 2941.7 0+ 846.8 | 2+ 9L[11]
21132 (nn) | 2960.0 2+ 8468 | 2+ BLI9LI]
22129 (nn') 4298.1 4+ 2085.1 4+ [9]
2273.2 (nn') 3120.1 1+ 846.8 2+ [91.[11]
23732 (nn') 44584 4+| 20851 | 4+ [9]
2424.9 (nn’) 4509.6 3- 2085.1 4+ 9]
2460.3 (nn') 5402.3 2491.5 0+ 9]
2468.9 | (nn) 4554.8 4+ | 2085.1| 4+ [9]
25234 | (nn) 3370 2+ 846.8 | 2+ 91[11]
2573 (nn’) 4660.0 | 3+,4+ 2085.1 4+ 9]
2598.6 | (nn) | 34453 3+ 846.8 | 2+ [O1[11]
2601 (n.n") 34484 1+ 846.8 2+ [9],[11]
26576 | (nn) 2657.6 2+ 0 0+ 9]
2753 | (mn) 3600 2+ 846.8 | 2+ [9]
2759 (n,n’) 3605 2+ 846.8 2+ [91,[11]
2983 (n.n) 3829.8 2+ 846.8 2+ [91,[11]
3009.7 (nn) 3856.5 3+ 846.8 2+ [Q]
3064 (n.n’) 5149.5 2+ 2085.1 4+ [9]
3202.03 (n.n’) 4048.8 3+ 846.8 2+ 91
84

3253.7 (n.n') 4100.4 3+ 846.8 2+ [9]
3448 (nn) 3448.4 1+ 0 0+ [9]
3548 (n,n’) 4395.0 3+ 846.8 2+ 9]
3600 (n,n) 3600 2+ 0 0+ 9]

3663.6 (n.n') 4509.6 3- 846.8 2+ [9L

The most detailed spectrum is obtained in paper [9]: 82 y-transitions correlated with
reaction 58Fe(n,n’) are described and their intensities are measured. In our y spectrum we can
identify y-lines with intensities higher than 0.4% only, due to the high background radiation
Jevel generated from the inelastic scattering of neutrons in the shielding and construction
elements of the experimental setup. The registered y-ray spectrum for Fe is shown in Fig. 3.

20349
2113.2
2273.2
2598.6
2759
983
3253.7

25234

"N

L
2
—_— 320203

AU SN TN R U EEPEPIURPI BUPRA
1000 1500 2000 2500 3000 3500
EkeV

Fig. 3. Gamma-spectrum for Fe (HPGe). Energies of the most intensive y-transitions Ey (in
keV) from reactions *Fe(n,n’),( n,2n’) are signed. Lines generated by reaction (n,2n") are
marked with an asterisk.

= 4500
< 847keV
k=]
3 4000 42085 ke V
3500 =
0E 1238 keV
3000 —
- 3 —Y 47 kev
2500 -~
= 847 keV
o 1238keV
2000 — Y
= 0" 0 keV
1500 —
1000 —
500
P N RPN BRI A B AN o oo Aoret
0 500 1000 1500 2000 2500 3000 3500

EkeV

Fig. 4. Gamma-spectrum for iron, obtained by “Romasha” BGO y-detector system.
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During the last series of experiments with TANGRA setup, the y-quanta angula,
distributions for Fe have been measured using the “Romasha” y-spectrometer system. In Fig,
4 the y-spectrum obtained by the BGO y-detectors is presented. '

We measured y-quanta angular distributions for two the most intensive y-transitions:
847 keV and 1238 keV that correspond to excitation of 847 keV(2*) and 2085 keV(4") levels,
Measured y-quanta angular distributions and their approximations are shown in the Fig, 5,
The coefficients of the Legendre polynomial approximation are presented in Table2 in
comparison with experimental results from papers [6-8].

W(cos(6))
—_— — — — N
- R I
. R ]
2
o

0.8F
0. 6:
0.4C ' P 1 1 1 } Laaa) | EPOF e | 1 | . i
-1 -08 —06 —04 —02 0 02 04 06.08 1 -1 -08 0.6 04 02 0 02 04 06 0f8 1
cos(9) cos(9)

Fig. 5. The angular distributions of the y-quanta from 14.1 MeV neutron inelastic
scattering on **Fe: 847 keV (a), 1238 keV (b).

Table 2. Legandre polynomial approximation coefficients for the y-quanta angular
distributions obtained in this work in comparison with previous measurements.

Ey, keV az ay Reference
0.15£0.04 | -0.06+0.05 | this work
8468 | 021005 0.07 + 0.03 (6]
0.36 0.38 [7]
0.09 0.1 [8]
0.19+0.04 | —0.07+0.06 | this work
12383 |_0:320.08 0.16 + 0.08 (6]
0.37 -0.23 7
0.14 -0.1 [8]

The discrepancy between results of different experiments is not significant, except the
results from paper [7]. The obtained values correspond to the main trends of the energy
dependences of the angular distribution coefficients obtained in the work [10]: for 846.8 keV
y-transition a,-value is clearly positive and as is mainly negative in the range of initial
neutron energies between 0.1 and 7 MeV. Above 2 MeV the angular distribution flattens out.
For the 1238.3 keV y-ray angular distribution positive az and negatlve ay in the same neutron
energy range are observed.
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Conclusion

Using TANGRA facility and the tagged neutron method we studied the inelastic
scattering of 14.1 MeV neutrons on the iron. The most important advantage of the setup used

"in all the experiments is that we succeed to cover a wide range of angles with a big number of

points, in which the registration of y-quanta was simultaneously carried out.
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Feasibility Analysis of Unfolding Fast Neutron Spectrum by Using
(n, n'y) Reaction

Li Xuesong, Yu Gongshuo, Jiang Wengang, Xie Feng

Northwest Institute of Nuclear Technology, Xi’an 710024, Shaanxi, China

Abstract: Multi-nuclide neutron activation method is usually used to unfolding the fast
neutron spectrum. This method has the limitation of the number of candidate nuclides for the
reaction cross section, products’ decay characters etc. In this paper, a novel approach was
proposed to break the limitation, which can employ a large number of y rays emiiting from the
given (n, n'y) reactions. Considering the number of isotopes and the (n, n'y) cross sections, Mg,
- As, Mn, V, Br, Rb, Y, Nb, Rh, Sb, I, Pr, Ho, Gd, Sm, Nd, Pd and Ru were selected as the
candidate target elements. By grouping some of these elements, it is easy to find dozens of y
rays from their (n, n'y) reactions to unfold the fast neutron spectrum. Two target composing
mode were supposed in this paper. The multi-y-ray mode seemed better than the
multi-nuclide-mode. Vertical experiment mode was suggested.

Keywords: fast neutron, unfolding spectrum, (n, n'y) reaction

1 Introduction

Multi-nuclide neutron activation and flying-time methods are the main approaches to get
the fast neutron spectrum[" 21, Flying-time method can be used to directly measure the neutron
spectrum. But high time-resolution is needed for the high energy neutrons. And if the neutron
flux is small, much time will be needed to accumulate enough counts. So flying-time method
has its limitation. For multi-nuclide neutron activation method, researchers must get enough
neutron activation channels. However, up to now, the number of the practicable neutron
activations does not exceed twenty-five. Furthermore, those candidate nuclides can't be used
at one time in one experiment. Then the neutron spectrum can't be unfolded finely in this
condition, sometimes even can't be unfolded. So the limitation of this method is obvious. -

Inelastic scattering reaction (n, n'y) is an important energy-threshold reaction channel
among all of the (n, X) reactions between neutron and nucleus. In the reaction process,
nucleus will be activated to a high energy state. Mono-energy y-ray will be emitted from the
excited nucleus. So each high energy state of the nucleus is equivalent a selected nuclide in
multi-nuclide neutron activation method. In 1997, Fehrenbacher G. etc. used the 692 keV
v-ray produced in 2Ge (n, n'y) in HPGe detector to unfolding the neutron spectrum of ®2cf
and got a preliminary result™). In 2013, A. Oberstedt etc. measured two y-rays produced in
Br(n, n'y) in LaBr;:Ce detector and got the coarse neutron spectrum of 2*Cf!¥, m 2014, A.
Ebran etc. in CEA measured the efficiencies of five y-rays produced in (n, n'y) of La and Br in
LaBr;:Ce detector and the fast neutron detection efficiency relative to 306 keV y-ray from
Br(n, n'y) was determined up to 0.5%). So it is obvious that this method has a good
sensitivity of neutron which is suitable for unfolding the spectrum of low neutron flux.

Up to now, it is the preliminary stage for the usage of (n, n'y) in unfolding neutron spectrum-
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In this paper, two modes of using (n, n'y) reaction as the unfolding reaction channel were

proposed and discussed.

2 Selection of nuclide for (n, n'y) target

As we all know, in inelastic scattering reaction, nucleus can be activated to different
excited states expressed as (n, n'm) which depends on the neutron energy, 'm' means the m®
excited state. Whether the m™ excited state is suitable to use is up to the reaction cross section.
It must meet the need of experiment. In article [5], the fast neutron detection efficiency
relative to 306 keV y-ray from Br(n, n'y) was determined up to 0.5%. Here, 306 keV is from
Br(n, n'4) whose reaction cross section has the max value 0.161 bar at 614 keV(®l. In the next
discussion, 0.2 bar was selected as the lowest standard cross section value. Nuclide which
would be selected as the target material must obey this rule. )

2.1 Multi-nuclide-mode target

Multi-nuclide-mode target was emphasized on the number of nuclides even if each nuclide
has only one usable y-ray from (n, n'y) according to our standard. That means many nuclides
will be selected to compose one usable target. When fast neutrons react with them through the
(n, n'y) channels, many y-rays will be emitted. We can measure these y-rays and unfolding the
fast neutron spectrum. After investigated in ENDFB 7.1 data library, Mg, As, Mn, V, Br, Rb,
Y, Nb, Rh, Sb, I, Pr and Ho were selected as the target materials. Fig. 1 shows the cross
section curves of part of these elements.
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Fig. 1. The cross section curves from ENDFB 7.1 data library.
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2.2 Multi-y-ray-mode target

Multi-y-ray-mode target was emphasized on the number of usable y-rays from (n, n'm) i,
one isotope. That means there are a lot of excited states which cross sections of (n, n'm) reach
our standard. If an element has several isotopes and each isotope has several usable Y-rays
from (n, n'm), the number of usable y-rays will be easily enough to unfolding the neutroy
spectrum. After investigated in ENDFB 7.1 data library, Gd, Sm, Nd, Pd and Ru were selecteq
as the target materials. Fig. 2 shows the cross section curves of the main isotopes of Gd Gd
has seven isotopes and five of them have the abundance from 14% to 25%.
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Fig. 2. The cross section curves of the main isotopes of Gd.
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From Fig. 2, almost each isotope of Gd has three or more usable y-rays according to our
cross section standard. And 16 y-rays can be employed to unfold the fast neutron spectrum. As
thé same way, Sm has six isotopes and 12 y-rays can be used, Nd has seven isotopes and 20
yrays can be used, Pd has seven isotopes and 14 y-rays can be used, Ru has seven isotopes
and 14 y-rays can be used. Thus one element can almost meet the need of unfolding neutron
spectrum. Two or more elements group will be better.

As the light nuclides are easier to change the neutron spectrum than the heavy ones, it is
petter to use the heavy nuclides as the target material. So multi-y-ray-mode target seemed a
petter way because of its selected heavy nuclides. At the same time, several factors must be
considered carefully in using (n, n'y) y-rays: (1) for the (n, n'y) reaction cross section, the
bigger the better, (2) for the target material element, the heavier the better, (3) for the (n, n'y)
y-1ays, the less interference the better, (4) for the detector, energy resolution must be fine.

3 Supposed using conditions for (n, n’ y)

Fig. 3 shows two basement experiment schemes de51gned to measure the y-rays

A

feren

— Q -
; Nwtronﬁux
l yrays

detector

o

detector

Neutron flux target y-rays

(a) horizontal measurement scheme (b) vertical measurement scheme

Fig. 3. Two basement experiment schemes.

As for the Fig. 3(a), there were two main shortcomings. One was that the neutrons can
directly hit the detector, which might make the detector damaged. The other was that there
would be high background for the detector because of the incidental y-rays with neutrons. So
Fig. 3(b) showed the vertical experiment mode. This mode could apparently avoid above two
processes.

Then the count rate of y-ray from(n, n'y) reaction could be coarsely estimated by equation
(.

Ny; = Np0Oy;Nisoyi (D.
In which, ny;is the i y-ray count rate with the unit cps, N, is the neutron flux with the unit sT,
ayiis the cross section with the unit bar, N, is number of isotope in target, &,;is the detection
efficiency of ™ y-ray .

Based on the equation (1), if Nis, was set to 10, &, was set to 1%,0,; was set to 0.2 bar, N,
Wwas set to 105/s, the n,; would be estimated to 0.2 cps. In this condition, it is easy to get a good
tesult. Greater target can improve the sensitivity.

Because many (n, n'm) reaction cross section curves were got by calculation, there are
Some difference in ‘different nuclear data library. So it is better to measure the cross section
Curves for the designed targets and make them be a sequence of standards.
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4 Summary

It was feasible to use the (n, n'y) reaction to unfolding the fast neutron spectrumy by
analyzing the y-ray characters of (n, n'y) and preliminary estimation. Two target designing
mode were supposed after analysis. The multi-y-ray mode seemed to be better than the
multi-nuclide-mode. Vertical measurement scheme was suggested.
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Non-Statistical and Asymmetry Effects in Fast Neutrons Reactions
A.L Oprea, C. Oprea, P.V. Sedyshev, Yu.M. Gledenov, M.V. Sedysheva

Frank Laboratory of Nuclear Research, JINR, 141980 Dubna, Russia

Abstract. Cross sections and strength functions in neutron reactions on '47Sm were evaluated
from slow and resonance neutrons up to MeV region. For their description the neutron
resonance parameters, transmission coefficients for exit channels and the Hauser-Feshbach
formalism were included. The theoretical evaluations are performed by using Talys free
software and author’s computer programs. The obtained cross sections and strength functions
are compared with experimental data in order to explain possible non- statistical effects
reported previously by some authors on the distributions of alpha widths.

INTRODUCTION

Fast neutrons reactions with emission of charged particles like protons and alpha
particles are of interest for fundamental and applicative researches. For fundamental
investigations, nuclear processes induced by fast neutrons provide new data on nuclear
reactions mechanisms, structure of atomic nuclei, parameters of optical potential, levels
density and spacing. Related to applicative studies fast neutrons processes are important for
material sciences, nuclear technologies, neutrons activations analysis, tagged neutrons
method, astrophysics, etc. [1, 2].

Fast neutrons reactions on medium and heavy nuclei are investigated for a long time in
LNF JINR, Dubna, and became traditional due to accumulated experience, human resource
and existence of necessary devices and facilities [3].

In the present work '¥7Sm(n,n)'*Nd process induced by fast neutrons was investigated
in a wide incident neutrons energy range starting from keV’s region up to 20 MeV. Cross
sections, asymmetry effects and alpha strength functions were evaluated using own and
dedicated computer codes. Asymmetry effects and strength functions results are qualitatively

. explained considering changing of radius and parameters of potential in entrance and

emergent channels respectively.

THEORETICAL BACKGROUND

The (n,o) reaction on '*’Sm nucleus with neutrons energy from keV up to 20 MeV can
be described in the frame of statistical model of nuclear reactions and therefore cross sections
i[ire obtained applying the Hauser-Feshbach approach. In this case cross section has the form
4]

TnTa
ZTC Wna’

c

()]

o = 87K
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where T is transmission coefficient; g is statistical factor; X, is reduced neutron wavelengt,
Y

W, is width fluctuation correction factor.

Transmission coefficients were evaluated using quantum mechanical approach baseg
on reflection factor [5, 6]. Sum on the denominator is over all open energetic possible
channels together with momentum and spin conservations. Width fluctuation correctigy
factor, W, was evaluated using Moldauer approach [7, 8].

In the fast neutrons energy range direct and pre-equilibrium mechanisms give thej;
contribution to the cross section also. For this reason Talys codes were used. This freeware
soft, working mainly under Linux is dedicated to nuclear reactions and structure of atomjc
nuclei calculations. In Talys are implemented compound, direct and pre-equilibrium nuclear
reaction mechanisms together with nuclear data of optical potential, nuclear density and levejs
spacing for a large number of nuclei and isotopes [9].

Another physical parameter of interest is the strength functions. Strength functions, a
function of energy (E), momentum (J) and parity (IT), are related to transmission coefficients
by a proportional factor and they are defined as {10]: o

) T(E,J,I'I)‘

S(E,J,IT)=——=—>~ @

2r

RESULTS AND DISCUSSIONS

For the evaluation of "*’Sm(n,a)'**Nd cross section starting from 0.5 keV up o 500
keV Hauser-Feshbach formalism were used. It was realized a computer program which
calculates transmission coefficients using quantum mechanical approach and were considered
all open channels. In this energy range were considered only compound processes.
Experimental results from [10] were described very well. Results are shown in Fig. 1.

147, n a)144Nd
1E-3
1 a o Experiment
.‘9 [ ] Theory
g 1E4; &,
E ] '%-!1_?
b ] T
4 ®—3J+
W ) H?%@w
1E‘5- s° ° .%

1E3 001 0.
Neutron Energy [MeV]

Fig. 1. Theoretical and experimental cross sections of 78 m(n,0)"**Nd reaction.
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In the evaluation it was taken a rectangular optical potential, U = V + I-W, with real
and imaginary part in the incident and emergent channels. Radius channel has the usual
expression R = Ro-A"® [fm] (Ro = 1.45 fim, A is atomic mass). At 1 keV, in the alpha channel,
real part of optical potential was Vo = 225 MeV and imaginary part, Wo = 0.15 MeV. With
the increasing of the energy, up to 450 keV, in order to describe experimental data, V, was
also increased slowly with about 15%. Calculations result that the experimental data are not
so sensible to parameters of optical potential and channel radius in entrance channel.

For neutrons energy interval from 0.45 MeV up to 20 MeV cross sections were
calculated with the help of Talys. In comparison with our soft (results from Fig. 1) in Talys
the optical potential is of Wood-Saxon form, with real and imaginary part, with the following

. components: volume, surface and spin-orbital {9]. Also, in the Talys calculations, compound,

direct and pre-equilibrium mechanisms were enabled together with discrete and continuum
states of residual nuclei. Results are shown in Fig. 2 a) and b).

0.5

b)

044
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Fig. 2. Fast neutrons cross sections of "’Sm(n,o)'*Nd reaction. a) Comparison of Talys
evaluations and experimental data (2 points — 5 and 6 MeV). b) Contribution to the cross
section of direct and compound processes together with discrete and continuum states of
residual nucleus. 1- total (n,or) cross section (1 =2+ 3 +4 + 5 = 6 + 7); 2 — Discrete states
+ Direct processes; 3— Discrete + Compound; 4 — Continuum + Direct; 5 — Continuum +
Compound; 6 — Discrete + Direct + Compound; 7 — Continuum + Direct + Compound.

In Fig.2a theoretical evaluations are compared with experimental data obtained by us
at 5 and 6 MeV respectively and a very good agreement was obtained. Up to 7-8 MeV
compound processes are dominant. Lower than 1 MeV discrete states are dominant but with
the increasing of incident energy continuum states become more important and higher than 8
MeV discrete states can be neglected (see Fig. 2b).

The above analysis it is important because at 5 and 6 MeV a forward-backward effect
(FB) was observed [11]. FB effect is defined as the ratio of all registered forward and
backward events, Srg = Ar/Ap, where Agg is:

44(8,)=27 [ 4,8, )0, (E, O)5inl6 X0, 4,(E,) =27 [8,(8, o, (E..)sin(0)o, o)

x/2
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where 8 is polar angle; o,4(E,, 0) is differential cross section of (n,ox)-reaction; ¢,(E,
neutrons incident flux.

Using (n,0) differential cross sections, relation (3), neglecting the loss of alphy
particles in the target (tin target) and a neutron flux proportional with 1/ £%*the FB effect for
5 and 6 MeV was calculated. Results are given in Table 1.

n) is

Table 1. ”7Sm(n,(x)mNd cross section with evaluated and experimental FB effect

Direct [mb] Compound [mb] | Total
E, Talys Talys Talys Ses Sra
[MeV] [ Discr Cont Discr Cont [mb] Talys Exp
1 1) [111) [1V] [V] [V1} [vi [V}
5 0.00097) 0.00787 | 0.05023 | 0.11627 | 0.1754 |1.0122+0.0096 1.65+0.165
6 |0.00248] 0.02951 [ 0.03379] 0.14606] 0.2118 1.043620.0127 | 2.54+0.254

In Table 1, columns I1, 11T, IV and V are the cross sections for 5 and 6 MeV with the
contribution of direct and compound processes related to discrete and continuum states of the
residual nuclei calculated with Talys. Column VI is the sum of column II to V and these
theoretical values are in good agreement with experimental data. From Table [ results that the
direct processes are not dominant at 5 and 6 MeV but they will become important at higher
energies quite quickly. Considering these facts the experimental FB effects from column VIII
are to large in comparison with theoretical evaluations (column VII) and they can not come
from direct processes as suggested by authors of [11] naming them as non-statistical effects.
This discrepancy can be explained taking into account that at fast neutrons energies many
emergent channels with participation of alpha particles are open. Further the measurements
were done with a double gridded ionization chamber and the resolution of registered alpha
particles is of order of 200 keV which also could influence the final results of experiments.

o Strength Function

s  ExpData
4 o Teor Evaluation

100 200 300 400 500 600 700
Neutron Energy [eV]
Fig. 3. Alpha strength function. Theory and experiment,

In the resonance region of M7Sm(n,oz) reaction, ratios of alpha strength functions, S3/Se,
corresponding to the spin of compound nucleus J = 3, 4 where measured [10}. It was expected
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that alpha strength ratios to be constant with energy (as predicted by theory) but around 300

y the ratio is abruptly decreasing. Experimental data on alpha strength ratios from [lO]‘ are
¢ mpared with our theoretical evaluations (see Fig. 3). In [10] the decrea§1ng was explained
€0 e again by the presence of non-statistical effects. In the given spin channel qf .the
o ound nucleus the averaged strength function was calculated as sum of transmission
Comftq;cients considering spin and momentum conservation. Calculations were r;allzefd with
o soft, taking into account all possible channels and rectangular optical potential with real
ou(l; ima;ginary part U =V + I'W = 225 MeV + 1-0.15 MeV. The agreement betwepn
;?eoretical and experimental data was obtained by varying the ra.dius of alpha channels.wqh
about +20%. According to theory a very low component. of dlrect' processes can exist in
rinciple in the resonance region but this cannot explain the ratio decreasing. Another
Ie)xplanation can come also from the fact that in the hundreds of eV' energy range there are
present other channels including alpha particles. Furthermore exgenmemal data have large
errors which are coming from the low values of the cross sections (of order of 0.01 b)
combined with high background.

CONCLUSIONS

Cross sections and angular distributions of "Sm(n,a)' **Nd reaction were calculated
in a wide energy range, from 0.5 keV up to 20 MeV using own computer c'odes and Talys
software. Also, FB effect for 5 and 6 MeV together with alpha strength ratios in the resonance
region were evaluated. Cross sections, FB effect and alpha streng'th function ratios were
compared with experimental data. In the case of (n,a) cross sections a good agreement
between theory and experiment was obtained and the comrlbut:on' of dlfferept nuclear
reaction mechanisms given by discrete and continuum states of residual nuclei was also
extracted. Differences between experimental and theoretical FB effect and'alpha‘ strength
function ratios was explained mainly by the presence of other open channels involving a!pha
particles concurring with investigated (n,ct) one because it was demonstratedithat th'e d}rect
component is low in comparison with compound processes for the mentioned incident

neutrons energy values. ) . )
The present researches are realized in the frame of fast neutrons induced reactions

" nuclear data program from FLNP JINR, Dubna, developed at Electrostatic Generator EG-5

and IREN, the neutrons source facility.
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21 Am (n, 21) Cross-Section Measurements at 14.8 MeV Neutrons

Xie Feng', Shi Quanlin', Xia Ziheng', Fan J inlong', Li Xuesong', Yu Welixiangz,
Chen Xiongjun®, Ding Yougian?, Jiang Wengang', Liang Jianfeng

INorthwest Institute of NuclearTechnology,Xi'an 710024,China
2China Institute of Atom Energy, Beijing 102413,China

Abstract: The measurement of the cross section of the reaction *' Am(r,21Y**°Am at 14.8 MeV
neutrons, has been performed by the activation method. The neutron beam was produced at the
Cock-croft Accelerator in China Institute of Atomic Energy, by the *H(d,n) *He reaction, using a
Ti-tritiated target. The radioactive target consisted of a 20IMBq 21 Am solution enclose(zi“in a
polypropylene tube. A natural Au solution containing about 1 mg Au, was mixed with ““Am
solution as reference materials for the neutron flux determination. After the end of the irradiation,
the samples were placed into lead shield tube. The activity induced at the 2 Am target and the
reference materials Au, was measured off-line by a well-type HPGe detector whose efficiency was
calibrated by #*°Am and **'Am activity standard source.

Keywords: Americium-241, Aurum-197, activation, cross sections, HPGe

Accurate neutron-induced reaction cross-section data are required for many practical
applications, especially to predict reliably the behavior of reactor cores in both present and
future fission reactors. Because the nucleus 2*'Am is one of the most abundant isotopes in
spent nuclear fuel'"), as well as one of the most highly radiotoxic of all actinides, accurate data
are required to study the possible transmutation of long-lived Radioactive waste with
advanced high-neutron-energy reactors. Theoretical predictions and evaluations (see Fig. 1.),
differ in some energy regions by more than an order of magnitude'™, so it is necessary that
cross sections of 2“Am(n,2n)240Am are accurately measured. n this work, the cross section of
the reaction 2*' Am ( ,2n)***Am has been determined at 14.8 MeV, by the activation method.

The measurements were carried out at the Cock-croft Accelerator in China Institute of
Atomic Energy. The neutron beams were produced by the H(d,») *He reaction at a flux of the
order of 10% n/(cm?-sec). The 300 pA deuteron beam enters through a 0.5 mm Mo foil into

" Ti-tritiated target. The absolute flux of the beam was obtained with respect to the

97Au(n,Zn)'%Au reference reactions were also taken into account. The 4variation of the
Deutron beam was monitored by the associated particle method for the T(d,n) He reaction was
used. The Au-Si detector was used to detect ‘He particles.
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FIG. 1. Theoretical predictions and evaluations of cross sections of 2‘“Am(n,Zn)m Am®, B

The measurements were carried out at the Cock-croft Accelerator in China Institute of
Atomic Energy. The neutron beams were produced by the H(d,n) *He reaction at a flux of the
order of 10% n/(cm®-sec). The 300 HA deuteron beam enters through a 0.5 mm Mo foil into
Ti-tritiated target. The absolute flux of the beam was obtained with respect to " the
I97Au(n,2n)196Au reference reactions were also taken into account. The variation of the
neutron beam was monitored by the associated particle method for the T(d,n)'He reaction was
used. The Au-Si detector was used to detect *He particles.

The Americium target consisted of a 201 MBq **’Am source in the form of solution,
encapsulated in polypropylene tube. A natural Au solution, containing about 1 mg Au, was
mixed with **'Am solution as reference materials for the neutron flux determination. The
samples were irradiated at 0°, at a distance of 1 cm from the center of the cell. A schematic
representation of the experimental arrangement is shown in Fig. 2. Monte-Carlo calculation
has been also employed to determine the energy and flux distribution of neutrons on each
sample, and the contribution of scattered neutrons.

24|Am+l‘77Au
salution target

FIG. 2. A schematic representation of the experimental arrangement.
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Afier the 9.5 h irradiation, the samples were placed into lead shield tube (seen in FIG.3) and
tra_nsferrf:d to the gamma spectroscopy system, based on a well-type HPGe detector. The
activities of 2°Am and "**Au in the sample were determined by using the counts in .the full
energy peak of the y -ray transition. The efficiency of the HPGe detector was determined by
240a m standard source. The y -ray spectra of irradiated sample are shown in FIG.4.
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FIG. 4. The y -ray spectra of irradiated sample for **! Am/”**Am (left) and '*®Au (right).

The cross section of **' Am(#,2n) was calculated from the following activation formula:
NawNisr s (1 —e )

NoarNigs Ao (1 - e_hwt)
where o4, and o4, are the cross sections for the 2*' Am(»,2n) and 197 Au(n, 2n) reactions, Nasg
and Nygs are the atom number of **°Am and '"Au which are determined by the gamma
Spectroscopy system, Ny; and Nygyare the number of target nuclei of 2 Am and YT Au, Ao
and A,g5 are decay constant of ***Am and '*°Au, t is irradiation time.

241Am(n, 2n)24°Am cross section at £, = 14.8 MeV is calculated. The result is 269(39) mb,
Wwhich is in agreement with evaluations of ENDF/B-VIL.1 (259 mb).

Am o-Au
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An analysis of the intensities of the two-step cascades (TSC) of reaction products emitted
sequentially is now the only possibility of a study of an interaction between Fermi- and Bose-
states in an excited nucleus, at least, up to the binding energy of the last nucleon. To obtain
reliable information about this interaction, it is necessary to recognize sources of the process
distortion. In the present work we attempted a difficult task to evaluate the hidden parameters
influence on the required parameters.

1. INTRODUCTION

At small excitation energy, in a nucleus the levels of different types can be excited. In
even-even deformed nucleus, for example, quasi-particle and vibrational levels as well as
rotational bands have been observed. When the excitation energy grows, the nuclear levels
appear, the wave functions of which contain components of all types [1,2]. It is caused by a
fragmentation of nuclear states in the gamma-decay process. So at the nuclear excitation
energies K., above some MeV, in the nucleus there are no, in pure form, quasi-particle,
vibrational and rotational nuclear levels.

i A common defect of a majority of modern nuclear models is an incorrect representation of
the excited nucleus as a purely fermion system. The only realistic model of the level density,
which takes into account the boson excitations [3] in the nucleus, postulates an existence a
phase transition at E., > B, (B, is the neutron binding energy). But this model does not explain
a real process of nuclear transition to the superfluid state. So, for a practical investigation of
the interaction between Fermi- and Boson-systems, the models for the excited nucleus and its
cascade decay (as far as possible, including nucleon products of nuclear reaction) are needed.

2. A POSSIBILITY OF EXPERIMENTAL INVESTIGATION OF THE NUCLEAR
SUPERFLUIDITY

To detect the effects connected with the nuclear superfluidity, it is necessary to determine
[‘?] the level density p and the partial widths I of emission of the products at the decay of
high-excited nuclear levels (above 5~10 MeV). At that, the p and I" values must be defined in
the whole energy region (from the nuclear compound-state up to the ground state). As there
&re no modern spectrometers to determine the parameters of all nuclear levels, so the
“Xperiment must provide the accuracy, at least, of a few tens of percent. Such accuracy is just
¢nough to determine the p and I values in the required energy tegion as it corresponds to real
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large coefficients of transfer of errors of the experimental spectra and cross sections to e,

of desired gamma-decay parameters. oo
As shown in [5 - 7], in order to get reliable information about the superfluid phase of th
nu.cl_ear matter it is necessary to obtain the level density up to E. not less than 4A0 (A is the
pairing energy of the last nucleon in the nucleus) with an acceptable accuracy. The le y
density g of quasi-particle levels near Fermi-surface is about 10 MeV"', whereas the excitat “
energy of known phonon bands is of order 1 MeV"', Thus, the only possibility of experimen;n
identification of the boson levels is a feature of the energy dependence of their density, whiq{
decreases at a growth of the partial widths of emission products of the nuclear reaction,

It should be noted that the level density and the partial widths of emission are includeg i
the measured spectra and cross sections of reactions as pxI" product. It means that ann
experiment, in which the coincidence method is not used, may be mathematically presemeg
by only one equation with two (or even more) unknown values. In other words, whatever
and I values (from zero up to infinity) can ensure an accurate description of the cross sectiOng
and spectra. R

For experiments, which use the coincidence method for recording of the set’ of the
parameters (intensities of gamma transitions and energies of all excited levels), a situation is
more favorable. The energies of both of initial level of TSC and of its final level are
determined by the experimental conditions, as well as the intensities of two cascade quanta
The uncertainty of the extracted p and I parameters was essentially decreased, if to separate.
carefully the intensity I(E:) of primary transitions of the TSC from its total intensity
T(E\,£,) () is energy of primary cascade quantum, E; is energy of secondary quantum).

Each of experimental spectra of two coincided gamma-quanta is a superposition of two
mirror-symmetrical distributions. If the set of resolved pairs of peaks of the cascades are big
enough, using information about their energies, we can determine the intensity of the cascades
as a function of only primary transitions with a good accuracy. An inevitable distortion of a
shape of the I,(E)) distribution due to inaccurate accounting [5] of a contribution of
unresolved transitions can be minimized with statistics increase. Our analysis” of the
experimental TSC intensities, for 44 nuclei of the mass region 28 < A < 200 [6'- 10],
unambiguously showed that at TSC recording with a statistics of ~ 4000 events (and more) in
a summary peak, this distortion has no effect on the errors of extracted parameters and can be
neglected. In all our experiments, three of quarters of all investigated nuclei had a minimal
required statistics, and it was some times more for the rest of nuclei (in the case of '72Yb, for
example, the percentage of resolved TSC to the ground state was 70%). e

) The method [11, 12] of decomposition of experimental spectrum into two required
distributions L (E;) and ,(E;) was firstly realized in Dubna. C

3. THE METHOD FOR A STUDY OF THE GAMMA DECAY

For the first time, the method for simultaneous determination p and I' values from
measured intensities L(E;) of the two-step cascades at radiative capture of the thermal
neutrons by stable target nuclei was proposed in Dubna [13, 14]. In the experiments the
m?ensmes Iy, to a group of low-lying levels of a target nucleus were measured, when the high-
lymg.compound state decays and the TSC quanta were recorded by two Ge-detectors, as
coincidences. At that, the interval of spins, parities and the partial widths of excited Jevels,
density of which must be determined for evaluation of the nuclear entropy [3], are limited by
selection rules on multipolarity.
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Our method allows us to get unique information about gamma decay of any nuclei 5,
6. The intensity distributions I,,(E,), derived using the procedure [13] were approximated by
fitted parameters p,pa.. and g,,92.. of suitable functions p(l:?ex) = ¢(p1,p2...) and I“(E}) =
q/(qth")' A choice of the models, which define the hypothetical p(Ee,f) and I'(E)) functions
with an optimal number of fitted parameters, is very important, as it is just a source of the
main systematics error of the analysis.

A cascade decay of a neutron resonance (or any compound-state) A occurs through the
intermediate levels i to the final levels £ The part of primary transitions I,(£)) for any small
energy interval AE;of cascades is expressed by an equation:

r T r, r
I (E )= il Rl y n. LA . 1
W(I) ;ZFA Fi ;Z <FU>MUI<ri>mﬂ ()

A sum of the partial widths Xy of primary transitions to M); intermediate levels is
<T;>My, and a sum T for secondary transitions to my final levels is <T;>my; inasmuch as
<> = Lly/My; and <Upp> = 5T /my. In a small energy interval AE; a sum of intermediate
levels is ;= pAE;.

One can see that in the equation (1) for any i and f levels of TSC there are two
independent parts:

1) L;=pxI'/y(pxI) distribution of the spectrum of primary gamma-transitions and

2) L=I/3(pxT) distribution of branching coefficients.

At that, anti-correlation between p and I values in I distribution is absolute (100%), but
correlation between I, and I, distributions is practically absent (of course, by a condition that
a probability of emission of secondary gamma quantum to f levels does not depend on a
probability of gamma transition between the levels A and #). As in L(E;) distribution the
correlation between the p and I' values becomes weaker, it limits an area and increases the
precision of possible solutions of equation (1).

Correlation coefficients are different for products of type pxT" as well as pxp and I'xI" (for
various energies of gamma-transitions and excitation energies). But as correlation coefficients
between the spectrum /) of primary transitions and branching coefficients I, are almost zero,
this fact provides a possibility to avoid the fatal errors at analysis. A high statistics allowed us
to obtain [,,(E,) distributions carefully enough (with a required accuracy of several tens of
percent in any energy bins).So we can evaluate the errors Ap and AT' for a majority of
obtained values [6, 7, 10] by several tens of percent at Aly, error of about 1%. How Al
connects with Ap and AT at any step of iteration process of solving the system (1) by Monte-
Carlo method, one can see in detail in [5-10].

In order to get a reliable data by the method of analysis of TSC intensities, the following
representations about the required p(£.x) and I'(E}) functions are absolutely necessary: .

1) the number of quasi-particles begins to grow from zero (for even-even and odd-odd

nuclei) or from unity (for even-odd and odd-even nuclei) at an increase of E (as in
the model [2,15], for example);

2) the levels of collective type must appear at the breaking of each Cooper pair (as in

the model [4], for example);

3) the dependences of the radiative widths of the dipole transitions on the excitation

energy can be nonmonotonical functions [16].
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4. EVALUATION OF AN INFLUENCE OF HIDDEN PARAMETERS ON THE
ANALYSIS RESULTS T

As was already said, a necessity of simultaneous fitting of the parameters includeq in
the intensity /,, distribution is evident due to the strong correlation between the p(E.,) ang
I'(£,) functions. The first step to solve this difficult problem was done in Dubna, There are no
yet both the experiments on a study of an interaction between nuclear Fermi- and Bose-stateg
which can really compete with our data, and the modern models to describe this process wit};
some degree of certainty. For now, our purpose is to determine and evaluate factors, whicp
exert strong influence on the investigated process, when comparing different variants of oy,
empirical model. '

At approximation of I,,(E)) intensities, the fitting of the parameters of the p(E.,) ang
I'(E}) functions is practically unambiguous in a wide region of required values. The best fit
have usually a small scatter for the iteration processes with different vectors of initial values,
Nevertheless, a correctness of p(E.,) and I'(E)) energy dependences in used models (and
phenomenological representations) cannot be determined in the framework of the experiment,
The most probable p(E.) and I'(E|) functions can be chosen only analyzing different
alternative models. o

As the required p(E.) and I'(E)) functions can be obtained only from indirect
experiment, hidden parameters of the decay process (the breaking thresholds of the Cooper
pairs of nucleons, local peaks in the energy dependence of the radiative widths, etc.) represent
as serious problem. So it is very important to describe reliably the nuclear properties in the
points of breaking the Cooper pairs.

In a base of our experimental data, the fact is established that in these points there are
breaks in the energy dependence of the nuclear level density as well as distinctive local
changes in the dependences of the radiative widths on the excitation energy. At that, our
results won't be in a contradiction with smoothness of the evaporating cross sections, if there
are increases in the partial widths (or radiative strength functions) in the points of the Cooper
pairs’ breaking., This effect can be rather confirmed by pygmy-resonance, which was
discovered in many nuclei [17]. It should be noted that pygmy-resonyance take place not in
all nuclei. But if to take into account that pygmy-resonance strength varies for different
nuclei, whereas its center coincides well with the breaking point of the second Cooper pair,
and the level densities of different nuclei noticeably vary in the points of Cooper pairs’
breaking [6, 7, 8], then our experiments could explain the pygmi-resonance specific. -

For a local intensification of the partial widths, an additional fitted coefficient M was
introduced to their expressions [9]. The maximal value of the intensification was at' M=
Pre/Pexp, Where prg is the highest possible density of quasi-particle levels and pey, is the level
density, which provides an accurate description of experimental intensity distribution. In order
to evaluate the probable increasing of the radiative strength functions, the parameter M varied
at solving of the system of equations (1). '

In order to investigate an interconnection between stepwise changes in the energy
dependence of the nuclear level density and changes of the intensities of gamma transitions,
four nuclei with different nucleon parities ('Yb, "%'"’Ly and '%0s) [6, 7] were analyzed.
At that, the TSC intensities for these nuclei were fitted with an additional parameter M. The
results of the analysis are presented in Figs.1-4. o

An inability to describe I,,(E;) distribution with help of P(Eex) function calculated using
Fermi-gas model is evident in Fig. 1. One can see also in Fig. 1 that the changes in the
radiative strength functions (at various M) not lead to a noticeable modification of the
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ximated TSC intensity, whereas a mutual scatter of p and I' became significantly bigger
10

in th

¢ presence of M in the fittings (see Figs. 2, 3).

I".%psrdecay
172yp
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21
1}
L T S S
b
2
: %
° 7 r

E,, MeV
Fig. 1. The intensity distribution J(Ey) of primary transitions of TSC for ”fo, 18, “77Lu and
190s nuclei. The broken solid line is the best fit; histogram is a total intensity of TSC in energy
intervals with width of 0.5 MeV (0.25 MeV for '™Yb); triangles is calcylatlon using the models
[18,19] with a constant value for M1-strength functions.

E_. MsV
Fig. 2. The level density dependences on the excitation energy for TSC of.mYb, "Ly, I77I_‘u and
"5Os nuelei. Solid lines are the best fits; dashed and dotted are level densitle.s _calcula'ted usmg'the
Fermi-gas model with and without taking into account the shell inhomogenities of single-partial
spectrum, correspondingly.
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Fig.4. The breaking thresholds of the Cooper pairs of nucleons in "2¥b, "Ly, "Ly and "0s
nuclei at various M values. Points are the breaking thresholds U, for the second Cooper pairs;
squares are the thresholds U for the third pairs.
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For '?Yb and 19305 the intense increase in the strength functions is observed at Ee, ~B,.
; that, intensity description becomes more precise at the energies lower than the breaking
hreshold for the second Cooper pair (at E, < 1-2 MeV). Incidentally, in these nuclei the point
of the fourth Cooper pair almost coincides with B, (and in some nuclei just at this energy the
phase transition to the Fermi-system is predicted [3]).
The most probable values of the breaking thresholds of the second and the third Cooper
airs at different parameters M are shown in Fig. 4. From their small scatter follows that a
change of the intensity of emitted gamma-quanta weakly influences the positions of points of
the Cooper pairs’ breaking, but the observed intensity of gamma-transitions from the breaking
point, at that, essentially changes for different nuclei and at various energies.

5. CONCLUSION

For the cascades measured with a small background and coincidence statistics high enough,
the shape of I,(E;) distribution can be determined [11] with an sufficient uncertainty (of
about several percent) to unambiguously determine nuclear parameters.

One can accept that experimental errors of the total sum f,,(E, £) are the same as the
errors of the intense primary transition (5—10% per decay), which are used for normalization
of the absolute values of the cascades. Such accuracy guarantees a reliable determination of
the parameters of the cascade gamma-decay (including the breaking thresholds for Cooper
pairs) even at improper representation of I'(E,)function.

Errors of the obtained p(E.) and I'(E;) functions, which are describe the I,(E:)
distribution with such accuracy, are mainly conditioned by an inaccuracy of their
representations used by the empirical model [5].

When analyzing in the framework of the Dubna method, the /,(E}) intensities were
described for 44 nuclei of the mass region of 28 < A < 200, and a realistic picture of
interaction between Fermi- and Bose-states in the nucleus, below the neutron binding energy,
was firstly obtained.

The experiments were carried out in Dubna, Riga, Rzhezh and Dalat. Now a group
from Belgrad began the experiment at the reactors in Munich and Budapest.
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Abstract

The '"Pt(ny)'*°Pt reaction was measured with the multi-detector array DANCE
(Detector for Advanced Neutron Capture Experiments) consisting of 160 BaF; scintillation
detectors at the resonance neutron beam of the Los Alamos Neutron Science Center. The
multi-step cascade y-ray spectra from individual neutron rescnances were prepared and
compared with predictions based on different photon strength function models. The simulated
spectra were obtained by the DICEBOX statistical model code in combination with the
GEANT4-based simulation of the detector response. From a comparison of the experimental
and simulated spectra for multiplicities m=2-7 a piece of new information on the photon
strength functions of 1°°Pt was derived.

Introduction

The neutron radiative capture plays an important role in the process of nucleosynthesis
as well as in the dynamics of nuclear reactors and ADS. The correct and reliable description
of (n,y)-reaction requires detailed understanding of the cascade y-decay of highly excited
nuclear states. This in turn needs information on the photon strength functions (PSFs) and the
level density (LD). Due to the extremely complicated structure of highly excited nuclear
states mainly a statistical approach can serve as a basis for the analysis of related experimental
data and their theoretical analysis. During past decades many phenomenological information
([)ﬂ PSF and LD was obtained using various experimental methods and related data analyzes
1-10].

At excitation energy near and below the neutron binding energy B, the main
contribution into PSF comes from E1 and M1 strengths and for discrete excitations near the
gound state from the E2 strength too. The El part of PSF is mainly given by the giant dipole
Tesonance (GDR) but some additional structures such as the pygmy resonances and scissors
Modes can play an essential role.

An existence and the global features of the GDR were proved and studied in many
Xperimental and theoretical investigations but the PSF properties near and below B, are
Under the question. Data from several different experimental techniques [7-9] indicate a
Presence of resonance-like structures in the PSF at E, ~ 4-8 MeV in several A ~ 190-200
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nuclei. Unfortunately, previously used experimental methods did not usually alloy
determine unambiguously the detailed characteristics of these resonances, - b

Beside that at low E, < 2 MeV two effects violating the traditional GDR picture W
observed. The first one [10,11] is a possible temperature dependence of the GDR width,
leads to a non-zero value of the E1 strength when E, goes to zero. The second one [2-4] i
sharp increase of the E1 PSF for E, <2 MeV observed in many nuclei (although not ag hea
as Pt) from Oslo-type experiments [12]. Additional experimental approaches need to cleg, o
the PSF properties at these very low E,. One of them — analysis of multi-step cascade Msc
spectra — exploits coincidence y-ray spectra measured with detector system DANCE [13,14]
in combination of the resonance neutron beam of the Los Alamos LANSCE neutron spallatig,
source [15]. Analysis and first results of the decay properties of '*Pt with this method i5
subject of this contribution.

Experiment

The experimental MSC spectra were obtained at the neutron spallation source
LANSCE using the detector array DANCE. The pulsed 800 MeV H™ beam from the LANSCE
linear accelerator was injected into the proton storage ring after being stripped to H' by a thin
foil. The average current was 100 HA. The pulsed beam was then extracted with a repetition
rate of 20 Hz and struck a tungsten spallation target. The resulting fast neutrons were
moderated in the upper-tier water moderator and sent to flight path 14 at the Manuel Lujan Jr,
Neutron Scattering Center. The DANCE detector array is installed at 20 m on this flight path.

The DANCE spectrometer [13,14] is designed for studying neutron capture cross
sections on small samples. It consists of 160 BaF; scintillation crystals surrounding a sample
and subtending a solid angle of near 4. A *LiH shell about 6 cm thick is placed between the
sample and the BaF; crystals to reduce the scattered neutron flux striking the crystals. The
remaining background from scattered neutrons interacting with the BaF; crystals is subtracted
in the off-line analysis. Besides the BaF, crystals, the DANCE setup includes four additional
detectors that are used to monitor the neutron flux.

Data analysis and simulation procedure

The acquisition system of the DANCE array allows obtaining spectra of deposited
energy sums from individual events [16] from well-resolved (s-wave) neutron resonances
using the time-of-flight technique. These spectra, sorted according to detected multiplicity are
shown in Fig. 1. They consist of a prominent peak (Q-value peak) in vicinity of the neutron
binding energy B, and a long tail down to low sum energy. The events in the peak deposited
all the energy emitted by y rays in the detector array while events at the low energy tail
correspond to y-cascades for which a part of the emitted energy escaped detection.

From y cascades that deposited energy sum in the vicinity of B, specifically between
7 and 8 MeV, we constructed so-called MSC spectra [16]. They are for a few resonances
presented in Fig. 2. The spectra are normalized to the same area in all shown multiplicities. 1_“
total we were able to extract MSC spectra from 5 and 11 resonances with J" = 0 and {5
respectively. As a result of expected Porter-Thomas fluctuations of individual transitions
intensities the spectra are not identical but sometimes substantially differ, especially for low

multiplicities m. For comparison presented below we have made an unweighted average of

these spectra for resonances with given spin.
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i I MSC spectra were compared with predictions of simulations bast_ on
?::22211: I::? PSFs ang LD. The pre‘di}:)tions were obtained with help of the stat}stlcal
differt? de DICEBOX [17], which was used for simulation of the cascades starting at
mode dcl(')esonances with given spin and parity, with subsequent modelling of the response of
iso]ati\NCE array to these cascades with a code based on the GEANT4 packflggée [18]. In the
the DBOX code complete information on properties of low-lying levels in Pt was taken
pICE vailable experimental data [19] below excitation energy of 1.88 MeV. Experlmental
fmm'adicate that the information is not complete above this energy. At higher energies the
data nd individual transitions were generated using the PSFs for different transmon§ types
1evelf\;] and E2) and LD models. The code allows to treat correctly expected fluctuations in
Eo;{tions of levels as well as Porter-Tomas fluctuations of transition intensities via concept of
i izations [17].
dlfferenstgl l;:x{ei\teria:\lfze ttezted[a c]onsistency of experimental spectra with predictions for a few
PSFs models’. These models were based mainly on \_Jvidely-used_ models, such as those
available in the RIPL-3 database, or were inspired by available experimental data [7-9].

Sum-energy Spectra
500 ¥ ’Mulﬁplicity =1 Multiplicity = 2
- -1 1000
5000 [t . L Ao
| Multiplicity = 3 Multiplicity = 4
- 1500
2500 |-
»
§ 0 S+ 0
Multiplicity = 5 Multiplicity = 6 1300
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L
o 7 + —t et 0
Muttipticity = 7 Muttiplicity =8
100 - —Est118ev ﬁ 20
—E=1399 eV
——E =1885eV
0 " PO B | o

0 2 4 8 8 0 2 4 8 8
Gamma-Ray Energy (MeV) Gamma-Ray Energy (MeV)

Fig. 1, Examples of the spectra of deposited energy sums for the neutron resonances with J™= 1™
Spectra for resonances with neutron energies E,= 111.8 eV, 139.9 ¢V, and 188.5 eV are shown.
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Spectra from Q-value Peak
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Fig. 2. Examples of multi-step y-cascade spectra for some neutron resonances with J"= ™. Only events
depositing energy in the Q-value peak between 7 and 8 MeV were used for construction of the MSC
spectra. Resonance energies are indicated in the legend.

Results and discussion

Simulations with PSFs that do not contain any resonance structure near E, ~ 5.6 MeV
were found to be unable to reproduce the shape of the MSC spectra. As a result our data
confirm a presence of a resonance-like structure at these energies. Postulation of the
resonance structure near this energy significantly improves the agreement between simulated
and experimenta! spectra. A very good reproduction of experiment was obtained with a model
based on experimental data from Oslo experiment [8] that is shown in Fig. 3. The comparison
of experimental MSC spectra with the predictions with this model is shown in Fig. 4 for s-
wave resonances with both spins J%= 0" and [, The experimental data averaged over all
measured neutron resonances are shown as lines while the gray corridors correspond to
predictions. The corridor characterizes the fluctuations of spectra from different nuclear
realizations and corresponds to the average +/— one standard deviation. :
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.In reality, data from this experiment (similarly to any available fexpferimental di:lta [7-
1 is not available for at E, <2 MeV. An extrapolation for these energies is thus required. A
. ble reproduction of MSC spectra requires PSF which is not very far from a constant
reasoﬂ? r £, < 2-2.5 MeV. Predictions with PSFs models having either a zero limit or a limit
v?]ue ?hanrabout 2x107 Me V™ for E, =0 are unable to correctly predict the MSC spectra.
highe We have also found that the predicted spectra are sensitive to parity dependence of the
at least for excitation energies below about 3 MeV. A parity dependence can b%%xpected
LD;here are only a few negative parity levels below about 2 MeV known in P.t. The
2 plations with some parity dependence introduced below about 3 MeV seem to de‘s_crlbe the
Zzgerimental MSC spectra better than simulation with the same number of positive- and
ive-parity levels at all energies. )
negatlv%g’:—f clgnl;arison also indgicates that the M1 strength, at least for £, ~ 3-4 MeV, is not
negligible but our sensitivity to different E1/M1 composition at £, > 4 MeV seems to be

partly limited. :

10* AR LA M s i Lt

Strength Function (MeV-3)

r

e
7/

10 Lot it e b s s

0 1 2 3 4 5 6 7 8
E, (MeV)

Fig. 3. The PSFs (lines) used in simulations presented in Fig. 4 together with PSF from [8) (blaqk
Squares). Sum of used E1 and M1 PSFs (full line) consists of a GDR tail (based on QRPA ca]culatxpns
as published in {8] — dotted line), two resonance structures (dash and dot-and-dash lines) and a tail
toward low E, (not shown).

Conclusion

The multi-step cascade spectra from several neutron resonances formed in the
19SPt(n,*y)w"’Pt reaction were measured with the DANCE detector array at the qu Alamos
Neutron Science Center. Comparison of these spectra with their counterparts ob.tamed from
simulations based on different models of photon strength functions and level density confirms
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presence of a resonance structure in the PSF near 5.6

very low energies.

Counts
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MeV and a non-zero limit of pSp for

pectra (gray region) and experimental ones (lines) .
ces coming from radiative neutron capture on '’py, "
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THE USE OF RESONANCE NEUTRON METHOD FOR DETERMINATION
OF PALLADIUM CONTENT IN THE ELEMENTS
OF THE PROTON ROCKET ENGINE

Grozdanoy D.N.'?*, Fedorov N.A.', Bystritsky V.M.},
Kopatch Yu.N.%, Ruskov I.N.}2, Sedyshev P.V.!, Skoy V.R.!, Shvetsov V.N.},
Kologov A.V.4, Baraev A.V *

1Jgint Institute for Nuclear Research, Joliot Currie 6, 141980 Dubna, Moscow region, Russia
nstitute for Nuclear Research and Nuclear Energy of Bulgarian Academy of Sciences,
Tzarigradsko chaussee, Blvd., 1784 Sofia, Bulgaria
3Lomonosov Moscow State University, Leninskie Gory, 119991 Moscow, Russia
4NPO Technomash, Roscosmos State Corporation, Moscow, 127018 Russian

Abstract

We performed an elemental analysis of a detail from the Proton-M rocket-carrier
engine at the pulsed white-spectrum neutron source IREN (JINR FLNP), using the resonance
neutron spectroscopy and prompt gamma resonance neutron capture method.

For soldering the rocket engine structural walls with the fuel injector of the gas
generator RD-0210 (second stage) or RD-0212 (third stage), instead of the G70NH alloy
(nickel, chromium, and manganese, Ni-Cr-Mn) was used PJK-1000 alloy (palladium, nickel,
chromium, and silicon, Pd-Ni-Cr-Si), which led to the crash of the “Proton” rocket. To avoid
further potential crashes, it is desirable to develop a method of non-destructive elemental
analysis of the rocket engine or its parts, in particular aiming at determination of Pd, which
indicates the presence of the PJK alloy. The resonance neutron method is a potentially
suitable tool for such a task, as the resonance capture cross section of palladium is extremely
high, which may result in excellent sensitivity to this particular element. The method is non-
destructive and practically doesn’t induce any residual radioactivity in the investigated
sample.

In the present work we performed a feasibility study for the determination of the
palladium content in a part of the “Proton” rocket. The presence of palladium was detected
independently from our method using the X-ray fluorescence analyzer. We could confirm the
presence of palladium in the sample by our method and determined its sensitivity on the order
of ~ 2 mg/g,

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

* Corresponding author Tel.: + 7-496-216-2785; fax: +7-496-216-5085.
email: dimitar@nf.jinr.r.
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coincident signals from y-detectors are shown in Fig. 5. The solid and dashed curves are the
spectra obtained with the palladium-free and palladium-containing samples, respectively; the
dotted lines are the spectra from the 5g palladium sample. Left side of the figure shows the
full energy range, right side is the region around 13.22 resonance of '*Pd.

3500
3000
2B00F e
g g 2000F — Sample without Pd, ¢ =44 h
S — Sample without Pd, =44 h S 1500 ---- Sample with Pd, ¢ =45 h
10¢ -~ Sample with Pd, t=45 h oof Pa-ilGg).1=1h
— Pd-foil (5 g), t=1h 3
1k ot Ge) s00F
104- A S | M 8: ; I'o l'l-'i"il'z s it ereytyerad -
o o 1314 15 16 17 18

Ep eV By, eV

Fig. 5. Total number of 5-fold coincidences from any of the 24 y-detectors, as a function of ,
neutron energy in the 91000 eV range (left) and in neutron energy range of 8-18 eV’
(right) for the samples with and without palladium, and for the 5g palladium sample.

In the 60-g palladium-containing sample shown on the right in Fig. 3, the amount of =
Pd was determined by the yield of y-quanta in the 13.22-eV resonance of the '®*Pd isotope.
The thus estimated Pd mass content of the investigated sample, obtained using y-detector
coincidences with multiplicities from 4 through 7, is shown in Fig. 6. Upon averaging over
the 4-7 range of the coincidence multiplicity, the Pd mass content is estimated as mpa =
0.1002 + 0.009 g.

0.18 Average 0.1002 £ 0.009323

Weigth (g)
o € €
]
I|llIIIIII‘IIII'II[I‘I'IIIII

L | i R SRR ST e
0.08
0.06
b Lo vl e v Ve e Yy s o g by e
4.5 5 5.5 6
Multtiplicity

Fig. 6. Values of Pd mass content of the sample obtained from the neutron-energy spectra of
coincidences with multiplicities of 4, 5, 6, and 7 (points) and their mean value (dashed line).
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5. Conclusions

The presence of Pd in one of the samples was proved and its content was determined.

Further improvement of the experimental conditions will increase the sensitivity of this

- method and may allow performing clemental prompt-gamma resonance neutron capture
. analysis of bigger samples and more complex substances.
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Application of Neutron Resonance Capture Analysis for Determination of
Isotope Composition of Fibula from Podbolotyevsky Burial Ground (10th
Century AD)
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ABSTRACT

Neutron resonance capture analysis is based on the registration of neutron resonances
in radiative capture. One of the main advantages of this method is nondestructive property.
The investigations were carried out at the Intense Resonance Neutron source (IREN) in Frank
laboratory of Neutron Physics. The gamma-quanta liquid scintillator detector was used at this
experiment. The analyzed sample, in our case it was fibula, was provided by the Institute of
Archeology of the Russian Academy of Sciences. The Viking Age fibula was found in the
grave of the Podbolotyevsky burial ground, which was belonged to the Finno-Ugric tribe of
Murom. This burial ground dates from the VIII-IX centuries.

1. INTRODUCTION

The method of Neutron Resonance Capture Analysis (NRCA) is currently being
developed in the Frank Laboratory of Neutron Physics for the purpose of the element
composition determination of our samples [1]. The method is based on the use of a pulsed
neutron source and time-of-flight technology [2]. Multi-sectional liquid scintillator detector
(210 liters) was used for the registration prompt gamma-quanta and was created at FLNP
JINR [3].

The low-lying resonance parameters were determined for almost all stable nuclei to
date [4, 5]. Furthermore, the set of energies and parameters of this resonance do not
completely coincide for any isotopes pair. Consequently, the elemental and isotopic
composition of sample can be defined by means of energy peak position of resonances. Also,
if you know area under the resonances, you can calculate the number of the element or
isotope’s nuclei.

This analysis was carried out for the material which was transferred by the Institute of
Archeology RAS. The provided sample fibula (Fig. 1) was found during excavations in the
Podbolotyevsky burial ground in the Vladimir Region. The archaeological funeral monument
was found at the end of the 20th century. The experts have found nearly 7000 artifacts, from
jewelry to weaponry during 3 years. There are hundreds of the Finno-Ugric tribe of Murom
graves that lived downstream River Oka from the 10th century and were engaged in hunting,
crafts and agriculture. Scientists have studied 181 graves over the past three years and 20
more are studied to date. Elemental and isotopic composition of fibula can be interested for
the territory identification where the fibula was made.
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Fig. 2. The time-of-flight spectrum of reactions (n,y) on the fibula material. The width of the
time channel from 0 to 4000 channels is 0.25 ps; from 4000 to 6000 — 1 ps.
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Fig. 3. The time-of-flight spectrum of reactions (n,y) of a standard copper sample.
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Fig. 4. The time-of-flight spectrum of reactions (n,y) of a standard zinc sample.
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Fig. 5. The time-of-flight spectrum of reactions (n,y) of a standard gold sample.

3. DATA ANALYSIS AND RESULTS

Three resonances of zinc, two resonances of copper and one resonance of gold were
_ selected during the analysis of the experimental data. The sum of the detector counts in
resonance is expressed by the formula:
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ZN:f(Eo)-S-t-s,'%A. (2)2

Here, f (Eo) is the neutron flux density at the resonance energy Ey, S — the sample area, t—%
measuring time, &, — the detection efficiency of the detector radiative capture, I'y, I — the-
radiative and total resonance widths. "

A=[T711-T(E)]dE @
is resonance area on the transmission curve.
T(E) = e~o(® @

is the energy dependence of the neutron transmission by the sample; o(E) — the total cross
section at this energy with Doppler broadening, n — the number of isotope nuclei per unit area.
The value 4 was determined from experimental data for investigated sample by the formula:

_ X NxMsSs
Ae = Shemes, s ©)
Here, . N,, ¥ Ng are counts under the resonance peak of the investigated and standard
samples, S,, S;— the areas of the investigated and standard samples. M., M;— the numbers of.
monitor counts during the measurement of the investigated and of standard samples.
The value 4, was calculated by means of well-known parameters of resonances for the

standard sample, the value n, was determined from the value of A, for the investigated
" sample. The values of o (E) and 4 were numerically determined by using the algorithm which
was described in [6]. This procedure is schematically shown in (Fig. 6). The analysis results
are presented in the Table 1.
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Fig. 6. The dependence of 4 value on number of nuclei and resonance parameters [6].
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Table 1. The results of measurements with the fibula

Ne | Element Mass, g Weight, %
1 Au 0.0171+0.0027 0.85+0.14
2 Cu 13.5+1.5 67.8+7.5
3 Zn 1.06+0.39 5.3+2.0

4. CONCLUSION

This paper presents the results of investigation of the fibula which was found in the
Podbolotyevsky burial ground (VIII-IX centuries). The elemental and isotopic composition of
the sample was determined by the neutron resonance analysis method. The mass of fibula was
19.9 g. The mass of zinc, determined by resonances is equal to 1.06 = 0.39 g. The fibula was
probably made on the Old Russian territory by the assumption of experts from the Institute of
Archeology of the Russian Academy of Sciences. These conclusions are based on following
fact: these kinds of artifacts usually have a small zinc portion in the composition - no more
than 10%. However, 27% of the fibula material remains unidentified. We think that it might
be lead. The detection efficiency of a gamma-ray detector in radiative capture of neutrons by
lead isotopes is rather low, and during such short time of statistics collection, lead resonances
still do not exceed the background.
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Introduction

Coastal aquatic ecosystems exist under constant anthropogenic pressure nowadays. It:
includes industrial, agricultural and recreational type of impacts. Any coastal area is a
complex of biotic and abiotic objects, which are connected by elemental fluxes in one.
environmental system. For analysis of ecological state, we should assess the levels of:
elemental concentrations and ranges of accumulations. After analysis we could create the
recommendations for purposes of ecological, industrial and residential management.

Neutron activation analysis (NAA) with the parameters of irradiation at the reactor
IBR-2 fits well for accurate determination (at ppm, ppb levels) of 36 elements (Na, Mg, Al, .
CL K, Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Br, Rb, Sr, Mo, Sb, I, Cs, Ba, La, Ce,*
Sm, Tb, Yb, Hf, Ta, Au Th and U) in marine organisms and substrate. The quantity of
elements is connected with detection limits and minimal presence (at background areas) of -
element in objects, thus the list of elements can be expanded up to 46. It will be described in
the next studies. ‘

The aim of the study was to assess the levels of accumulation of microelements in:
model coastal aquatic ecosystems at the different component of the environment. Model
coastal aquatic ecosystems usually include several types of major organisms on the specific
substrates (milieus), which can reflect the major type of the anthropogenic pollution. In the’
study the phytoplankton, molluscs, seaweeds (macroalgae) were used as biomonitoring
organisms on the different shallow water areas. This objects, reflecting the main chemical -
anthropogenic fluxes in the water area, accumulated major of trace and other microelements, *
which can be derived from sources of pollution and natural unstudied sources. Besides that .
the main accumulation processes in the organisms can be different depending on the
physiological processes and lifeforms of organisms. For our study, the phytoplankton is a
basic member of the trophic chain as well as the seaweeds, which can produce the primary -
biomass by using the photosynthesis. Then the molluscs as primary filtrators and first stage -
consuments can reflect the intensity of the elemental fluxes in system of resuspended
sediments and primary producers. In addition, the molluscs and seaweeds can accumulate the
elements during 1-4 years of lifetimes in comparison with the several days in phytoplankton.

The key task of the study was to evaluate ranges of concentrations of elements
corresponded to different marine objects to create the “reference” values for future -

biomonitoring analysis by using NAA.
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Material and Methods

The samples were collected during different projects and studies during 2013, 2015
and 2016 years. To juxtapose the ranges and maximal concentrations among the main
organisms from the selected coastal zones we were analyzed 50 samples of phytoplankton,
100 samples of seaweeds (Cystoseira sp.) from the Black Sea water areas and 20 samples of

- soft tissue of molluscs (Mytilus galloprovincialis) from the South African coastal model zone
(Saldanha Bay). The last one was in good agreement with the reference data for the Black sea
molluscs (except the terrigenous elements) (Pantelica et al., 2005). The data was check for

- reproducibility of the maximal values. The outliers were excluded from the analysis to
diminish the influence of the casual cases events. Data for phytoplankton and seaweeds was
compared with reference data for plankton (from field studies and from SRMSs data) in the
previous study (Nekhoroshkov et al., 2014, Kravtsova et al., 2014).

Neutron activation analysis was used as a main technique for determination of
contents of microelements in different objects, which were collected in the coastal aquatic
ecosystems. The specific parameters of determination are presented in the Table 1.

Table 1. Features of elemental determination by usiﬁg NAA and staﬁdard reference

materials (SRMs)
Deviation
Element Isotope rGamma Half-life  Technique of - (Certified/ srvM. Orsani-
ine, keV analysis Determined), zation
% .
Na Na 1368.6 147h 2 198 2709  NIST
Mg Mg 1014.4 9.5 min 1 03 1547  NIST
Al BAL 1779 2.2 min 1 0.2 1632¢  NIST
Cl 3¢l 2167.7 37.2 min 1 72 15752  NIST
K 2K 1524.6 124h 2 9.4 2709  NIST
Ca “Ca 3084.4 8.7 min 1 14.4 1515  NIST
Sc %3¢ 889.2 83.8d 3 4 1633¢  NIST
Ti SIT§ 320 5.8 min 1 7.4 1633b  NIST
v 2y 1434.1 3.8 min 1 1 1633b  NIST
Cr Sicr 320.1 27.7d 3 1 1633¢  NIST
Mn Mn 1810.7 26h 1 0.2 1575a NIST
Fe e 1099.2 445d 3 5.3 667 IRMM
Co %Co 810.8 70.9d 3 1.8 2709  NIST
Ni Co 13325 52y 3 3.4 2709  NIST
Cu %Cu 1039 5.1 min 1 1 2710  NIST
Zn $Zn 1116 244.0d 3 3.2 2709  NIST
As As 559.1 263h 2 374 1633¢  NIST
Se "Se 264.7 119.8d 3 18.6 1633¢  NIST
Br f2pp 776.5 353h 2 0 667 IRMM
Rb 5Rb 1076.6 18.6d 3 9.3 1633¢  NIST
Sr 5Sr 514 64.8d 3 5.6 2709  NIST
Mo Mo 140.5 659h 2 0 2709  NIST
Sb 24gh - 1691 60.2d 3 7 1633¢c - NIST
I 1281 4429 25.0 min 1 22,6 1547 NIST
Cs Bics 795.8 21y 3 46 1633¢c  NIST
Ba 131 496.8 11.8d 2 11.3 1633¢  NIST
La e 7 1596.5 40.2h 2 48 1633¢c  NIST
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Ce Hce 145.4 32.5d 3 1.4 667 IRMM

U 2282 24d 2 1 1633¢c  NIST

1: conventional NAA, measured 15 min after 3 min of irradiation and ~3 min of decay;
2: epithermal NAA, measured 30 min after 4 days of irradiation and ~3 days of decay;
3: epithermal NAA, measured 90 min after 4 days of irradiation and ~22 days of decay.

Deviation (in %) corresponded to differences between certified and determined concentrations -
at the final stage of the neutron activation analysis. In the case of 0 % (Br, Mo and In) the
element was determined by using one standard without comparative analysis between others
SRMs. This statement concerns also the elements with high deviation (As, Se, 1 and Au). The
concentrations of such elements were given and used in analysis as indicative forms.

Elementsin SRMs

100000 -~

10000 -

1000

100

10

U]

T
a0
O

Hf
Bhg

01

001

~&—~Plankton ~{1-Molluses —A—Seaweeds

Fig. 1. Certified and indicative concentrations of elements (ppm) in different objects of
coastal ecosystems from standard reference materials BCR 414 (plankton >125 um), NIST
2974 (Mytilus edulis) and IAEA 140 (Fucus sp.).
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Results

The concentrations of 36 elements were determined for all kind of samples. For comparison,
the same values were analyzed among standard reference materials (Fig. 1). Uncertainties
(depends on element) for plankton SRM BCR 414 were 1-20 %, molluscs SRM NIST 2974 —
0.1-18.1%, Seaweeds SRM TAEA 140 —2.1-30.0 %.

Table 2. Maximal concentrations of elements in different kind of objects

Objects Plankton Phytoplankton Molluscs Seaweeds
Specification >115 pm >35 pm Mussels Brown algae
Reference Mytilus .
Element data' galloprovincialis Cystoseira sp.
Max Max % Max % Max %
Na 64000 4200 1.5 16000 19.8 26600 53
Mg - 2200 2.9 2234 03 12100 14
Al - 13000 0.8 80 0.2 560 324
cl - 10000 1.8 31500 9.4 73300 17.7
K 17000 3900 1.5 10320 14.4 62000 6.5
Ca 19000 97000 3.2 1470 4 34100 27
Sc 0.45 23 30 0.03 7.4 0.2 4.5
Ti 400 870 7.5 - -
\% 4 23 22 1 1 2 24.6
Cr 620 33 1 0.7 1 -
Mn 80 190 3.2 4.512 0.2 55 31.1
Fe 2460 8600 1 150 5.3 720 1.9
Co 1.5 2.4 1.5 0.2 1.8 0.8 25.6
Ni 6 17 1.2 0.65 34 6.08 9.9
Cu 142 200 6.1 9.6 1 -
Zn 386 280 1 150 32 80 20
As 17 4.9 1.3 8 374 55 13
Se 0.6 0.4 1.7 43 18.6 -
Br 2000 180 2.1 210 0 370 322
Rb 7 22 8.5 4 9.3 2 8.2
Sr 130 120 1.3 30 5.6 1400 32
Mo 03 4 30 0.6 0 -
Sb 3.2 14 1.8 0.03 7 0.1 10
1 139 50 0.6 7.0 22.6 230 8.2
Cs 0.6 14 4.1 0.04 4.6 0.06 50
Ba 47 1 3.8 1 113 68 2.2
La 1.2 5 4.8 0.1 -
Ce 2.6 20 30 0.2 -
Sm 0.16 0.7 30 - 0.05 40
Tb 0.22 0.12 30 0.004 -
Yb 0.13 0.4 30 - -
Hf 0.11 0.8 30 - -
Ta 0.06 0.13. 30 0.001 -
Au - 0.02 30 0.002 43 0.07 57.1
Th 0.29 2 .29 0.03 0.6 - . ‘
U 0.5 4.1 0.18 1 0.8 12.5

. 'Reference data of plankton from Leonova et al, 2013,

. Underlined values demonstrate the maximal values among objects
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Data of concentrations in plankton (in Fig. 1 and in Table 2) were presented for !
comparison with phytoplankton because the main parameter of such samples is a fraction size,
because a lot of different type of plankton organisms can be collected at the same sample.
Maximal concentrations among analyzed standards were distinguished; :

+ In plankton (SRM BCR 414 fraction >125 um): Al, Ca, Sc, Ti, V, Cr, Mn, Co, Ni, Cu, ;
Zn, Cs, La. g

¢ Inmolluscs (SRM NIST 2974 Mytilus edulis): Na, Se

o Inseaweeds (SRM IAEA 140 Fucus sp.): Mg, K, Fe, As, Mo, Br, Sr, Sb

The maximal concentrations among different objects of coastal organisms;
o Phytoplankton (>35 um); Al, Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Sb, Cs
e Molluscs (Mytilus galloprovincialis, soft tissue): Zn, Se
o Seaweeds (Cystoseira sp.). Na, Mg, CL, K, As, Br, Sr, |

Discussions

Almost all elements for each group, which were presented in the high concentrations in SRMs -
(Fig. 1), were corresponded to groups, which were emphasized (Table 2). Exception
concerning with:

= Fe, Sb in phytoplankton were in higher amounts in real field samples due to additional
sources of enrichment

= Zn in molluscs in higher real concentrations can be influenced by hydrological
changes in water masses and specificity of hyrgochemical structure of the coastal
water in studied zone of the Saldanha Bay

= Na, Cl, I can accumulated in higher amounts due to natural presence in dissolved and
suspended particles of salts derived from marine milieu and can deviate around a
certified values in a higher or lower side.

Phytoplankton includes small cells which are suspended in a water masses and can adsorb
any mineral and organic mollecules. That is the reason why they accumulate a microelements
related to mineral (terrigenous) component of the suspended bottom sediments. In addition,
the river flows contain the high concentrations of biogenic elements (mainly N, P, Si), which
can be attracted feature of water area for develop of community. At the same time they can
accumulate the microelements of terrigenous (f. e. Al, Ca, Sc, Ti, ..., Cs, La) and
anthropogenic origin (depends on the sources: f, e. V, Co, Ni, Cu, Zn) which presented in
suspended forms in bottom sediments.

Thus, zooplankton and phytoplankton accumulated in high amounts the elements,
which connected and derived from resuspended sediments and other mineral particles from
coastal river flows. In the biomonitoring studies, the important task should be analysis of
terrigenous component by using specific equations (Nekhoroshkov et al., 2017).

Phytoplankton and zooplankton usually differ by fractions, lifetime, speed of
accumulation, Besides that, the plankton in general includes high amounts of mineral
suspension and zooplankton organisms. Molluscs feed on phytoplanktonic cells and can
adsorb the mineral suspension directly from the water. However, the inner self-cleaning
processes during lifetime can regulate the highest concentration of pollutants including such
elements as V, Cr, Mn, Fe, Cu, Zn, As, Mo etc.
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Key features of groups of macro and microelements in comparison analysis:

(o]

Elements had a terrigenous origin, accumulated at low level in bottom sediments,
reached higher values in phytoplankton and seaweeds, molluscs (Al, Ti, Sc, Th, U,
REE et al.). To this group can be added such elements as K, Ca, V, Cr, Co, Ni, Rb,
Mo, Sb, Cs, Ba, Au), should take into consideration hydrological state

Elements accumulated to equal levels depending on ratio between suspended and
dissolved forms and anthropogenic affects (Cr, Co, Ni, Zn, As, Mo et al.)

Elements can be accumulated in the higher amounts than presented in this study due to
additional intake from sources of pollution (V, Cr, Co, Ni, Cu, Zn, As, Br, Se, Mo, Sb)

Such elemental values can be used as reference for juxtaposing of real field concentrations
. and in comparison biomonitoring study. Moreover, such values can be recommended as
threshold for routine analysis in the verification procedure and identifying the traces of
- pollution. In the case of source of constant pollution the concentrations of elements in studied
- organisms should be analyzed by groups to emphasize typical connections.

. Conclusions

According to the aim and task the list of microelements were considered. The groups

- of elements were installed by using comparative analysis: Phytoplankton Al, Ca, Sc, Ti, V,

~ Cr, Mn, Co, Ni, Cu, Zn, Cs, La. In molluscs: Na, Se. Seaweeds: Mg, Cl, K, As, Br, Sr, |, Fe,

Mo. The maximal concentrations of elements, which were given in the study, can be used in

. the future biomonitoring studies as reference values, such elemental groups should be
carefully analyzed separately.
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‘Abstract

The installation for neutron activation analysis (NAA) at the IREN facility, which
consists of HPGe detector, a sample changer, chemical equipment, and control software, is -
described. Some results obtained by the NAA method, which have been carried out at IREN
and IBR-2 facilities are presented. The neutron spectrum obtained at these facilities has big -
part of resonance neutrons. A program was developed for the calculation of effective
resonance integrals, which takes into account the real spectrum of resonance neutrons, as well
as the thermal motion of atoms and the absorption of neutrons in the sample. The flux
densities for thermal and resonance neutrons have been determined.

Introduction

Neutron activation analysis (NAA) is a method for determining the elemental
composition of a substance, based on measuring the characteristics of radiation emitted by
radioactive nuclei that appear after neutron irradiation. The first activation of various eléments
by neutrons was observed by E. Fermi in 1934. G. de Heversey and H. Levi in 1936 first
applied this phenomenon to determine the content of elements in the samples. At present,
neutron activation analysis is widely used in geology, ecology, archeology and other fields of
research [1]. The main process of interaction of neutrons with nuclei, leading to the formation
of unstable nuclei, is radiation capture, that is, the capture of neutrons followed by the
emission of gamma quanta. NAA allows us to determine the content of more than 40 elements
with high sensitivity.

Neutron sources in FLNP and installation for activation analysis

IREN (Intensive Source of Resonance Neutrons) consists of linear electron accelerator
and a tungsten target (4 cm diameter and 10 cm height), surrounded by a moderator. Electrons
enter the target, lose energy and emit bremsstrahlung quanta in a wide range of energies. The
number of emitted gamma rays decreases with increasing energy. The maximum energy of
gamma rays is equal to the kinetic energy of the electrons. The neutrons are created as a result
of the reactions (y, n), (v, 2n), etc. The average energy of the emitted neutrons is 1 MeV. To
obtain neutrons of lower energies, the target is surrounded by a moderator. The water is used
as moderator, which also cools the target. The moderator is a cylinder with a diameter of 15
cm. Neutrons pass in it a distance of the order of 5 cm [2].
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The neutron flux density in the energy range from 10~ to 10° eV can be represented:

d)'res
P(En) = Penfu(En T) + 5555 - M

Here the contributions of thermal and resonance neutrons are separated. @y, is the
thermal neutron flux, the function fis (E, T) describes the Maxwell distribution. The second
term describes the resonance neutrons. In the first approximation, a = 0 (Fermi spectrum).
Thus, @, is the neutron flux density at 1 eV. Usually, the parameter a is equal to zero. For
IREN and IBR-2 facilities this parameter is equal to the value of a = 0.1 approximately.

It is necessary to determine the fluxes of thermal and resonance neutrons. We use the
method of cadmium difference. To do this, together with the sample irradiated indicators, that
is, elements with well-known cross-sections. Indicators of the same type are irradiated in a
shell from Cd and without it under the same conditions. From measurements of the activity of .
an indicator of mass m2 irradiated in cadmium protection, one can determine @y

Ny-M-d-ettdz
My'NayeB-res [1-exp(=Atiry)] {1-eXp(~Atmeas)]”

Dy = 2)

Measurements of the activity of the indicator irradiated without cadmium gives a value
proportional to the value of X = @y, 0,y + P50y , Since the activation is produced by both
thermal and resonant neutrons. Measurement of the activity of indicators irradiated in Cd -
protection and without it is carried out at the same time. This means that it is necessary to
subtract the contribution of resonant neutrons. As a result, we get:

X=Dpesl r exp(Ataz) exp(Atqz)
®,, = res res=_(N —N. 3a
th Oth Oth v my v2 mz ! ( )

where the common factor is:

M2

r= Ny-e6-[1-exp(=Atip)] [1-exp(~Atmeas)] (3b)

As indicators, gold, copper, zirconium, and others are usually used. Data on
interaction cross sections, half-lives, and yields of individual gamma lines can be found in
[5.6].

Calculations of the effective resonance integrals

Because of the spectrum of resonance neutrons at our facilities differ from Fermi
spectrum we calculate the effective resonance integrals using -experimental data for
resonances. The effective resonance integral is equal to:

dE
Les(@) =

[1 - exp(~0; )] oz @

1 0 Ony

nvEca op

Here n —sample thickness, o, and o; are the radiative capture and total cross-sections,
which are the sum of a number of resonances. Every resonance is described by Breit-Wigner
formula.

It is possible to present the resonance integral in the next form:

Ieppres = (@) + 22850, (5)

1-a
Erg
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Table 1. The calculated values of the effective resonance integrals

Effective resonance
Nuclide Number of ) Resonance - integral, b
resonances integral, b [5]

" la=0 a=0.1
7 Au 24 1550 + 28 1577 1849
M7r 18 0.23 £0.01 0.30 0.78
7r 18 53 +03 643 19.5
SCu 24 4.97 +0.08 495 9.52

The first term describes contribution from thermal cross-section tail (according to I/~

: _— O
low). The second term describes the contribution of resonances. g = % g,—l? is the total
capture cross-section where E = E,;, E,; — resonance energy, - I',— neutron width, I', — radiative
 width, I" = I, + I, is total width, g, is the statistical factor and & is neutron impulse. The

. n .
_ factors G; depend on sample thickness and temperature. g, = g, -%lp(e,x), where function

4ErkBT

 Y(0x) describes the thermal motion of atoms, x = z—(E—r':E'—) , 0= L

- A=
A
width. The Padé approximation has been used to calculate the y(6,x) functlon [7]. Resonance
parameters were taken from [8].

The calculations show the big difference (up to tens of percent) between calculated
-~ values and known from literature ones. The calculated values have been used for accurate
determination of the neutron flux density and for calculations of concentrations of elements
by the absolute method.

——— is the Doppler

Conclusions

As a result of the measurements, the following neutron flux density values were
. obtained at the IREN facility:

®4=1,0-10® n/(cm”s) and @=1,1-107 n/(cm*s).

In our laboratory, the method of activation analysis was used to study ecological samples
from Egypt [9] and for investigations of archeological samples — bracelets and fragments of
human remains from the burials of the Moscow Kremlin [10].
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2. Experiments and scientific program at IREN .
The comparison was conducted on the yield of the reaction (n, y) resonances of tantalum sample
in the energy from 4 to 1200 eV. Event detection was performed by a large 6-section liquid scintillator -
detector at 60-meter flight base. The results of measurements and analysis are shown in the graph |
(Fig.10). Measurements were made with the same parameters of linac. Calculations were carried outin |

the programs GEANT and FLUKA. An increase of the neutron flux by 2.5 times was experimentally
recorded.
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Fig.10. Results of measurements.

The graph (Fig.11) show the comparison of the neutron flux output during the first stage and
second stage of linac. During the measurements the linac worked at nominal parameters at the
repetition rate of 50 Hz. After the installation of the second accelerating section and the second klystron,
the neutron yield increased by 3 times compared to the work with 1 accelerating section and one
klystron.

The graphs (Fig.12) show the parameters that characterize the timing, and energy resolution of
the facility, and demonstrate the advantage of using a short flash.

The left figure shows the time characteristics of the neutron flux on the surface of the moderator
in this configuration for different groups of neutrons.

The right figure shows that for neutrons above 20 eV, the energy resolution that provides IREN
(pulse duration 100 ns) at the flight base of 10 m is better than the resolution of the IBR-30 (pulse
duration of 4.5 us) at 100 m. So, if the IBR-30 for any measurements one has to stand on the basis of

100 m, now it can be carried out at 10 m. At the same time the increase in the neutron flux will be
100 times.
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Fig 1. Spectra of neutron flux density fiom IREN obtained during development of the facility.
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Fig,12. IREN vs IBR-30.
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Fig.13 shows an experimental comparison of the energy resolutions of IREN and IBR-30.
Measurements were made on the flight base 60 m with Ta(n,y) sample. It is seen that the width of the

resonances in the region up to 20 eV are approxunately equal, but hxgher energy it is much better for
-~ IREN facility.

But this is one of the first measurements. Now the neutron flux at IREN is about 5 times more.
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Fig.13. Energy resolution IREN vs IBR-30.

The scientific program at the IREN facility includes research:
- symmetries violation in neutron induced reactions;
- neutron induced fission;
- neutron fundamental properties;
- nuclear structure;
- nuclear data;
- resonance capture and transmission analysis.
Due to the fact that IREN facility has not yet reached the design parameters, now we conduct
preliminary experiments, tests of new equipment and perform some applied research.
Preliminary experiments to assess the possibility of studying the fission physics in neutron
resonances are carried out (Fig. 14). :
The measurements were carried out on the flight base 10 m, As the detector an ionization ﬁssmn
chamber was used. The target was the uranium-235. g
The ionization chamber was organized so, that it was possible to register both binary fission
(signals from the cathode in the interval A1-A2) and temary fission — 2 fission fragments + alpha
particle (alpha particles with high energy passed through the thin foil of the electrode A2 and were*
registered by the anode A3).
Also new detector system on neutron beams is being tested.
«Romashka" is a mobile, easily tunable, multi-detector system with the scintillator detectors.
The system allows to register both time of flight and energy spectra, to analyze pileaps, multiplicity of
coincidences, dead time and other parameters which are necessary for the correct determination of
neutron cross sections and neutron resonance parameters, The graph (Fig.15) shows the dependence of
the output of (n, y)-reaction from tantalum sample on neutron energy, obtained by measurements on’
the flight base of 30 m. .
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Fig. 15. Tests of new detector systems on neutron beams. The multi-detector system “Romashka-IREN".

, At the IREN facility the effects of neutrons and gamma rays on plastic scintillators used in the
~CMS experiment at CERN was studied.
The experience of three years of operation of the hadron calorimeter showed an unexpectedly
‘large decrease in the light output of plastic detectors. It was concluded that not all the factors of
radioactive radiation influence on scintillators were taken into account, To address this issue, four types
~of plastic scintillators were studied. The maximum irradiation time is 30 days. The value of light output
of samples of different shapes after irradiation was compared with the value of light output before
_ irradiation. The results obtained showed no substantial effect of rate of irradiation or the light output.
B In the CMS experiment, there is a large amount of bronze between scintillators. Therefore, the
- effect of the additional induced radioactivity emitted by the radioisotopes resulting from the neutron
. irradiation of bronze was studied. To do this, two identical SCSN-81 scintillators were irradiated at the
same distance from the IREN target. But behind one of them there was a disk made of bronze.
- Measurements of light output showed that there is a substantial contribution from induced activity. The
results of the measurements confirmed the results of the calculation using the program FLUKA. Thus,
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the reason for reducing the light output of the hadron calorimeter scintillators was found out. !
Another example of applied work is the use of neutron resonance analysis for non-destructive’
determination of the elemental composition of various samples. ~
Last year, at IREN facility experiments to determine the elemental composition of a number of
archaeological artifacts were conducted. Neutron resonance capture analysis - NRCA was used in the
studies. A large liquid scintillator detector was used as a y-quantum detector. ;
In Frank Laboratory neutron activation analysis three samples of human remains from:
necropolis of the Moscow Kremlin (Fig.16) was conducted. The samples were the rib and hair of |
Queen Anastasia, who was the first wife of king Ivan 4, as well as the rib of Knyaz Dmitry, who was
the son of Tsar Ivan 4. %
The samples were irradiated at two facilities — IREN and IBR-2 reactor. The induced activity -
spectra of the irradiated samples were measured using a germanium detector. The mass fractions of -
arsenic, mercury and some other elements were determined by relative and absolute methods. The
obtained values confirmed the fact of mercury poisoning of Queen Anastasia. Increased mercury
content was found in the bone remains of Knyaz Dmitry. "
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Spectrum of the Sample1. Spectrum of the Sample 3.
Arsenic (As) Mercury (Hg)
Sample Ne - - R
Mass fraction, mg/kg |Relative error, %  [Mass fraction, mg/kg | Relative error, %

1 0.19 30 0.36 19.1

2 0.23 30 0.2 29.5

3 1.18 18.3 46.6 2.5

Fig.16. Analysis of arsenic and mercury in human remains of the 16th — 17th centuries at IBR-2 reactor
and IREN facility.
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TOF METHOD MEASUREMENTS AT INR SPALLATION
NEUTRON SOURCE RADEX

Djilkibaev R.M., Khlijustin D.V., Vasilev L.A.

Institute for Nuclear Research, Russian Academy of Sciences, Moscow, Russia

Abstract. Installation INES based on pulsed spallation neutron source RADEX has been
developed at INR RAS, Moscow, Russia. INES is designed for investigations of neutron cross
sections for reactor fuel and construction material alloys. INES uses 50 meter spectrometer
base, which together with 500 ns proton beam duration of accelerator makes possible to
measure group total and group capture cross sections of researched materials, Cross sections
are experimentally observed and measured with corresponding block-effect and Doppler-
effect values, with automatic averaging of resonance structure of all isotopes, available in
alloy. Measured results are used for calibration of calculation codes, which are used in the
process of design and certification of nuclear reactor cores and their biological radiation
protection shields.

Installation INES uses four Helium-3 detectors as beam intensity monitors, four
Helium-3 detectors as transmittance functions detectors and 8-sectional liquid (n,y) detector
which scintillator’s volume is 40 liters.

During year 2017 new fast 16-channel data acquisition system was developed, tested
and employed. It uses modern electronic element base, has 100 nanosecond time step in 16~
channel mode and 50 nanosecond step in 8-channel mode. This data acquisition system is
designed to work in multiplicity mode, which provides good separation between effect and
background during capture (n,y) and fission (n,f) cross sections measurements. At beam
frequency 50 Hz, statistics is being collected into 200000 channel histogram. Exact spectrum
and cross sections measurements will enable more exact calculations of fast breeder reactor
cores characteristics, including critical mass and breeding ratio.

1. Introduction

One of the most important tasks, for which INR RAS proton linac was designed and
built, were TOF measurements to provide fast neutron reactors program by exact neutron
group cross sections data. Powerful linac with one-turn beam extraction storage ring for high

intensity, and long TOF bases for high (Al_—t) parameter were designed. Target reloading

machine allows to change proton beam target making modeling of the reactor’s core and
measure corresponding neutron spectrum.

Project parameters of the proton linac of INR Russian Academy of Sciences are:
proton energy 600 MeV, pulsed current 50 mA, frequency 100 Hz, maximum pulse duration
100 (200) mks; They provide average current 0.5 (1.0) mA, mean beam power 300 (600) kW,
neutron yield into angle 4w ~10*7 neutrons per sec.

Corresponding to the technical project, linac is equipped by the storage ring which has
project parameters: beam aperture 200 mm, circle length 2R = 102.8 meters, proton cycling
period 430 nanoseconds at 600 MeV. Maximum pulse current, allowed by space charge is 10
Amperes at 600 MeV, it corresponds to maximum pulse intensity 2.3-10'2 protons in each
pulse at 100 Hz and average neutron flux with W target in short pulses at 100 Hz, up to
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2.5-10'® n/s. Storage ring now is under construction. Significant part of its radiation
sustainable equipment is already manufactured.

- 2. Accuracy requirements

Requirements for accuracy of group neutron cross sections for many types of reactors
. are determined by share of delayed neutrons of employed fissile nuclide and shown in table 1.

Table 1
BN-1200
nitride fuel

Reactor fuel composition ys U pu®®

Desirable accuracy of criticality

coefficient calculation (AK/K), % 0.6 0.2 0.2 0.42

Diffusion one-group approximation gives expression for critical radius

0.71

(3 .
Rerie = Fer—vvat” 2o M

And expression for critical mass

3 3
Meyie ~ Rgrit ~ (L )z ~ (0404)2 2

Accuracy of neutron cross sections must provide exactness of critical mass prediction

(Meqic—M d) . . AK

—cge _ measrec | better then value, which corresponds to maximum allowed (—) value.
Mumeasured K

Accuracy of TOF transmittance method for measurements of total cross sections for
one channel of data acquisition system is defined by expressions:

N(x) = Noexp(—nxiotar),
My
=

1 1
orat = (5:) (7).
(89tota)) ( 1 ) Hr\f_1 3)
(Gtota)  \JNo, T ln(%) )
For total cross section accuracy 0.2% it’s necessary to accumulate statistics ~1000000

counts in each histogram channel. Coefficient which depends on pattern thickness is shown
onfig.1.

Achieved accuracy of fast breeder reactors criticality predictions ATK is shown in table 2.
Table 2. Accuracy of existing nuclear data and their calculation codes

Neutron constant system MCNP ABBN-78 ABBN-93
AK )
T % ) 2 : 2 0.5
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sqrt((1.+x)/x)log(1./x)

7

Fig.1: Coefficient proportional to pattern thickness.

During fact neutron moderation, number of scatterings between energies Eq and E is

Nscatterings = (%)ln(%)’ (4) |

1 A, 1,1
where ({) T3 A j
If Ey=14 MeV and E=0.0253 eV, for substance like LisD we find that 28 energy
groups in ABBN-78 are enough. .
Due to presence in the core of fast breeder reactor such medium atomic mass nuclides
like Na, Fe, Cr, Ni, Ti, in neutron group cross section constants ABBN-93 were chosen 299
groups. In our measurements we are working to fit ABBN-93 requirements.
Energy resolution of TOF spectrometer as function of (At/L) parameter is shown in-

table 3. Here, AE=2.77-1075-E¥2. -(At/L) , At — nanoseconds, L — meters, E —eV.

Table 3
At, (E AE, eV ,
m
E=10eV | E=100eV | E=1KeV [E-10KeV | E=100 KeV | E=1 MeV | E=10 MeV|
100 0.09 2.8 88 2800 88000 | 2800000 | 88E6
500 0.04 14 44 1400 | 44000 | 1400000 | 44E6
10 0.009 0.28 8.8 280 8800 | 280000 | 8.8E6
5 0.004 0.14 4.4 140 4400 140000 | 4.4E6
1 0.0009 | 0.028 0.88 28 880 28000 | 880000
0.5 0.0004 [ 0.014 0.44 14 440 14000 | 440000
0.1 0.00009] 0.028 | 0.088 2.8 88 2800 | 88000

Value 5 ns/m, which is marked in table 3 by thick line, corresponds to our. |
measurements on installation INES.
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Influence of Doppler-effect and cross sections self-shielding of multi-isotope
compounds on reactor criticality and other parameters on example of one-group diffusion
theory

DA® — Z,0+v 50 =0, 5)
DAD + (n—1) Z,0 =0, (6)

~thus we get differential equation with Laplasian andibuckling parameter
ad+(y - 1) (E)o=0 @)
~ or the same equation in ordinary form :

n-1 =
AD + (ﬁ) ®=0, (4)
- where D - diffusion coefficient, ® — neutron flux, I, — macroscopic absorption cross section,
“1-Fermi’s age of neutron flux, L = square of diffusion’s length.

Lower resonance levels have mainly neutron capture properties. Doppler-effect and
internal block-effect influence on value of X, and are measured by gamma-detectors.
. Upper resonance levels are mainly scattering neutrons without absorption them. At the same
time Doppler-effect and multi-isotope alloy’s interference of resonance levels influence on
~value D. Thus, leakage from fast neutron reactor’s core into reflector also changes at different
temperatures and dilutions. This effect if researched by transmission functions measurements
in TOF experiments. Both first and second effects are able to change effective L7 and 1.
‘ In TOF experiments transmission and self-indication functions must be measured in
“unresolved resonance area that is possible using multiplicity coincidence method.
It’s necessary to mention that into one energy group of ABBN-93 many histogram
-"channels are coming, so as energy width of one group grows in high energy region as shown
- in table 4.
Compared to resonance structure measurements, where energy level’s width Iy is
- approximately constant in wide energy range and is about 0.1 eV for heavy nucleus, group
cross sections measurements allow to measure up to higher upper energy level using the same
- TOF spectrometer with the same energy resolution (At/L) measured in nanoseconds per meter.
1t is also important that number of counts per channel, in expression for accuracy of
“measurements, corresponds not to single data acquisition system channel, but to energy group
~'where present many histogram channels.

Table 4. Group energy width, eV, of the ABBN-78 neutron constants
Energy width AE, eV of group number N v
E=10eV |E=100 eV |E=1 KeV | E=10KeV | E=100KeV | E=1MeV | E=10 MeV
Group’s 21 18 15 12 9 ] 6 1
number
Width 11.5 115 1150 11500 115000 600000 3500000

4 At the same time, capture cross sections measurements must be done in the energy
area of unresolved resonances using multiplicity coincidence method, which gives an
- opportunity to distinguish effect and background.
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3. Experimental installation INES

Installation INES is shown on fig.2.

e ; »; "—Eiquidgls?tgar;l“;
. Neutron " Thier Scintillator (n,y)
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i
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Fig. 2: Installation INES.

Corresponding to fig. 2, neutron beam arrives from the left side in the evacuated
neutron guide. Four monitor He-3 counters are in beam. After that, patterns-filters like Mn-55
are installed, and beam is collimated for liquid scintillator detector’s aperture. Measured
isotope plate is installed to the center of the scintillator tank. From the right side, before beam
capture, four He-3 counters are installed to measure total cross section.

During the described our measurements, pure patterns of Gold Au-197 and Tantalum
Ta-181 were used. In figs.3 and 4 we can see the best world data taken from BNL. For Ta-181
we can see resolved resonances area up to neutron energy 2500 eV.

In the figure 5 our INR measurements of Ta-181 are shown. On ‘X’-axis is histogram
channel number, on ‘Y’-axis number of counts.

During measurements of Au-197 and Ta-181, proton linac was working with
parameters: proton energy 209 MeV, pulsed current 10 mA, pulse width 1 mks, frequency 50
Hz. Installation INES was installed on 50 meter TOF base of spallation pulsed neutron source
RADEX.

In fig. 6, work with experimental histogram is shown. Experimental spectral .
histograms can be transformed into cross section curves by main two methods. Below few
hundreds eV for heavy atoms with high resonance level densities, where AE of spectrometer
resolution function is smaller than I', which is about 0.1 eV, the method of form can be used.
At higher neutron energies in the resolved area it’s necessary to use method of square areas.

Program for resonance parameters definition automatically calculates: background
level as function of neutrons energy on experimental histogram like fig.7, energy of the center
of resonance area, width of resonance on half-altitude, area of the resonance,

In fig. 8 we can see action of Mn-55 filner: in its 336 eV resonance area, all counts are
background. Observing this effect makes possible to calculate the background component as
energy’s function and extract it from the spectra.
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Fig. 4: Ta-181 capture cross section area of the resolved resonances, up to 2500 V.
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Fig. 6: Separation of effect from background.
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Fig. 8: Ta-181 spectrum between channels number 8500 and 9500.

At energies upper then few hundreds eV, in the case of heavy nuclides with most

~dense energy level system and the smallest intervals between resonances, spectrometer

resolution function’s value is much larger then energy width I'y with doppler-effect.

. Due to this, experimental histogram gives us Gauss tesonance parameters. When we know
them, using another program for each resonance we transform the curve into the cross section

 curve descripted by Breit-Wigner parameters.

; Unresolved area is illustrated by fig. 9. Also it’s necessary to mention, that researched
pattern inside the detector becomes radioactive during measurements.
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Isotope Do, eV Isotope (A+1) T(1/2) of (A+1) .
Ta-181 1.13 Ta-182m2 15.8 minutes
In-115 1.9 In-116m1 54 minutes
Au-197 1.15 Au-198 2.7 days
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Fig. 10. Capture cross section of Au-197.

In fig.10 we can see, that in Au'”’(n,y) cross section, up to 5000 eV resonances are
resolved in BNL data base. |
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In figs. 11 and 12 we can see, that measurements at 50 meter base with proton beam
500 nanoseconds give much better results compared to 1 mks beam.
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In fig. 14 scintillator signals after pre-amplifier are shown. They are around 60
nanoseconds at half-altitude.

New 16-channel multiplicity data acquisition system was tested at first using Co-60
gamma source and Cf-252 spontaneous fission neutron source, than it was tested on pulsed
beam.

During turning, high sustainability to radio frequency transients was achieved.
After turning and testing, 16-channel multiplicity system was used in measurements at TOF
base 50 meters during accelerator’s work with proton bean duration 500 ns.

TOF histograms of Ta-181, In-115, and Au-197 were successfully measured using 40
liter liquid scintillator gamma detector, four He-3 counters SNM-18 as neutron beam monitors
and four He-3 neutron counters SNM-17 as transmission detectors.

5. Conclusion

Installation INES has properties, high enough for measurements of total and capture
cross sections of reactor and construction materials in energy groups of ABBN-78 and
ABBN-93 neutron constants, which are used for core criticality calculations during
construction of fast breeder reactors BN-800 and BN-1200,

Internal block-effects for reactor alloys and radiation shield materials resonance cross
section structure, also as Doppler-effect, can be measured. Measurements can be done both
for separated isotopes of natural multi-isotope mixtures, and for multi-isotope mixtures of
many chemical elements like stainless steel.

" During the nearest future we plan to measure new reactor alloys group cross sections,
including burning absorber reactor materials for isotope separation quality control. Also
measurements of total and capture cross sections of separated isotopes, measurements at
different thicknesses and temperatures in ABBN-93 energy group intervals.

Proton linac shows good progress. Operation with proton energy up to 423 MeV
compared with increase of linac pulse proton current to 16 mA is planned for 2019 nearest
years,

;. TOF measurements with 300 nanosecond proton beam are planned for 2019. Also
frequency 100 Hz achievement is in progress. TOF stations at 250 meters and at 500 meters
are discussed. Proton storage ring is under construction.

- The authors express their sincere thanks to INR RAS director Kravchuk L.V. and RAS
academician Tkachev LI. for support of this work, and to INR RAS proton linac team for
excellent operation and high proton beam stability.
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Abstract: The temperature measurement using neutron resonance spectrum can be used foff
temperature measurement of shockwave, but a pulsed white neutron source with high intensity is.
needed. The back-streamiﬂg white neutron beam line (Back-n) of the China Spallation Neutron Source
(CSNS) was built and started running since the beginning of 2018. The white neutron source can’
provide neutrons from 1eV up to hundreds of MeV by impinging 1.6 GeV protons onto a thickE
tungsten target. There are two experimental halls along the Back-n beam line which respectively has a
flight path of ~55 meters (Hall 1) and ~76 meters (Hall 2). The resonance sample (such as "¥1Ta) was
placed at Hall 1 and measured the neutron transmission spectrum at Hall 2. The neutron transmission

spectrum through the resonance sample was simulated by MCNP. The 4.28 eV and 10.36 eV resonance

drop of "‘"Ta can be seen from the transmission 'spectrum. CSNS Back-n may be applied for-
temperature measurement by neutron resonance spectrum in the future.

Key words: Temperature measurement, Resonance neutron, CSNS Back-n, Monte Carlo simulation

Introduction

'The Doppler broadening of the lower energy neutron absorption resonances of some metals,
such as natural hafnium, tantalum, iridium and rhenium, have been studied for the purpose of
measuring temperature in remote or isolated environments!*! This new method of
temperature measurement using neutron resonance spectrum can be also applied to some
experimental studies of dynamic system, such as detonation, explosion, shock, and so on.

In order to apply this method, a pulsed neutron source which has plenty of low energy
neutrons with high intensity is needed. The back-streaming white neutron beam line (Back-n)
of the China Spallation Neutron Source (CSNS) was built and started running since the
beginning of 2018. The white neutron source can provide neutrons from 1eV up to hundreds
of MeV by impinging 1.6 GeV protons onto a thick tungsten target!*],

The feasibility of CSNS Back-n beam line using for temperature measurement by resonance
neutron will be discussed in this paper.

Principle

It is proposed that the sample temperature be determined from transmission data by a
methodology which directly appeals to the equations of the governing physics rather than
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employing empirical methods. This offers the considerable benefit over such empirical
methods that a calibration experiment is not required prior to the acquisition of the desired
 data. In order to accomplish this, it is necessary to calculate the absorption cross-section as a
~ function of neutron energy in the vicinity of the resonance including the contributions from the
intrinsic line shape of the resonance and the Doppler broadening.

The reaction cross-section, 6(E), for the capture of a neutron, with kinetic energy, E, by a
- stationary nucleus close to the energy of an isolated resonance, Ex, may be adequately
-~ described by the single-level Breit-Wigner formula®.

1—'" 1—'7

B = Ty

M

~ Where % is the de Broglie wavelength of the incident neutron, I” is the resonance width, I, is
the neutron width, I is the partial width for the reaction and g;is a statistical spin factor for
the formation of a compound state with angular momentum, J,

Because practical investigations seldom encounter stationary nuclei and it is necessary as
such to accommodate the velocity distribution of the target nuclei to obtain an effective
'~ cross-section. The effective cross-section can then be obtained from the convolution of the
Breit-Wigner formula (Eq.1), with an energy transfer function, accounting for the velocity
distribution of the target nuclei.

In the simplest case, for a mono-atomic free gas or classical solid, by taking a Maxwellian
 distribution of velocities for the target nuclei corresponding to a temperature, T, the Doppler
- width of the resonance absorption peak is given by

A= W_M.EL?, )
\/ (M +m)

- where m and M are the neutron and nuclei masses respectively and k is Boltzmann constant.
Let A=M/m, if A>>1, then from Eq.2, the absolute temperature of the target nuclei is given

. as

2
r=A4
4kE,

- Obviously, if the Doppler width could be measured by experiments, then the temperature is
~ obtained.

©)

- Calculation

There are two experimental halls along the Back-n beam line which respectively has a flight
- path of ~55 meters (Hall 1) and ~76 meters (Hall 2)!*!. The resonance sample (such as Ta-181)
- can be placed at Hall 1 and the neutron transmission spectrum could be measured at Hall 2.
- The layout of the Back-n beam line is shown as Figure 1.

The neutron transmission spectrum through the resonance sample was simulated by
" MCNP. But before the simulation, the effective cross-section must be obtained. In this work,
- the effective cross-sections of Ta-181 at different temperatures were calculated by the NJOY
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Nuclear Data Processing System (NJOY 99.0)"#]. Two of them are shown as Figure 2.
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Figure 1. Layout of the Back-n beam line (distances are given in meters)
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Figure 2. The effective cross-section of Ta-181 at different temperatures

It can be seen from Figure 2 that the resonance peaks are becoming lower and wider when :
the temperature is higher. The size of tantalum we used here is @60 mmx1 mm. The input
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neutron energy spectrum is provided by Dr. H.T. Jing®®, shown as F igure 3.
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Figure 3. Neutron spectrum of CSNS back-n

' The neutron intensities spectra after the neutrons passed through the sample were recorded
_according to different temperatures. The results are shown as F igure 4.

1E-4
1E5
-%' 1E-6 ‘
E &7
§ \
3 § 1E-8 \‘
o 1E9
2
<
o 1E10
¢4
1811
LR N — ' ——r—r -
1000 2000 3000 4000

Figure 4. Neutron transmission spectrum at Hall 2
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The 4.28 eV and 10.36 eV resonance drops of Ta-181 can be seen clearly from the
transmission spectrum. The width of the absorption peak could be obtained and it was broaden "
when the temperature was changed to a higher temperature. "'

We can use TOF methods to measure the Doppler Broadening at Hall 2 by fast timing:
technique. The current neutron beam of CSNS Back-n can be used for stable temperature -
measurement by using neutron resonance spectrum; but for a dynamic system, the intensity of -
low energy neutron for single pulse is not enough high.

Discussion

1. On the one hand, the effective cross-section of the sample is important to this method.::
Different models and assumptions may give different results. On the other hand, the -
calculation results of this work may have a relative bigger uncertainty because the input
neutron energy spectrum must be corrected by measured results.

2. A °Li glass scintillation detector with flat energy response for low neutron energy
neutrons is planning to use. Fission chamber with SiC detector is also a good choice. An:
appropriate sample is also important.

3. In order to escape from gamma flash and high energy neutrons, the gating
photomultiplier is recommended. The signal from another fast scintillation detector which -
monitors the gamma flash can be used as a triggered signal for the gating photomultiplier. '
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Abstract

Neutron-gamma well logging instrument was widely used in well logging processing.
The D-D controlled neutron generator, which produced 2.45 MeV neutrons, was used as the
neutron source in the logging instrument. However, one part of the 2.45 MeV neutrons will
directly reach the detector of the logging instrument and deposited energy in it, Thus the
secondary photons will be arose and made adverse effect on the measurement accuracy of the
instrument. A shielding structure, which was between the neutron source and detector, can
reduce the effect caused by the radiation particles. However it is hard to design an efficient
‘shielding structure.

This study was aimed to design the shielding structure of the well logging instrument.
‘The shape of the shielding structure was set as a cylinder and its length was fixed as 10 cm.
The MCNP code was invoked by the Genetic Algorithm to optimize the shielding structure
from 7 shielding materials.

Two shielding structures were obtained by the optimizing program. The first structure
was with three layers, gadolinium oxide-polyethylene-lead and each length of the layers was
5.2 om, 1.3 cm and 3.5 cm, respectively; the other structure was with four layers, boron
carbide- polyethylene- boron carbide-lead and each length of the layers was 1.0 cm, 0.9 cm,
4.6 cm, 3.5 cm, respectively. The results showed that, the optimized shielding structures can
effectively reduce the deposited energy in the detector.

Keywords : Shielding structure, Optimization, Neutron-gamma well logging instrument, D-D
Neutron source -

1. Introduction

Radiation shielding is an important part of nuclear facilities. It can limit the radiation
damage to the people and device around the nuclear facilities!'=*], Many issues, such as
volume, length, weight, price and shielding effectiveness will be considered when designing
-new shielding structure.

f Neutron-gamma (N-G) well logging instrument is widely used in the well logging
process because of its accuracy measurement. It contains several parts, such as neutron
source, detector, shielding structure and electronic device. The neutron source will generate
the neutron during the logging period. These neutron will interact with the stratum’s elements
‘which surrounding the instrument. As the result, the specific gamma rays will be emitted.
After that, the detectors within the logging instrument will detect and analyze the gamma
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rays’ signal. Finally, the component of the stratum was obtained. :

However, the neutron source will evenly release neutron into surrounding area. Part o;
the neutron will directly go into the detector. These neutron and their secondary particles wil
deposit energy in the detector. As the result, the errors may occur during the logging process,
A shielding structure, which was between the neutron source and detector, can relieve this
problem!*). Unfortunately, the space in the N-G well Iogging instrument is limited. Only s
small room can be used for shielding structure. Thus, it is a challenge to design the shleldmg
structure in the limited space, especially for the multilayer shielding structure.

Many optimization techniques, such as genetic algorithm, linear programmmg,
sequential quadratic programming and transmission matrix method can be used for designing
the shielding structurel®®), Several excellent shielding materials which can be used in reactor
and accelerator have presented in the studies. These studies demonstrated that it was a good
way to design the shielding structure by optimization algorithms. §

However, in these studies, the most important constraint condition is that the absorb dose
at a certain' distance should below than a threshold. The optimization parameters of the
shielding material, such as the weight, volume, shape and price must follow this condition.
The situation is different in the well logging instrument. Because of the limitation of the
instrument’s space, the volume and the shape of the shielding structure is fixed. Therefore, the
primary constraint condition of optimizing the shielding structure in well logging instrument
is that the shape of the structure is fixed. Based on this condition, the aim of this study is
minimizing the deposited energy in the detector while the shape of detector is fixed. The
procedure of this study is shown as below:

First, simplify the structure of the D-G well loggmg device and construct the smulatmg
model which can be calculated by MCNP software; :

Second, optimize the shielding structure by genetic algorithm and MCNP calculation;.

Third, obtained the optimized shielding structure which with different number of layers.

2. Methodology
2.1 Modeling of N-G well logging instrument

The structure of the N-G well logging instrument is shown in Fig.1. There are several
devices in N-G well logging instrument, such as neutron source, shielding structure, detector,
electronic device, iron tube and so on. This study aims to develop a novel shielding structure
of the instrument. Thus the simulating model should contain at least three parts, the neutron
source, shielding structure and detector. The rest of the device is not necessary and can be
ignored in the simulating model. In the commercial well logging instrument, the neutron
source, shielding structure and detector are coaxial. Their simulating model also should be
coaxial.

A miniaturized controlled neutron generator was used in the N-G well logging
instrument. 2.45 MeV neutron was produced by D-D fusion. The formula of fusion reaction is
show as below: . ‘
2D,—&-TD—) ‘He+n i )

The shape of the neutron source can be simplified as a cylinder which diameter is 2.5 em
and height is 10 cm. Although neutron will evenly emitted into surrounding area, only neution
that dxrectly fly'to the detector may influence on the logging result. Thus direction of emltted
neutron was set as one direction, faced to the detector And this direction also defined as an
axial positive direction.
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Neutron Generator —»

Fig. 1. The structure of D-G well logging instrument.

The distance between neutron source and shiclding structure was 50 cm. The space
‘which will insert the shielding structure was a cylinder. The diameter and the length of the
. cylinder were 5 cm and 10 cm, respectively. Because, in this study, the shielding structure was
multilayer, the first layer of the structure was defined as the one which close to the neutron
source. Then the second layer and so on. There were two types of shielding structure, the one

~ with 3 layers and 4 layers. '

2.54

Detector o

No.1 ~

Shielding =]
Structure

5

[

wy

Neutron g
Generator

25 Unit: cm

Fig. 2. The simulating model of the well logging instrument.
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A cylinder sodium iodide detector was constructed in the model. The diameter and the -
length of the cylinder were 2.54 cm and 7 .62 cm. It was close to the shielding structure. The
simulating model was shown in Fig.2. N

2.2 Forms of the shielding material *

In this study, a D-D fusion neitron generator was used in the N-G well logging *
instrument. The 2.45 MeV neutron will interact with the elements of shielding structure.
These interactions include elastic scatterir g; inelastic scattering and radiation capture. The
gamma rays with different energy will:be emltted after the reactions. Thus, the shielding
structure should prevent both neutron and gamma ray reach the detector. For this purpose, the
shielding structure should at least contain 3 parts: :

1% part should promptly reduce the neutron energy. Mostly, the materials with high
inelastic scattering cross section, such as iron and tungsten will be used;

2" part can efficiently absorb the low-energy neutron and polyethylene (PE), lead-boron
polyethylene (PB202), boron carbide (B4C), gadolinium oxide (Ga203) will be selected;

3" part will be used to prevent gamma rays Tungsten, lead, such metal with high density
are the good options.

Based on this information, a form of the shielding material can be established. The data
of the selected material was shown in Table 1.

Table 1 Data of the shielding material

Name component / wt% density/gecm3
[ron Fe:100 7.86
Tungsten W: 100 19.35
PE H: 14.3,C: 85.7 0.95
PB202 ‘ (1){:80.0271, B:0.0077, 0: 0.1652, Pb: 3.42 :
" BiC B:769,C:23.1 2.52 2
Gaz203 . 0:27.3,Ga: 72.7 7.407
Lead Pb: 100 11.344

2.3 Optimal design of the shielding structure by genetic algorithm

The genetic algorithm (GA), which is based on natural selection, is widely used for .
solving optimization problems. It works .on a’ population of individuals, and repeatedly
modifies the potential solutions relying on bio-inspired operators such as mutation, crossover
and selection. Over successive generations, the population “evolves” toward an optimal
solution. In this study, a GA program developed by Andrew Chipperfield and Peter Fleming
was selected for optimization. It has excellent global search capabilities and optimization -
efficiency. )

There were two kind of parameters should be considered in this designing problem,
length of each layer within the shielding structure and its material. The optional shielding
materials were shown in Table 1. It can be easily invoked by the GA algorithm. The length of
each layer should follow two constraint conditions:

1) The range of each layer’s length should be from 0 cm to 10 cm;

2) Total length of shielding structure is 10 cm.

Based on the 1) condition, the expectation value of each layer was 5 cm. If the GA
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algorithm directly generated each length of layers /;, the expectation value of total length will
reach to 5°n cm, where n the number of shielding layers. Therefore, total length of shielding
structure will beyond 10cm. To solve this problem, GA algorithm generated several
percentages p; of total length instead of the length of layers /;. The range of p; was from 0 to 1.
The proportion of each layer can be calculated by the binary tree method. Every proportion of
layer can be obtained by multiplying several percentage p;. The calculating process was
shown in Fig.3.

L Pii >l Ipii -l

A
TP::' puy  (2-pa)* pui pzt (I-pr) (2-p2)e (1-pid

|- -

pai P2

Fig. 3. The calculation process of each layer’s proportion. Thick line is the total length of the shielding
structure. It can be divided by several proportions.

When the neutron and gamma ray reached the detector, they will deposit energy into the '

detector and the light will be emitted. This light will be used for analyzing the stratum’s
" element. Part of the neutron and their secondary particles will directly go into the detector and

- they also deposited energy into the detector. We named this part of deposited energy as direct

. deposited energy. Thus, the error will be occurred during the well logging process. The

s shielding structure can limit this error. It means that the objective function of this optimization
~ was minimized the direct deposited energy E4. The objective function was shown below:

f(x) = min(E,(x)) )

After the shielding structure had been generated, MCNP software will be invoked to

calculate the direct deposited energy. In this study, calculations to design the optimal shielding

- were performed using the MCNP6 code and the ENDF/B-VI cross section set. Mode n p was
used. The flow chart of the optimization program was shown in Fig.4.

initialize the algorithm
parameters

([ gens0 |
initialize the population
generate MCNP code

calculate direct
deposited energy for
update the each shielding structure|

population Ut oRta]
= output optima
a";(ogeneratlo = solution

i !
[ slection ] [crossover] [mutation| end
T T T

%

gen=gen+1

Fig.4. The optimization program algorithm.
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3. Result

In order to find the optimal shielding structure, the domain constraint of each variable
was set at 0—1 (the total thickness was set at 0—10 cm), the population size was set at 70
according to the number of variables, the gap between generations was set at 0.9, and the
number of generations was set at 80 after several trials.

By running the program, two types of shielding structures presented were obtained, as
presented in Table 2.

Table 2 Optimized shielding structures

Number of .
shielding Material Length of layer/ Deposited er'11ergy/
cm MeVeg
layer

Ga0; 5.2

3 PB202 13 1.242X10°
Pb 3.5
B4C 1.0
PE 09

4 0.917 X 103
BaC 4.6
Pb 3.5

As mentioned above, shield 2.45 MeV neutron need three major steps: moderating
neutron, absorbing neutron and absorbing gamma ray. The optimized shielding structures
followed this principle. The whole shielding structure can be separated into two parts: neutron
shielding domain and gamma shielding domain. The neutron shielding domain arranged at the
front layers. Neutron moderation and absorbing materials were set in this area. The gamma
shielding domain located at the last layer. It can protect detector from the secondary gamma
rays.

_Comparing with two types of shielding structures, four layers structure specified and
modified the neutron shielding domain and the direct deposited energy was lower than three
layers structure. This result shows that: 1) shield neutron can reduce the direct deposited
energy in the detector and 2) specified neutron shielding structure is more efficient than the
single layer structure.

4, Conclusion

Thus far, the method to optimize multilayer shielding structure of the N-G well logging
instrument was established employing genetic algorithms and MCNP code. The optimization
factors and objective function were presented as well. The optimized shielding structures with
three and four layers have presented in this study. The direct deposited energy can be reduced
by specified and modified the neutron shielding domain.

However, this study was focused on the well logging instrument with D-D neutron
generator. The neutron energy was only 2.45 MeV. It is noted that the D-T neutron generator
also employed in the N-G well logging instrument. D-T neutron generator has higher neutron
yield and the neutron energy is over 14MeV. Thus, the shielding structure in the D-T N-G
well logging instrument can be designed in future work.

180



References

1.

2.

Wielopolski, L., Mitra, S., Doron, O. Non-carbon-based compact shadow shielding for
14 MeV neutrons. J. Radioanal. Nucl. Chem. 2007, 276, 179-182.

Hu, G., Hy, H., Wang, S., Han, H., Otake, Y., Pan, Z., Taketani, A., Ota, H.,
Hashiguchi, T., Yan, M. New shielding material development for compact accelerator-
driven neutron source. Aip Adv. 2017, 7, 324-341.

Bayat E., Afarideh H., Davani F.A., et al. A quality survey on different shielding
configurations of gamma ray detector used with a portable PGNAA system [J].
Radiation Physics & Chemistry, 2016, 120:7-11.

Rasoulinejad M., Izadi N.R., Ghal-Eh N. A simple well-logging tool using boron-lined
sodium iodide scintillators and a **' Am-Be neutron source [J]. Radiat. Prot.
Dosimetry, 2012, 151(3):580-585.

Hu, H., Wang, Q., Qin, J., Wu, Y., Zhang, T., Xie, Z., Jiang, X., Zhang, G., Xu, H.,
Zheng, X., Zhang, J., Liu, W., Li, Z., Zhang, B., Li, L., Song, Z., Ouyang, X., Zhu, J.,
Zhao, Y., Mi, X., Dong, Z., Li, C., Jiang, Z., Zhan, Y. Study on composite material for
shielding mixed neutron and gamma -rays. IEEE Trans. Nucl. Sci. 2008, 55, 2376—
2384. )

Kebwaro, J.M., Zhao, Y., He, C. Design and optimization of HPLWR high pressure
turbine gamma ray shield. Nucl. Eng. Des. 2015, 284, 293-299. '

Leech, W.D., Rohach, A.F. Weight optimization of reactor shielding using
transmission matrix methods. Nucl. Eng. Des. 1972. 22, 167-169.

Tunes, M.A., de Oliveira, C.R.E., Schon, C.G. Multi-objective optimization of a
compact pressurized water nuclear reactor computational model for biological
shielding design using innovative materials. Nucl. Eng. Des. 2017,313, 20-28.

Ma B,, Otake Y., Wang S., et al. Shielding design of a target station and radiation dose
level investigation of proton linac for a compact accelerator-driven neutron source
applied at industrial sites. [J]. Applied Radiation & Isotopes, 2018, 137:129.

181
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RAY IRRADIATION ON LINEAR REGULATOR

XM.Jin'", Y. Liu, S.C. Yang, C.H. Wang, X.Y. Bai, W. Chen

State Key Laboratory of Intense Pulsed Radiation Simulation and Effect, Northwest Institute of
Nuclear Technology, 710024, Xi'an, China

Abstract: Synergistic effects of linear regulator in mixed neutron and gamma ray irradiation
environment are studied. The electrical tests of the linear regulator were performed in three irradiation
environments: neutron, gamma ray, combined irradiation of neutron and gamma ray. Comparison of
the output voltage and the power current of the linear regulator in these three radiation environments is
presented. The experiment results show that single neutron radiation induces no degradation and

synergistic effects of neutron and gamma ray are related with the operational modes of the linear -

regulator. For off-load mode, the output voltage of the linear regulator exhibits identical TID
degradation in the mixed neutron and gamma ray radiation environment with that in single gamma ray
radiation environment. However, for on-load mode, the output voltage of the linear regulator increases

slightly in combined neutron and gamma ray irradiation environment and decreases significantly in -

single gamma ray radiation environment. Bias configurations of the transistors inside the linear
regulator vary at different operational modes and have considerable impact on the synergistic effects of
neutron and gamma ray.

Keywords: linear regulator, neutron, gamma ray, synergistic effect
L Introduction

Linear regulators are widely used in space applications, and can offers excellent ac performance
with. very low ground current. High power-supply rejection ratio, low noise, fast start-up, and
outstanding line and load transient response are provided while consuming a very low ground current,
In electronic systems, a linear regulator provides a stable dc output voltage over a wide range of load
currents and input voltage variations. Although the main disadvantage of a linear regulator is its low
efficiency, it is widely used in various electronic systems in space applications. However, linear
regulators have been found to be very sensitive to radiation effects, especially total ionizing dose (TID)
effects and displacement damage. The radiation responses for a linear regulator may range from
transient output perturbations to permanent circuit failure depending on its technology process and
topology [1-4].

To study the radiation hardness for a linear regulator, the estimation of the sensitivity to radiation
is a mandatory step to get an insight about the impact of radiation on its electrical parameters and -
functions. In radiation ground accelerated tests, TID effect is usually decoupled from displacement -
damage, assuming these two effects are independent. However, this assumption may neglect the
interaction between different radiation effects and would lead to a misestimate of radiation tolerance,
Many literatures have reported that some electronic devices exhibit synergistic effects under mixed

* Corresponding author. email: jinxiaoming@nint.ac.cn.
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_neutron and gamma ray exposure {5-7].

; In this paper, synergistic effects of neutron and gamma ray are studied on a linear regulator using
. fabricated by an advanced BiCMOS fabrication process. MOS transistors inside the linear regulator are
very sensitive to gamma ray-induced TID effects [8, 9], while bipolar junction transistors are very
-~ sensitive to neutron-induced displacement damage [10]. In mixed neutron and gamma ray exposure,
~+ the degradations for both MOS and bipolar junction transistors will lead to synergistic effects on the
output voltage and current of the linear regulator. Interestingly, the experimental measures also show

" that the synergistic effects strongly depend on its load conditions.

1L Test description

Device under test is TPS79333DDCR manufactured by Texas Instruments. The input voltage is

. adjustable from 2.7 up to 6.5 V. In the experimental testing the input voltage of the linear regulator was

fixed to be 6 V, and the output voltage was 3.3 V before radiation. The schematic of the testing system
is shown in Fig, 1. The EN terminal is an output enable signal which is connected to the input voltage.
~ The NR terminal is a hoise reduction signal and is floating during the measurement. Two operational
<> modes of the device are tested. In the off-load state, the output is floating, In the on-load state, the
- electrical impedance is a resistor of 100 Q.

V=6V Vour
N ouT o
TPS79933DDCR |c=2.4F
k]
EN MRF—X 1000
GND

Fig. 1. Schematic of the test system.

: The output voltage and the power supply current are tested in neutron radiation, gamma ray
- radiation and mixed neutron and gamma ray radiation environments. In each radiation environment,
© two samples are measured for each operational mode. The irradiation experiments were carried out at

-~ room temperature in Northwest Institute of Nuclear Technology, China. The information for all the

. radiation experiments is shown in table 1. The gamma ray exposure was performed using a Co-60

- irradiator with a dose rate of 0.2 Gy(Si)/s. Neutron exposure and synergistic irradiation of neutron and

- gamma ray were performed using nuclear reactor in different states. The ratio of neutron flux and
* gamma dose rate () is 7.7x10" n/(cm® Gy(Si)) in the neutron irradiation environment and 5.4x10'°
/(cm® Gy(Si)) in the synergistic irradiation environment. The neutron energy ranges from 3.6x10° eV
- up to 20 MeV and the neutron spectrum is shown in Fig, 2. The neutron fluence is given as 1 MeV
" equivalent fluence. In the higher n/y irradiation the neutron radiation effect dominates, so the TID effect
" induced by parasitic gamma ray can be ignored.
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Table 1. The radiation parameters in the experiments

Neutron fluence ~ Gamma ray dose Total neutron Total gamma ray
rate (/em?s) rate (Gy(Si¥s)  fluence (n/om®) dose (Gy(Si))
Gamma ray 0 02 0 1.85x10°
" Neutron 2.7x10"° 3.5%x10% 1.0x10" 1.29x10°
Mixed neutron and gamma 6.5x10° 012 1.0x10" 1.85x10°
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Fig. 2. Differential neutron flux at XAPR.
II1. Experimental results

As shown in Fig. 3, for on-load state with 100 ©, the output voltage shows almost no degradation
in single neutron radiation. The single gamma ray radiation first induces a slight increase from 3.3 Vat
5.55x10” Gy(Si) to 3.4 V at 9.25x10° Gy(Si) and then a significant decrease to 0 V at 1.85x10° Gy(Si)
for the output voltage. However, the output voltage under mixed neutron and gamma ray radiation kept -
constant up to 3x10" n/em?® and increased from 3.3 V at 3x10" n/cm’to 4.0 V at 1x10" n/em? Single
gamma ray radiation induces a significant decrease of output voltage, while single neutron radiation
has almost no obvious impact on the output voltage. However, mixed neutron and gamma ray radiation
cause a slight increase on the output voltage. ;

Similarly, as shown in Fig. 4, the power supply current shows no degradation in the single neutron
radiation. In the single gamma ray radiation, the power supply current first increases slightly from
3.5x107 A at 1.85x107 Gy(Si) to 4x10? A at 9.25x10% Gy(Si) and then decreases greatly to 6x10° A at
1.85x10° Gy(Si). In the mixed neutron and gamma ray radiation, the power supply current increases -

‘slightly from 3x102 A to 4x102 A. The synergistic effects for the power supply current are consistent -
with that for the output voltage. The linear regulator exhibits strong synergistic effects induced by
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mixed neutron and gamma ray for on-load operational mode, indicating the opposite trend due to the
TID effects caused by single gamma ray.
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Fig. 3. Degradation of the output voltage in different radiation environments for on-load state,
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Fig. 4. Degradation of the power supply current in different radiation environments for on-load state.

For off-load state; the output voltage holds steady in single neutron radiation. However, the output
voltage decreases from 3.2 V at 9.25x10° Gy(Si) to 8x10° V at 1.11x10? Gy(Si) in single gamma ray

185



radiation and mixed neutron and gamma ray radiation, as shown in Fig. 5. The power supply current
increases from 1x10° A to 5x10° A during single gamma ray radiation. However, in neutron and
mixed neutron and gamma ray radiation, the power. supply current remains unchanged, as shown in
Fig. 6. The radiation effects induced by mixed neutron and gamma ray are due to the TID effects
induced by gamma ray component. Furthermore, the neutron radiation, to some extent, contributes to
the restrain of the increase of the power supply current,
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Fig. 5. Degradation of the output voltage in different radiation environments for off-load state,
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Fig. 6. Degradation of the power supply current in different radiation environments for off-load state.
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IV. Discussion

The linear regulator includes both MOS and bipolar transistors, which are sensitive to gamma ray

and neutron respectively. The degradation between them has coupling effects in the circuit. Fig. 7

- shows the linear regulator topology. It is composed of two MOS transistors, one operaticnal amplifier,
.. or gate, thermal shutdown, overshoot detect and some resistances.
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Fig. 7. Functional block diagram of the device.

The linear regulator utilizes a feedback circuit to regulate the output voltage. The operation
mechanism is expressed as the following equations.

Vo =A4-(Veg —Vigr) . 1)
R,
m = R, +IR2 Vour

@

. Here Vg is the gate-control voltage of MOSI, 4 is the voltage gain of the operational amplifier, Vs is

the voltage at the feedback point, Vrer is the standard reference voltage of the linear regulator, R| and
. R, are the corresponding resistances in the linear regulator, and Vo is the output voltage of the linear
- regulator.

' Gamma ray-induced TID effects lead to negative shift of the threshold voltage for both MOS1
~ and MOS2. MOSI is a p-channel MOS transistor, so the decrease of its transconductance due to the
. TID effects reduces the conductivity from input voltage terminal to output voltage terminal. On the
- contrary, MOS2 is an n-channel MOS transistor, so the increase of its transconductance due to the TID

effects increases the conductivity from the output voltage terminal to the ground terminal, Therefore,
the output voltage decreases due to the increasing TID. However, the variation of the power supply
current of the linear regulator depends on the degradation of the two transistors. The degradation of
MOSI induces the decrease of the power supply current, while the degradation of MOS?2 leads to the

187




increase of the power supply current. For the off-load mode, the gate voltage of MOSI is higher than
that for the on-load mode and exhibits severer degradation.

Neutron-induced displacement damage mainly reduces the voltage gain of the operational *
amplifier, leading to the subsequent increase of the power supply current and the output voltage due to -
the decrease of gate voltage of MOSI. On the other hand, neutron radiation reduces the concentration -
of majority carriers, leading to the subsequent decrease of the power supply current and the output
voltage. Under single neutron radiation, both the output voltage and the power supply current exhibit
no significant variation due to these two competitive factors. However, under mixed neutron and
gamma ray radiation, for the on-load mode, the decrease effect of voltage gain of the operational
amplifier induced by neutron dominates and leads to the slight increase of the output voltage and the
power supply current. For the off-load mode, the TID effects of MOSI induced by gamma ray -
dominates due to its worst-case bias condition and leads to the synergistic effects of the linear regulator
exhibit almost the same as TID effects. Therefore, synergistic effects strongly depend on the load
conditions which have a great impact on the degradation degree due to different bias conditions.

V. Conclusion

Radiation effects on the linear regulator exhibit a strong dependence with its operational modes. -
The synergistic effects of mixed neutron and gamma ray are observed for the on-load state. For
off-load state, the radiation effects in mixed neutron and gamma ray are caused by the TID effects due
to single gamma ray radiation. Gamma ray induces the shift of threshold voltage and degradation of
series resistance in MOS transistors, while neutron induces the decrease of the current gain in bipolar
transistors. The circuit with BICMOS technology is very likely to exhibit synergistic effects of mixed - -
neutron and gamma ray, due to coupling effects between the MOS and bipolar transistors. This -
innovative mechanism may cause a significant problem for the radiation hardness.
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Abstract

Possibilities of carrying out of model experiments on production of medical
radionuclides at the irradiation facility on the experimental beamline Ne3 of the IBR-2 reactor
are discussed in the current paper. The measurements of aliquot spectra purify after the
irradiation of samples of **Mo and '*Te original isotopes showed a content with a
considerable amount of *™Tc, **Mo and "*' radionuclides with an activity from 3.7 10° Bqto
1.57-107 Bq. The obtained effective experience and the positive results of the experiment
show that the neutron spectrum at the IBR-2 reactor is appropriate for implementing such
kind of experiments on production of medical radioisotopes. '

Introduction

The infrastructure for production of medical radioisotopes mostly consists of research
reactors or accelerators, as well as related processing facilities suggested for the “*Mo, *™Tc
parent isotope production [1]. From 30 to 40 million scannings are produced per year using
*™T¢ which amounts 80% of all the procedures of nuclear medicine. Nevertheless, facilities
designed for producing *Mo on the basis of reactors are frequently used for producing other
isotopes, such as, for instance, 131y,

Radionuclides **™Tc and *' are widely used in nuclear medicine for early detection of
different kinds of diseases. For instance, **™Tc is used for the diagnosis of oncological,
cardiovascular and other diseases, and '*'I — for detection and treatment of thyroid diseases at
treating diffuse toxic goiter (Graves’ disease), etc.

#mT¢ is produced from **Mo by a generator method in the result of decay of the parent
radioisotope %Mo [2], and "*'I is the daughter product of B-decay nuclide B1Te. Such types of
isotopes are produced, as a rule, by target irradiation in nuclear reactors; see for instance, [3].
Whereas, more than 95% of the radioisotope *°Mo is produced using highly enriched uranium
containing isotope *°U = 90% (nuclear reaction *U (n,fgggMo). About 50 kg highly enriched
uranium is used per year by commercial producers of Mo. Radiochemical processing, as
well as purification of the gained isotopes faces the handling of high-activity materials and
takes a long time to involve the utilization of radioactive wastes, the summary activity of
which essentially increases the activity of targeted radioisotope [4]. Ecological tasks, as well
as the problem handling long-lived radioactive wastes are the major constraining factors at
realizing this method of producing radioisotope %Mo. However, despite it, the production of
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Fig. 3. Gamma spectra of Mo (a) and Te (b) samples.



The gained results allow to confirm that the IBR-2 expenmental beamlme Ne3 may be
used as a field for producing medical radicisotopes **™Tc, Mo and "'I. The obtained
effective experience and positive results of the experiment can be used for implementing
experiments on the production of rather wide range of radioisotopes on the IBR-2 reactor as
well.
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ABSTRACT

The ®2Th(n, f) cross-section data from EXFOR library were collected and analyzed,

which show that the measurement results using mono-energetic neutron sources are obviously

higher than those using white neutron sources. In order to clarify the existing discrepancies,

accurate *Th(n, /) cross-section measurements are being planned. The BTHh(OH), foil -
sample was prepared. A small solid angle device was designed and installed by which the -
number of %2Th nuclei in the sample was determined.

I. INTRODUCTION

22Th, the most stable isotope of thorium (natural abundance ~100%), is a fissionable -
nucleus which plays an important role in the Th-U fuel cycle [1,2]. The study of the **>Th (1, /)
reaction is important in nuclear engineering applications [3-5]. Besides, measurements of this
cross section could enhance our understanding in nuclear physics. For example, the special
structure of the 2*2Th(n, f) cross sections called the “thorium anomaly” effect could be
explained by triple-humped barriers of 22?Th [6,7].

However, comparing with other fissile nuclei, such as B8y or Py, existing measurements
of »2Th are much fewer for the (n, f) reaction. Besides, there is a systematic difference
between the measurement results using mono-energetic neutron sources and those using white
neutron sources in the MeV region. The experimental cross sections from 1.5 to 15 MeV
taken from EXFOR library are shown in Fig. 1 [8]. Due to the update of experimental
techniques and apparatus, only the data after 1970s were collected and analyzed. In order to
show the overall trend of the experimental data more clearly, error bars were omitted, and the
data points are connected with straight lines.

* Corresponding author: guohuizhang@pku.edu.cn
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Fig. 1 (Color online) Experimental cross sections of the 2Th(n, f) reaction from 1.5 to 15.0
MeV using white neutron sources and mono-energetic neutron sources. The results were taken
from EXFOR library (after 1970s).

: From Fig. 1, one could see that the measurement results using mono-energetic neutron
sources are obviously higher than those using white neutron sources. The results using

kmono-energetic neutron sources was 5.47% higher than those using white neutron sources on

-average, and the percentage was up to 8.16% for 2.0 MeV < E, < 4.0 MeV. So, in order to

- clarify the existing discrepancies, accurate 2*2Th(n, /) cross-section measurements are being
planned.

Fig. 2 (Color online) Picture of the ***Th(OH)4 sample.
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A P2Th(OH), foil sample with tantalum backing was prepared by Joint Institute for !
Nuclear Research in Dubna, and picture of which is shown in Fig. 2. The diameter of the -
sample is 44.0 mm. Determination of the number of ®*Th nuclei is the indispensable step for
B2Th(n, f) cross-section measurements. For the a-radioactive material, a-spectrometry is a
common technique of nucleus number determination. The decay chain of ®*Th is presented in :
Fig. 3.
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Fig. 3 The decay chain of 227,

With regard to a counters, the grid jonization -chamber (GIC) has a wide range of :
applications because of the big detection efficiency (~50%): However, both the limited energy -
resolution and the peak tailing effect restrict 'its usage'[9]. A typical *’Th a spectrum
measured by GIC is shown in Fig. 4. The strong asymmetry and tailing of the peaks can be
observed from the spectrum. The big tailing of a peaks from the daughter nuclides of »*Th
would introduce significant error when determining the counts of the a peak from **2Th. So,
other techniques should be used instead of the GIC method.
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Fig. 4 (Color online) Typical P Tha spectrum measured by the grid ionization chamber.

In order to reduce the tailing effect of the peaks, the small solid angle method with
semiconductor detector was adopted [10]. The emitted a particles within small solid angles
would have shorter tracks in the material, which lead to less energy losses and lower tailings
of the peaks. Thus, we took the method of small solid angle to determine the number of B2h

nuclei. The details of the experiments will be shown in the next section.

11. DETAILS OF EXPERIMENTS

A small solid angle device was designed and installed for the determination of the number
of *’Th nuclei. The device consists of the vacuum chamber, vacuum pumping system,
electronic equipment, and digital data-acquisition (DAQ) system.

A CAD drawing of the vacuum chamber showing the main structure is presented in Fig. 5.

As Fig. 5 shows, there are three anti-scattering baffles, a sample holder, a diaphragm, and a
Au-Si surface barrier semiconductor detector inside the vacuum chamber. The sample holder,
detector, diaphragm and anti-scattering baffles are connected by three screw rods which are
mounted at the lid of the vacuum chamber, and all of them are centered with a common
symmetry axis. In addition, their positions are fixed by nuts on the screw rods.

A Au-Si surface barrier semiconductor detector (optimum bias voltage is 40 V from
experiment) with an active area of about 100 mm? was used, and a diaphragm with a radius of
3.50 mm determined the sensitive area. The edge of the diaphragm was processed into the
sloping shape in order to prevent a particles from scattering into the detector from the edge.

; The a particles could be scattered from the inner chamber wall and a fraction of the

' scattered particles may arrive at the sensitive area of the detector. In order to avoid the
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1L RESULTS

The measured energy spectra of o particles are shown in Fig. 7, from which, one could
- notice that the background is quiet weak. However, the tailing of the peaks from the daughter
" nuclides would increase the total counts of the 2*?Th peak. An exponential function was used
- to fit the tailing and then subtracted from the ®2Th peak region. The proportion of the fitting
counts to the total 2>Th peak counts is 4.81%. One fifth of the fitting counts in the region is
taken as the uncertainty from the fitting method.
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Fig. 7 (Color online) Spectra from measurements.

The number of »*Th nuclei A can be calculated from the following equation:

t
Nfore "nfit"nbackxtfore
N = back

- > (1)

troreX€x4

where Ngore and Np,cy are foreground counts and background counts in the 2*2Th peak
region. ng, is the fitting counts in the 2*Th peak region. trore and tyacx are the durations of
foreground and background measurements. ¢ is the detection efficiency of the small solid
angle device calculated through Monte Carlo simulation (back-scattering of a particles was
taken into account, and the proportion of the back-scattering a particles to the total a particles
is 0.4%), and the value of £ is 0.002460 in the present measurement. A is the a decay
constant of *Th. From equation (1), the calculated the number 2Th of nuclei is 1.86x 10,
Sources of the error for £ are the uncertainties of geometry (0.75%), Monte Carlo
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simulation (0.32%), and unevenness of the sample edge (0.30%). Sources of the error for *
Tigore include the uncertainties of ***Th peak region determination (0.19%) and the statistical
error (0.35%). Taken from one fifth of the fitting counts, the uncertainty of ng, is 0.96%. The:
uncertainty of A is 0.40% [11]. Magnitudes of other sources of errors are so small that they -
can be ignored. Thus, the total uncertainty of the number of 2*Th nuclei is 1.41%.

1V. CONCLUSIONS

In the present work, the *?Th(n, /) cross-section data from EXFORlibrary were .
collected and analyzed, and it is found that the measurement results using mono-energetic :
neutron sources are obviously higher than those using white neutron sources. A 2*2Th(OH);
foil sample was prepared for the 2*2Th(n, /) cross-section measurements. In order to determine :
the **Th nucleus number in the sample, a small solid angle device was designed and installed.
The experiment was conducted, and the measured the number of %2Th nuclei is
1.86x10"°(1£1.41%).
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Abstract. Z-pinch using a deuterium gas-puff load has been validated as a plasma neutron source
(PNS) on many accelerators such as Saturn, Z, Angara-5 and S-300. The experimental results on
these accelerators show that the production of the neutron can be scaled as Y, « I, where Y, is the
yield and 7, is the peak current of the accelerator, no matter what mechanism is eventually
determined to be responsible for generating fusion neutrons. The neutron production on
Qiangguang generator (1.5 MA, 100 ns) is analytically estimated that approximately 4x10'® D-D
neutrons would be produced, among which the thermonuclear neutrons are only 7x10”. The gas
puff construction used on Qiangguang is introduced and the optimum line mass of the D, gas is
given. The results show that the optimum line mass is approximately 50 pg/cm for Qiangguang's
driving current. The mass density distribution obtained with the classical ballistic-transport model
demonstrates that the gas puff forms a hollow gas shell with the length of 2 em. For D; to produce
a gas flow with the line mass 50 pg/cm, the firing time of Qiangguang changes to 250 ps and the
absolute pressure of the chamber increases to 4.2 atm.

I. INTRODUCTION

Z-pinches can be used not only as a powerful X-ray radiation' source, but also a very
powerful plasma neutron source (PNS)*$, which can be applied to radiation material science,
detector calibration, nuclear medicine and illicit material detection. In fact using the
deuterium Z-pinch plasmas to generate fusion neutrons is not a new idea. The main purpose
of the Z-pinch researches on last century is looking for controlled thermonuclear fusion
neutrons however it was soon found the observed neutrons were not produced by
thermonuclear fusion but beam-target reaction’. In recent years with the rapid development of
the gas puff load the Z-pinch plasma has become the most powerful neutron source with the
record of 4X 10" on Z (15 MA, 100 ns) facility®. Velikovich has induced that half of the

neutron yield on Z is produced by thermonuclear fusion and the others come from
beam-target mechanism, and he also predicted that the neutrons would be all produced by
thermonuclear fusion when the current of the accelerator is big than 26 MA*, These inspiring

results evoke again the researchers' interesting in inertial controlled fusion through Z-pinch
and a new concept is proposed as the magnetized liner inertial fusion (MAGLIF)*'°.

In the present paper, The D-D neutron yield by a D, gas puff on Qiangguang is predicted
through analytical estimation as well as the scaling relationship given by neutron yields on
other generators; this is done in Section II. The construction of the gas puff load is shown in
Section III, and in this section the optimum line mass of the gas puff is also obtained by
analyzed the Krypton pinch experimental results performed before. In Section IV the density
profile of the gas flow is obtained by the classical Ballistic-Transport model and Section V
will give a brief summary.
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II. ESTIMATION OF THE D-D NEUTRONS YIELD ON QIANGGUANG GENERATOR

Qiangguang'' is a facility that includes a linear transformer driver (LTD), an intermediate
storage, a pulse compression line, a pulse output line and a vacuum chamber. The facility will :
send a pulse with 2 MV to the vacuum chamber and the typical load current has a peak of 1.5
MA with the rise time of about 100~120 ns.

A. Estimates of the thermal D-D neutron yield

The thermonuclear neutron yield ¥ from stagnated Z-pinch plasma is estimated as*
1
Y, = an {ov)nRIr | )

where n, = ;1/ (ﬂ'Rsz) is the deuterium ion number density in the pinch plasma (u is the line -
mass of the load, mp is the mass of the deuterium ion), R and / are the compressed pinch
radius and length, respectively, (a'v) is the average ion-temperature-dependent rate of the

DD fusion reaction, t is the confinement time of the dense pinch, and the factor 1/4 is the
product of the factor 1/2, introduced because the colliding ions are identical, and the:
branching ration 1/2 between D+D—He*+n and D+D—+T+p, of which only the former
produces a neutron. i
First we estimate the parameters of the stagnated pinch plasma. The outer diameter of the
gas puff used on Qiangguang is 20 mm, and therefore the final radius of the stagnated column
R=1 mm given the 10-fold radial compression of the pinch. For the line mass of the gas puff

load #=50 ug/cm the ion number density for the stagnated plasma columnn, = 5x10* cm™,
The energy imparted to the plasma during the implosion phase can be valued as

j 1%L =al? (MA)ln Z0k/em. @

Here, Ry is the initial outer radius of the gas puff, « is the dimensionless factor accounting for
the current pulse shape and for Qiangguang's current the typical value of a is 0.7, andI is

the peak current. Substituting into (2) the compression ratio we find £ =~ 4kJ/cm . Neglecting
the radiation losses from deuterium, the temperature of the plasma from the energy balance
can be expressed as

%ni(TﬁT‘,)anz:E (3)

Taking R=1 mm,n, ~4x10%cm>, and E ~ 4kJ/cmin ('3) we get (T + T,) = 1.3 keV. The -
ion-electron temperature equilibration time for the deuterium is z,, ~ 2x10°T* (keV)/n, an(jil
for the density », ~4x10% it is 3 ns for T, = 0.7 keV. The confinement time is estimated a
= R/ V where V is the implosion velocity, for 4= 50 ug/cm and E~4kl/em the velocity is

~4 X 10'cm/s. Given R=1 mm and V =4x107cm/s we get 7 ~3 ns, which means the
ion-electron equilibration time is compared to the confinement time and the temperature;
equilibration nearly arrives between electrons and ions, so the temperature of the ion on -
Qiangguang's experiments is below 1 keV.
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When the temperature of the deuterium ion is 1 keV the total D-D fusion reaction (ov)
averaged over the Maxwellian distribution of ions is 7X 10Pcm?/s. Substituting these values
of the parameters into the formula (1) we can obtain an estimation for the thermal neutron
yield on Qiangguang is 7X 10". According to (1), the neutron yield scales asn? < 1. From
the Z-pinch implosion physics the line mass of the load scales as current squared u o [ .
which implies the yield from the thermonuclear ¥, o 17,

B. Estimates for beam-target neutron yield

Now consider the alternative mechanism of fusion neutron production in Z-pinch plasma,
the beam-target mechanism, which is mainly responsible for neutrons produced by the lower
current driving Z-pinch plasma below 7 MA according Velikovich's calculation®.

The distance traveled by an average beam ion w1th energy E, before it produces a
neutron in the fusion reaction with a target ion is
By =——.
o{E)m,

4

For the ions with the energy E; = 100 keV we can obtain the length [,;= 1.5 km with the
parameters 7, ~4x10® and o(E,)=1.7x10%cm* ", while the maximum distance that a beam
ion can travel inside the pinch plasma in the axial direction is the length of the pinch /. So, to
produce one neutron I /l fast ions is needed in the deuterium beam. For the load with
I =2 cm the number of the fast ions is 75 thousand.

Because most of the neutrons are produced by the beams during the time 7 while the

pinch remains confined near the axis, we can express the beam current needed to produce the
neutron yield Y, as

l

1b=y_bf_fl=ﬂﬁ"0_e§_
"l

o(E )t

Using this formula we can estimate the upper limit of the neutron yield supposing that all
the load current is carried by the accelerated ions. For Qiangguang's current 1.5 MA the
limiting yield is 5 10'",

It is obvious that not all the load current flow through the accelerated ions. The
experiments on S-300 facility'* show that the D-D neutron yield is about 6X 10'° under the
driving current 1.6 MA, which means that the beam current is 180 kA by formula (5) with the
parameters on S-300 (u=20ug/cm, R=1 mm, I = 2 cm, and E, = 150 keV), and the beam
current occupies 11% of the total load current. Assuming that the percent is almost the same
- for Qiangguang and S-300, we estimate that the D-D neutron yield produced by the
beam-target mechanism is about 5 X 10'° for Qiangguang facility.

The energy coupled to the accelerated ions is expressed as

_zmELR
"o(Eul

&)

©®

For the parameters of the experiment on S-300, we obtain W, = 140 J, while the magnetic
energy coupled to the Z-pinch plasma during the implosion phase is 10 kJ, this means an
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efficiency of 1.4% for the magnetic energy converting into fast ions. Given the same-
efficiency for Qiangguang we can also obtain an estimate of neutron yield for Qiangguang, .
Substituting 4 =50 ug/cm, R=1 mm, | = 2 cm, and E = 150 keV into the formula (6) we - ,
obtain the neutron yield is 4X10'°. From formula (6) it can be seen that ¥, o 2, which™
implies that the yield scales as ¥, o I} with g« I? and W, cI?, S

Formulas (5) and (6) give different neutron yield estimations, 4X 10'° and 9X 10" =
respectively, and it is difficult to say which value is more accurate by now. For a conservative
estimate we select 4 X 10'" as the neutron yield from the beam- -target mechanism on
Qiangguang.

III. THE CONSTRUCTION AND THE OPTIMUM LINE MASS OF THE GAS PUFF

A kind of annular-shell gas puff adopted on Qlangguang is shown in Fig.3. The throat ..
has a 0.25 mm-width in radial direction and its area 18 mm?. The outer and the inner radius of
the gas exit are 9 mm and 7.5 mm respectively. L

- 0.25 undt- mm

Fig.1. The sketch of the gas puff on Qiangguang (unit: mm).

Based on the aerodynamic analysis we can know that the line mass of the gas-puffis-
directly proportional to the product of the gas pressure P in the chamber, the atomic weight 4, - -
and the area of the throat S.. The relation is expressed as'

1 =kPAS, N

Here k is the scaling factor.
From the snow-plow model the implosion time #;,,, of the gas puff is expressed as'’

/2 b
—c M R :
t,'mp - CI—I—_’ (8)

m

Where R, is the initial radius, /,, is the peak current, C, is a constant related to the shape of :
the current waveform. The line mass deduced from formula (8) is expressed as

o [ 0]
e ] ‘”

Where <R> is the average radius of the shell'’
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) [n(rrar = 2o PR “(R/R) (10)
1=(R/R,)’

R\ and R, are the inner and the outer radius of the gas puff. For Ry= 7.5 mm and Ry, = 9 mm

-the average radius <R> is 8.3 mm by formula (10). C, is a constant which is related to the

shape of the current and the width of the gas shell A= Ry;—Ri. Mosher given the expression of
the constant C, in reference [17] as the following formula

3 -2
c, =10 124132410 L |8l Lo | | | an
RO timp tfmp

where 1, is the rising time of the current. For most of the gas-puff Z-pinch experiments on
Qianguang the ratios t,/t,-m,, are 0.8~0.9, and the corresponding values of C, are 1.66 ~
71.35.

The optimum line mass of the gas puff can be deduced from the krypton experiments that
“had been performed on Qiangguang.

Table 1. Results of 15 shots of Kr experiments.

Shot load current t Limp line mass

. (MA) (ns) (ns) (ng/cm)
03081 1.4 90 100 36.5
03082 1.4 88 101 39.6
03083 1.5 97 113 58.5
03084 1.5 95 110 54.8
03086 - 15 92 101 41.7
03087 1.4 100 120 60.6
03089 1.4 96 106 40.5
03091 1.4 110 136 81.9
03092 1.5 94 110 55.9
03093 1.4 88 101 39.6
03094 1.5 94 110 55.9
03095 1.4 90 105 44.1
03096 1.5 92 110 58.1
03098 1.5 97 115 62.5
03099 1.5 97 124 82.5

: The line-mass data calculated by the formula (9) for fifteen shots of Kr Z-pinch are listed
~ in the Table 1, as well as the load current, the rising time of the current and the implosion time.
. We take the average line mass of the fifteen shots as the optimum line mass which is 50
. pg/om.

IV. THE PROFILES OF THE GAS DENSITY

: The density profiles can be determined by the classic ballistic-transport model (BFM)'2,
. The BFM treats the gas flow as emerging from a thin annulus with a Gaussian distribution in
. angle about the nozzle tilt angle, and this distribution is the propagated forward ballistically
- along the axial direction of the nozzle. The BTM is illustrated as the following formula'®
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(7= ”1;/2 exp[ rz+(R(;2—z9,) }o[m(R;z—ze,)} o

where & (z) = (z + zo)Hd , z is the distance from the nozzle, z, is the gas-source offset from the
nozzle plane, 8, is the divergence angle of gas escaping from the nozzle,8, is the nozzle tilt
angle, N is the line density, R. is the nozzle radius and /,is the Bessel function. The
parameters &, and R, can be determined from the nozzle geometry while 8, and zjare.
chosen to simultaneously provide the best fit to the measured density profile. For
Qiangguang's gas puff the parameters are set asé, ~11°, 8 =0.17rad, z,= 5 mm, R-=8.3"
mm, and N =4x10"/cm, respectively.
The calculated density contour lines for axis distance = in the range from 0 to 4 cm are
shown in Fig, 2. The gas density in the main district is 10'®~10"7/cm®, which two orders of -
magnitude lower than that of the gas at normal pressure and room temperature. Gas flowing -
from the nozzle forms a hollow shell within the length 2 cm and will assembles on the axis to

form a solid column when the length is beyond 2 cm, so the anode of the gas puff should be
assembled on the position z =2 cm. :

2 T T T T T T T
1.8 . /
Y

1.6+ / T
14 Y n

12- / |

\
- g 1/ . —
= —
08 -
06 .
0.4 \\ '

\’J

021 PR ,\ .
NAL TN
% ois '1 11.5 i 2'.5 3 3I.5 4 ‘Y

Z/em o
Fig. 2. The contour line of the gas density (the unit for the number density is 10'® cm™),

As mentioned above, the optimum line mass 50 pg/cm is obtained from the data of the Kr -
Z-pinch experiments, where the gas pressure of the chamber is 2.5 atm (absolute pressure).
This means by the formula (7) that the chamber pressure is nearly 50 atm in the D,
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experiments if other conditions are the same while the mass of the krypton atomic is nearly 20
- times that of the D, molecule. Obviously, it is too difficult to keep the chamber from gas
leakage in such a high pressure. In fact the line mass in the gas puff z-pinch experiments can
be adjusted by changing the firing time of the generator. For the Kr experiments on
Qiangguang the generator is fired 60 ps after the breakdown signal of the pin located in the
anode of the gas puff, while the krypton gas flow from the nozzle achieves the quasi steady
state after ~250 ps when the line mass is 600 pg/cm or so'’. The line mass for D; will arrive
50 pg/cm when the delay time is adjusted to 250ps and the chamber pressure is 4.2 atm.

V. SUMMARY

In conclusion, we have estimated the D-D neutron yield on Qiangguang generator. Nearly
4 X 10" D-D neutrons will be produced from the beam-target mechanism, while the
thermonuclear neutrons are only 7X 10", The means the percent of the thermonuclear neutron
is less than 1% of the total neutron yield. The optimum lines mass is 50 pg/cm analyzed from
the krypton experimental data on Qiangguang and the corresponding density profile is
illustrated by the classical ballistic- transport model. The density profile shows that a hollow
gas shell is formed whose length is not beyond 2 cm. This result may imply that the interval
between the nozzle and the anode net should be not beyond 2cm. For D; to produce a gas
flow with the line mass 50 pg/cm the firing time of Qiangguang is needed to adjust to 250 us
and the absolute pressure of the chamber is increased to 4.2 atm.

ACKNOWLEDGMENTS

The authors thank to Tao Huang, Ning Guo, Juanjuan Han, Tieping Sun, Hanyu Wu and
Tianshi Lei for their tireless operations on Qiangguang facility. The work was supported by
National Natural Science Foundation No. 51790524 and by the State Key Laboratory of
Intense Pulsed Radiation Simulation and Effect No. SKLIPR.1503.

References

1. C.A. Coverdale, B. Jones, D.J. Ampleford, J. Chittenden, C. Jennings, J.W. Thornhill,
J.P. Apruzese, R.W. Clark, K.G. Whitney, A. Dasgupta, J. Davis, J. Guiliani, P.D. Le Pell,
C. Deeney, D.B. Sinars, M.E. Cuneo. High Energy Density Physics, 6(1), 143152
(2010).

2. C.Deeney, M.R. Douglas, R.B. Spielman, T.J. Nash, D.L. Peterson, P. L’ Eplattenier,
G.A. Chandler, J.F. Seamen, K.W. Struve. Phys. Rev. Lett, 81(22), 4883-4886 (1998).

3. R.B. Spielman, C. Deeney, G.A. Chandler, M.R. Douglas, D.L. Fehl, M.K. Matzen,
D.H. McDaniel, T.J. Nash, J.L. Porter, T.W.L. Sanford, J.F. Seamen, W.A. Stygar,
K.W. Struve, S.P. Breeze, J1.S. McGurn, J.A. Torres, D.M. Zagar, T.L. Gilliland,
D.O. Jobe, J.L. Mckenney, R.C. Mock, M. Vargas, and T. Wagoner . Physics of Plasmas,
5(5), 2105-2111 (1998).

4. A.L. Velikovich, R.W. Clark, J. Davis, Y.K. Chong, C. Deeney, C.A. Coverdale,
C.L. Ruiz, G.W. Cooper, A.J. Nelson, J. Franklin, and L.I. Rudakov. Physics of Plasmas,
14(2), 022701 (2007).

5. 'V.V. Vikhrev and V.D. Korolev. Plasma Physics Reports, 33(5), 357-380 (2007).

211



10.

1L

13.
14.

15.

16.

17.

18.

C.A. Coverdale, C. Deeney, A.L. Velikovich, J. Davis, R.W. Clark, Y.K. Chong,

J. Chittenden, S. Chantrenne, C.L. Ruiz, G.W. Cooper, A.J. Nelson, }. Franklin,

P.D. Le Pell, J.P. Apruzese, J. Levine, and J. Banister, Physics of Plasmas, 14(5), 056309
(2007).

O.A. Anderson, W.R. Baker, S.A. Colgate, H.P. Furth, J. Ise, Jr., R.V. Pyle, and

R.E. Wright, Phys. Rev. 109, 612 (1958).

C.A. Coverdale, C. Deeney, A.L. Velikovich, R.W. Clark, Y.K. Chong, J. Davis,

J. Chittenden, C.L. Ruiz, G.W. Cooper, A.J. Nelson, J.P. Apruzese, J. Levine, J. Banister,
and N. Qi. Physics of Plasmas, 14(2), 022706 (2007).

A.B. Sefkow, S.A. Slutz, J.M. Koning, M.M. Marinak, K.J. Peterson, D.B. Sinars, and
R.A. Vesey. Physics of Plasmas, 21(7), 072711 (2014).

S.A. Slutz, W.A. Stygar, M.R. Gomez, K.J. Peterson, A.B. Sefkow, D.B. Sinars,

R.A. Vesey, E.M. Campbell, and R. Betti. Physics of Plasmas, 23(2), 022702 (2016).
Wang Liangping, Guo Ning, Han Juan, Wu Jian, Li Mo, Wei Fuli, and Qiuaici. IEEE
Transactions on Plasma Science, 40(2), 511-518 (2012).

. Wang Liangping, Li Mo, Han Juanjuan, Wu Jian, Guo Ning, and Qiu Aici. Physics of

Plasmas, 21(6), 062706 (2014).

J.L. Giuliani. IEEE Transactions on Plasma Science, 43(8), 2385-2453 (2015).

D. Klir, J. Kravarik, P. Kubes, K. Rezac, J. Cikhardt, E .Litseval, T. Hyhlik, S.S. Ananev,
Y.L. Bakshaev, V. A. Bryzgunov, A.S. Chernenko, Y.G. Kalinin, E.D. Kazakov,

V.D. Korolev, G.I. Ustroev, A.A. Zelenin, L. Juha, J. Krasa, A. Velyhan, L. Vysin,

J. Sonsky, and 1.V. Volobuev. Plasma Physics and Controlled Fusion, 52(6), 065013
(2010).

Wang Liangping, Qiu Aici, Kuai Bin, Cong Peitian, Guo Ning. High Power Laser and
Particle Beams, 17(2), 295-298 (2005).

Zhou Guangjun and Yan Zongyi. Fluid Dynamics [M]. Beijing: Higher Education Press,
2003.

D. Mosher, R.J. Commisso, and B.V. Webel. 12® IEEE international pulsed power
conference. 1078-1081 (1999).

J.W. Schumer, D. Mosher, B. Moosman, B.V. Weber, R.J. Commisso, Niansheng Qi,

'J. Schein, and M. Krishnan, IEEE Transactions on Plasma Science, 30(2), 488-497

(2002).

. Zhang Xinjun. A Study of measuring line mass density of Gas-Puff Z-Pinch Load by

interferometry (Master Thesis). Northwest Institute of Nuclear Technology, Xi'an,
Shannxi, China, (2003). :

212



The Influence of Power Chip’s Neutron Radiation Effect on Nanometer
SRAM'’s Data Status
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Abstract

This paper compares the differences of neutron radiation effect when SRAM is powered by power
chip or DC power. The experiment result shows that before the neutron fluence reaches up to
9.2x10'2 em, the main factor that causing SRAM upset is neutron induced single event effect whether
SRAMs are powered by power chip or DC power. When the total neutron fluence is beyond
9.2x10'"% cm?, the power chip can’t function well and output regularly and then the SRAM which is
powered by power chip will upset drastically due to the breakdown of supply voltage. This is because
of the displacement damage of power chip caused by neutrons. However, for SRAM which is powered
by DC power, even though the total neutron fluence is beyond 9.2x10'? cm?, neutron induced single
event effect is still the main reason that causing it upset.

Keywords: Displacement damage; neutron induced single event effect; power chip; DC power supply;
SRAM

1. Introduction

With the development of semiconductor technology, the semiconductor device has higher
integration level, better performance and lower power dissipation. SRAM (SRAM: Static Random
Access Memory) is widely used in electronic systems as cache due to its fast access speed. It can be
used in digital processing device, information processing device and automatic control equipment.
SRAM lost its all data when the power breakdown as SRAM is volatile memory. Hence, to investigate
the influence of power chip’s neutron radiation effect on SRAM’s data status is of great important.
When SRAM work in neutron radiation environment, its function will be influenced by the neutron
radiation effect!' .,

To investigate the difference of neutron radiation effect when the SRAM powered by DC power or
power chip, we divided SRAMs into two groups that one group is powered by power chip and the
other is powered by DC power. After neutron irradiation experiment, we obtained the failure mode of
two groups of SRAMs that corresponds to two different neutron radiation effects. The difference and
the mechanism of two neutron radiation effects are analyzed.-

‘2. Experimental details
To investigate the neutron radiation effect of two groups of SRAMs, we carried out experiment
‘using Xi’an pulse reactor (XAPR). During experiment, the operated power of XAPR is 500 kW with

the neutron flux is 2.67x10" cm®s’ and the neutron/gamma ray ratio (w4 ratio) is
7.7%10° e rad(Siy".
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The device under test is the 130 nm SRAM designed by ISSI whose type is IS62WV1283DBLI.
And its nominal working voltage is from 2.3 V to 3.6 V. Fig.] shows the functional schematic of
IS62WV1288DBLL. A0-A16 are address pins and /O 0-I/O 7 are data pins. CS1 and CS2 are used to
input chip selected signal. OE is used to control output function and WE is used to control read and
write functions. Its total capacity is 1 Mbits with 128 K (128%1024) addresses and each addresses has

8 bits.

AO-A16 ‘:J‘> DECODER ——|-|> MEM1O2§$:§RAY

Voo =—
GND e
o
100-107 DATA COLUMN 110
CIRCUIT

TS —1 conTrOL
&5 —) cRcur

CS2 =t

WE —
Fig. 1. Functional schematic of IS62WV1288DBLL.

The power chip we choose is designed by TI whose type is LM2576T-3.3. It is a step down power
supply management which is monolithic integrated. The input voltage is from 6 V to 40 V, and the
output is constant voltage of 3.3 V. It can provide the drive current up to 3A. Fig. 2 shows the
functional schematic of LM2576T-3.3. It is integrated with frequency compensation and fixed
frequency generator and the switching frequency is 52 kHz.

I
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FEED-
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k2 ERROR AWP

COMPARATOR
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BAND-GAP 52 kHZ RESET THERMAL CURRENT
REFERENCE | JOSCILLATOR SHUTDOWN “LIMIT 7

i|HE===2]

Fig. 2. Functionai schematic of LM2576T-3.3.
SRAMs were weld on the irradiation board as its storage data was measured through the connection

of test board and irradiation board by flat cable. The irradiation board was designed including four
SRAM s (1#4, 2#, 3#, 4%#) and one power chip which is shown in Fig. 3. SRAMs were divided into two
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groups, 1# and 3# were powered with 3.3 V input voltage by power chip and the power chip was
powered with 7 V input voltage by DC power. 2# and 4# were powered by DC power through long
cable about 20 meters.

During experiment, the orientation of the incident neutrons was vertical with respect to the front
surface of the tested SRAMs. All the SRAMs were under static testing. Loading up a uniform byte
pattern 55 (hex) before irradiation and then scanning each of them every five seconds for upset errors
in sequential logic address during neutron irradiation. For a single scan of each SRAM device, the
logic states of all the memory cells in the tested SRAM device were monitored within three seconds for
a single scan. The test system compared the data of two read-back cycle dynamically to get the upset
status of SRAM.

—
i i
L
BN
| ®
i |
r !
L

Fig. 3. Schematic diagram of irradiation board.

3. Experimental results and discussion

" 3.1 The power chip’s neutron radiation effect

© During neutron radiation experiment, we have monitored the change of power chip’s output voiltage.
- Fig. 4 shows the variation of power chip’s output voltage with neutron fluence. With the accumulation

- of neutron fluence, the output voltage decreased steadily. The output voltage changed from 3.3 V to
32V as the neutron fluence changed from 0 cm™? to 9.2x10" ¢m and the failing range is about 3%.
However, when the neutron fluence is beyond 9.2x10'2cmi2, the output voltage decreased dramatically.

~ And the output voltage is 0.1 V until the neutron fulence is up to 1.0x10"* cm™. From Fig. 4 we can
. conclude that there is a threshold of neutron fluence making the power chip fail to work. And the

threshold is about 9.2x10'? cm™2,

The displacement damage effect was the main reason that causing the power chip failed to work ),
- Tt is caused by non-ionizing energy deposition which can be called as displacement energy deposition.
A large number of displaced atoms are generated in semiconductor material through displacement
energy deposited by neutrons. And then results in a large number of defects of all kinds. The
"¢ degradation of semiconductor device’s performance is relative to the number and the types of defects.
. And the displacement damage effect is permanent. Hence, if the neutron fluence of power chip is up to
" 92x10"2cm?, it can’t work normal again.
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Fig. 4. The variation of power chip’s output voltage with neutron fluence.

3.2 The reutron radiation effect of SRAM powered by different power supply

As mentioned before, we divided the SRAM into two groups, one group (1# and 3 # SRAM) were
powered by power chip and the other group (2# and 4# SRAM) were powered by DC power as shown *
in Fig. 3. We test the upset number of SRAM during neutron radiation and the test curve of SRAM’s .
upset number over time (neutron fluence) is shown in Fig. 5. Fig. 5(1) gives the whole process of *
reactor’s operation including power increasing, power decreasing and steady state as Fig, 5(2) just
gives the steady state of reactor. From Fig. 5(1) we can see that before the neutron fluence reach to ,
9.2x10'2 cm?, the upset number of all the SRAMs increase linearly with time. When the neutron ™~
fluence is beyond 9.2x10'2 cm?, the upset numbers of 1# and 3# SRAM which is powered by power
chip increase drastically to about 0.5 Mbits. However, the tendency of upset numbers’ variation of 24
and 4# SRAM which is powered by DC power does not change.

As 1# and 3% SRAM’s maximum upset number is about 0.5 Mbits, it is exactly half of the capacity '

of IS62WV1288DBLL. Combined with the output voltage of power chip, we can draw the conclusion *- -

that the vast upset number was caused by the breakdown of power chip when the neutron fluence is -
beyond 9.2x10'? cm?, which making the memory cell of SRAM lost its stored information. And
during the test process, the data of SRAM’s memory cell is random hence the total upset number is half -
of the total capacity. Therefore, the failure of 1# and 3# SRAM when the neutron fluence is beyond
9.2x10'2 em? is mainly because the displacement damage effect of power chip. .
It is shown in Fig 5(2) that before the neutron fluence reaches to 9.2x10'2 cm?. The slope of the -
upset number verse time increases with the increasing of reactor’s power. And when the reactor -
operated in steady state, the slope does not change again. Theupset crosssection of SRAMsin
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operation. (2) Operation of reactor’s steady state.
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reactor’s steady state is equal to the slope of zero-crossing linear fitting of Nypsed/Niow and ¢ which can -
be calculated by the formula (1), where Nua is memory capacity of the SRAM device. ¢ is total
neutron fluence, and Ny is total upset numbers of SRAM.

N,
o= upset (1)

N,

toral xXQ

Table 1 shows the upset cross sections of SRAM with different power supply when reactor operates -
in steady state. The upset cross sections of four SRAMs are very close. The maximum upset cross
section and the minimum upset cross section have discrepancy about 9%. We can also see that 2# and
4# SRAM’s upset cross section are bigger than 1# and 3# SRAM’s upset cross section. That is maybe
due to the environment noise feeding in long cable that is used to power 2# and 4# SRAM. As 1# and -
3# SRAM are powered by power chip, the output voltage is relatively stable because the input voltage

of power chip is ranging from 6 Vto 40 V.

Table 1 Upset cross sections of SRAM with different power supply

Power supply Serial Number U%S: ;ﬁCor:ss Upse(tbli\tlsu)mber
mode of SRAM o
(em™-s7)
Power chip 1# 1.74x10 19182
3# 1.73x10% 18811
DC power 2# 1.86x10" 20253
44 1.90x10" 20849

From Fig. 5 we can see that before the neutron fluence reaches to 9.2x10'? cm? when the power
chip still can function well, the upset numbers of all the SRAM S increase with time linearly. Therefore,
during this time the upset of all the SRAMs are caused by the neutron induced single event effect. The
neutron induced single event effect is caused by ionizing energy deposition which is due to the
interactions of neutrons with matter and then produce secondary charged particles which can cause -
atomic jonization during transport’>Sl. The ionizing energy deposition changes the concentration of
carriers and the charge states of defects but it is short time and repairable.

Hence, we can see that before the neutron fluence reaches to the failure threshold of power chip, the
upset of all the SRAMs is caused by neutron induced single event upset effect. When the neutron
reaches to threshold, the power chip can’t function well due to displacement damage effect and SRAM
will upset drastically. However, if the SRAM is powered by DC power, the upset of SRAM is caused
by the neutron induced single event upset as the upset number increases with time linearly.

4. Conclusion

From the experiment results, we can see that when a system consisting of a power chip and a SRAM
chip irradiated by the neutron of the reactor, the power chip’s output voltage will decrease and can’t
function well when the neutron fluence reaches up to 9.2x10"> cm™, And then the SRAM devices.
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which is powered by the power chip lost its all data. Hence, the displacement damage effect of power
chip when the neutron fluence of reactor reaches the failure threshold caused the loss of SRAM’s data
as the upset number have a spurt growth. When the SRAM was powered by the DC power, the main
reason caused SRAM upset is neutron induced single event effect, the upset number caused by this
factor is growing linearly with time. Hence, the power supply has an important impact on the radiation
effect electronic system.
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Abstract:

Two feature-sized static random access memories (SRAM) are irradiated by different level 1 MeV:
equivalent reactor neutrons, and are performed transient ionizing dose effect study subsequently. The *.
latch up and data upset threshold dose rate of SRAMs are obtained by experimental research,
respectively. The relationship between threshold dose rate and neutron irradiation fluence are gained;
Transient ionizing currents in displacement damaged PN junction are studied using MEDICI toolkit.
Results indicate the neutron irradiation could enhance the transient ionizing latch up and data upset'k;
threshold dose rate value, neutron induced gain reduction on parasitical transistors and carrier lifetime -
reduction are the main reason.

Keywords: Transient radiation effect; neutron; latch up; data upset; SRAM

1. Introduction

As semiconductor devices become more integrated, more and more CMOS integrated circuits are -
used in various electronic systems to achieve more advanced performance. Static random access :
memory (SRAM) has been the most commonly used storage device for microprocessors and many
electronic systems due to its low power consumption. Transient ionizing dose effects on electronics is
one of the most serious radiation effects on electronic devices, which can generate photocurrent inside - -
the CMOS device in a very short time, leading to data upset, functional failure, or even bum out{r4,

In this paper, different level neutron irradiation treatments were carried out for IDT6116 SRAM with
a feature size of 0.8microns and HM628512C SRAM with a feature size of 0.18microns, and then a
transient ionizing dose experiment was carried out on the “Qiangguang-I" accelerator platform. The

latch up dose rate threshold and the data upset dose rate threshold of the SRAMs after different neutron o

fluences were obtained. The relationship between threshold value and neutron fluence is compared and -
analyzed, and the effect mechanism is analyzed.

2. Experimental details

The SRAM devices were irradiated with neutrons using Xi’an pulse reactor (XAPR), during
irradiation the circuits were shorted and connected to the ground. The XAPR was operated with the
power of 100kW, the IMeV equwalent neutron flux is 5.84x10°cm™s™ and the neutron/gamma ray :
ratio (n/y ratio) is 7.7%10° cm? -rad(Si)". The SRAM devices accumulated five fluences perpendicular
to the direction of the neutron beam, with five devices per irradiance being irradiated, respectively. The ..
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" 1MeV equivalent neutron fluence of irradiation were: 5.0x 10°n-cm?, 1.0x10" n-em?, 5.0x10" n-cm?,
8.0x10n-cm?, 6.0x10" n-cm™. Neutron flounce is measured by activation foil.

: In order to ensure the function and parameters of the devices after neutron irradiation, the

.. parameters of the devices before and after neutron irradiation were tested by large-scale integrated
circuit tester. Displacement damage induced by neutron irradiation is a permanent damage, the tests

 were performed after one week of neutron irradiation per batch.

: Table 1 shows the test results of partial parameters before and after neutron irradiation in IDT6116

- SRAMs. The parameter test results are in accordance with the specifications of the device datasheet

" except the 6.0x10" n-em” neutron irradiated samples. The failed sample may be due to the total

* ionizing dose effect caused by neutrons induced secondary particles and the accompanying gamma
rays. However, due to the physical structure of the latch-up effect still exists, it will be used as a
compared sample in this paper.

Table 1 Partial parameters of IDT6116 SRAM before and after neutron irradiation

1MeV equivalent I (nA) Iw(nA) Function  taa(ns) taw (ns)
neutron fluence / n-cm”

Pre-rad(0) 57 71 Pass 18.0 44
5.0x10%° 17 55 Pass 17.6 44
50x10" 63 67 Pass 17.6 42
8.0x10'2 52 69 Pass 16.6 44
6.0x10" 51 64 Fail 20.0 799

Table 2 Partial parameters of HM628512C SRAM before and after neutron irradiation

1MeV equivalent I (nA) Iy (nA) Function  taa(ns) taw(ns)

neutron fluence / n-cm™

Pre-rad(0) 0.5 0.5 Pass 420 90

50x10%° 31 33 Pass 376 96
©1.0x10! 27 19 Pass 39.0 10.0
©50x10" 0.5 04 Pass 45.0 94

8.0x10" 31 10.0 Pass 36.0 92

6.0x10° 51 6.2 Pass 37.0 93

The test results of partial parameters before and after neutron irradiation in HM628512C SRAMs
- are shown in Table 2. The parameter test results are in accordance with the specifications of the device
~ datasheet, and the devices read and write normally.
Pulsed X-ray irradiation was carried out on “Qiangguang-I” accelerator platform. The pulsed X
" rays are generated by high-speed electrons striking the tantalum target. The pulse duration is about 50
ns (equivalent pulse width is 25 ns), and the average photon energy is approximately 1 MeV. The PIN
detector is used to measure the pulsed gamma-ray waveform, and LiF thermoluminescent dosimeters
- are used to measure the deposit total dose in pulsed irradiation. Dose rate is calculated from the ratio of
. the deposit total dose and equivalent pulse width in one pulse. It is simple to adjust the value of dose
- rate via changing the distance between the devices and the target. In addition, the measurement
" uncertainty of dose rate is kept at a level less than 20% (coverage factor k = 2).
The irradiated devices in neutron exposure and the pristine ones (as a contrast) were placed in the
pulsed X-ray environment. All devices were write in S5H, and were biased to the nominal voltage. The
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status of latch-up can be judged by observing the current flowing through the Vdd pin. If the current
increases suddenly from several milliampere to hundreds of milliampere or more, latch-up effect - -
occurs; whereas there is no change of the current, indicating latch-up is not trigged. Then read back
storage data and compare with the initial data to calculate the data upset. The dose rate can be flexibly
adjusted by changing the distance of the devices and the beam source, and the thresholds of the devices
can be find out via several times experiments.

3. Experimental results

Fig.1 shows the latch-up effect of IDT6116 SRAMs after different neutron irradiation. The ;
normal operating current of this device is less than 0.06 amps, which will increase to more than 0.12 =
amps when the latch-up effect occurs. 1t can be judged whether the device is latched by the change of -~ .
current. ;
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Fig.1 Transient jonizing latch-up effect of neutron irradiated IDT6116 SRAMS.

The results of latch-up threshold measurements in the devices irradiated by neutron are
represented in Table 3. It can be seen that latch-up threshold increases evidently when neutron flux is -
up to 8.0x10"2 n-cm™ However, as neutron flux is up to 6.0x10" n-em™, the threshold of latch-up . -
drops sharply. That is mainly because the concomitant y rays with neutron exposure enhance the
trapped charges in the oxide layer, and increase the sensitivity of latch-up.

Data upsets in SRAMs are mainly due to the fact that when the photocurrent is large enough, due .
to the capacitive charging, when the transistor is tumed on or off or the output voltage exceeds the
device 0 and 1 noise margin, the data upset occurs. .

Fig.2 shows the data upset effect of HM628512C SRAM s after different neutron irradiation, the -
transient ionizing dose rate ranges from 3.9x10° Gy(Si)/s to 7.6x10” Gy(Siys. It can be seen from the
figure that the transient jonizing dose rate effect of the 0.18 micron feature size SRAMs is mainly *
reflected in data upset, and the effect has significant threshold characteristics. The results of data upset
threshold measurements in the devices irradiated by neutron are represented in Table 4,
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Table 3 Change of latch-up threshold after neutron exposure

neutron flux (1IMeV equivalence)/n-cm™ Latch-up threshold
Pre-rad(0) 5.9x10'Gy(Si)'s
5.0x10' 4.4x10°Gy(Si)'s
5.0x10" 5.7x10°Gy(Si)'s
8.0x10% >1.5x10°Gy(Si)/s
6.0x10" 3.3x10°Gy(SiY/s
4x10° s 5e10
N s leld
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3x10° & 6e13
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Fig,2 Transient ionizing upset effect on neutron irradiated HM628512C SRAMs.

Table 4 Change of data upset threshold after neutron exposure

neutron flux (1IMeV equivalence)/n-cm™ Data upset threshold
Pre-rad(0) 4.7x10°Gy(Si)'s
5.0x10" 1.0x10’Gy(Siy's
1.0x10" 1.5x10'Gy(Siy's
5.0x10" 2.0x10'Gy(Siys
8.0x10" 3.0x10’Gy(Siys
6.0x10° 4.0x10'Gy(Siys

It can be seen that the neutron pre-irradiation significantly improves the devxce s ability to resist
transient ionizing dose rate induced data upset.

4, Discussion
Parasitic P-N-P-N structure in CMOS circuits and the equivalent circuitry are exhibited in figure 3.

Under pulsed X-ray irradiation, the largest photocurrent in the P-N-P-N structure is from the junction
of N-well and P-epi, namely the dominant portion to trigger latch-up, flowing through Ry, and the
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base of Qn. Because of current amplification of Qn, the current from the collector of Qx is B» times the . k

current injected into the base of Qn, then leading to the base current of Qp augment. In other words, the
necessary and sufficient condition for latch-up occurrence is that the primary photocurrent, flowing
through the circuitry in one circulation, results in more current.

=
(2) (b)

Fig.3 The parasitic P-N-P-N structure in CMOS devices and the equivalent circuitry:
(a) the parasitic P-N-P-N structure, (b) the equivalent circuitry.

|||r

The latch-up holding current is an important parameter of the latch-up effect and can be defined as
the minimum on-current required to maintain the latch-up state. As shown in equation (1):

- Bopn By T Vg + Broup (B + Vg
ﬂnpn .ﬂpnp -1

Here the Sympand fopnare the gain of parasite transistors in the P-N-P-N structure, Jrwrepresents the
current flowing through Rw, while Irs represents the current flowing through Rs. Obviously, the
smaller the product of the current gain, the larger the required latch-up holding current. An infinitely
great current is needed to hold the latch-up while Spp By degrade to 1. This means neutron induced
gain degradation ¥} of parasite transistor could enhance the anti-latch-up ability of SRAMS.

In order to further analyze the effect of neutron irradiation on the transient photocurrent caused by
carrier lifetime degradation, the physical process of the -effect was calculated based on the
two-dimensional PN junction structure using the MEDICI software. Simulation results indicates the
carrier lifetime does not affect the time response of the photocurrent induced by transient ionizing
radiation. But the magnitude of the photo current is significantly reduced while the carrier lifetime
reduces, as shown in Fig.4. The reduction of the photocurrent would improve the device’s ability to
resist transient ionizing dose rate induced data upset.

Iy M
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Fig.4 Simulation result of Photo current versus carrier lifetime.

In order to further analyze the effect of neutron irradiation on the transient photocurrent caused by
carrier lifetime degradation, the physical process of the effect was calculated based on the
two-dimensional PN junction structure using the MEDICI software. Simulation results indicates the
carrier lifetime does not affect the time response of the photocurrent induced by transient ionizing
radiation. But the magnitude of the photo current is significantly reduced while the carrier lifetime
reduces, as shown in Fig4. The reduction of the photocurrent would improve the device’s ability to
resist transient ionizing dose rate induced data upset.

5. Conclusion

Neutron pre-irradiation could significantly improve the transient ionizing latch-up and data upset
threshold dose rate value of SRAMs. Also, the reactor neutron and parasite gamma ray induced total
ionizing dose effect should not be neglected. Displacement damage induced gain reduction and carrier
lifetime degradation are the main reason for this effect.
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DESIGN AND IMPLEMENTATION OF MATRYOSHKA-TYPE NEUTRON
SPECTROMETER

Lv Ning, Guo Huiping, Lv Wenhui, Lv Jinxy, Xiao Qizhan, Sun Mingyan
Xi 'An Research Institute of Hi-Tech, Xi ‘an, China

Abstract: Aiming at the portability and mobility, the design and implementation of a portable neutron
spectrometer, namely Matryoshka-type neutron spectrometer (MNS), was completed consulting the
idea of a Bonner sphere spectrometer (BSS). The MNS used a spherical He-3 proportional counter as a
thermal neutron detector. A series of cylindrical acrylic cups with diameters from 4 cm to 40 cm were
made as containers of water moderator. The Monte Carlo method was adopted to obtain the energy .
response matrix of the MNS. During the measurement, each acrylic cup contained water as a
moderator, and the He-3 proportional counter was placed at the geometric center to perform neutron
counting. With the energy response matrix obtained above, the neutron spectrum was solved through a
classical inversion algorithm. After the measurement, water was drained and the acrylic cups were -
placed one by one like a Matryoshka doll. The design of MNS has reduced the mass and volume of -
BSS, and was easy to carry around. Comparison test of acquiring background and Am-Be source .-
neutron spectra between MNS and BSS proved the effectiveness of the MNS. :

Key words: neutron detection, neutron spectrum, neutron spectrometer, full energy range

1. Introduction

As its wide energy response range, simple operation and ingenious calculation, multisphere neutron - A
spectrometer is widely used to determine neutron spectrum for the purpose of neutron ambient dose :
equivalent measurement. For multisphere neutron spectrometer was invented by Bramblett R.L., °
Ewing R.1. and Bonner T.W. in 1960, it is also called Bonner sphere spectrometer (BSS) “], which was
composed of a series of polyethylene moderator balls and a thermal neutron detector in center. Since
then, more mature products of BSS have been gradually coming out, including the NEMUS BSS -
jointly designed by the British Centronic Company and PTB, the LUDLUM 42-5 BSS, the ROSPEC .-
BSS, etc. In China, MNSIL 100 BSS ™ was jointly developed by Tsinghua University and Tongfang ‘
Weishg i]nany other research institutes have developed a variety of prototypes for their own special
needs ™.

Although operation process is simple, the polyethylene moderator balls of BSS are inconvenientto -
be moved from one radiation field to another because their weight and volume. In this article, "
moderators were designed as a series of cylindrical acrylic cups filled with water, which could be -
drained out while acrylic cups could be placed into another one by one like a Matryoshka doll. In this
way, the weight and volume of the whole reutron spectrometer are reduced sharply. The neutron
spectrometer becomes portable and lightweight to carry around. '
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2, Instruments and Algorithm

2.1 Instruments

Matryoshka-type neutron spectrometer (MNS) is mainly composed of a spherical He-3 proportional
counter as thermal neutron detector, a series of cylindrical acrylic cups which could be filled with water
as moderators when measuring. The voltage pulse signal from spherical He-3 proportional counter is
sent to the computer through the charge sensitive preamplifier, serial multichannel analyzer, 485 to
USB convertor module, as shown in Fig, 1.

]
| charge sensitive preamplifier }

He-3 Neutron Detector I

serial multichannel analyzer ‘

Water |
‘485 to USB convertor module

computer ]

=== |

Fig. 1 Block diagram of MNS

The acrylic cups were designed as cylinders, whose diameter is the same with height each one,
with values of 4 cm, 6 cm, 8 cm, 10 cm, 12 cm, 14 cm, 16 cm, 18 ¢cm, 20 ¢cm, 22 cm, 24 ¢m, 26 cm,
28 cm, 30 cm,32 cm, 35 cm and 40 cm, as shown in Fig. 2.

Fig. 2 Acrylic cups of Matryoshka-type neutron spectrometer
2.2 Algorithm

Before entering the thermal neutron detector, the neutrons might escape caused of elastic scattering
with carbon nucleus, oxygen nucleus and hydrogen nucleus in the moderator, or react and be captured.
The neutron could only be detected after moderated by the acrylic cups filled with water and enters into
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the spherical He-3 proportional counter.

The full energy range of neutron under analyzed covers from 10° to 10 MeV, and it is divided into
n energy groups with the width AE;. For each moderator, that is an acrylic cup full of water, the neutron -
count rate N; measured by the He-3 proportional counter is:

N, =Y R(ENQ(ENAE; =D Rp, j=1,2,,n M

j=1 j=1 :

where ¢; =¢(E AL is the total neutron fluence in the jth energy group of width AE;, and Ry is the
fluence response of the ith moderator to neutrons in the jth energy group. For a MNS composed of m

moderators, formula (1) can be rewrite as a matrix form: :

N=R-g; @

where N is an m-dimensional column vector representing the count rate of each moderator; R is a
neutron fluence response matrix with m rows and » columns, and each row represents a neutron
fluence response function of a size of moderator to each neutron energy group; ¢z is an n-dimensional :
column vector, which represents the group fluence rate of each neutron energy group, that is, the
neutron energy spectrum over the full energy range. .

Neutron fluence response matrix R could be calculated by Monte-Carlo method and calibrated in
reference neutron radiations field, as shown in Fig. 3. Afier measuring the count rate N; of each .
moderator, combined with the energy response matrix R, inversing the matrix (2) and we can obtain .
the neutron energy spectrum ;.
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Fig. 3 Curve of neutron fluence response

Since the number m of moderators is less than the number » of neutron energy groups, this is a
typical problem of "few-channel” unfolding, which can be solved by iterative method, maximum
entropy method, nonlinear least squares method, genetic algorithm, neural network algorithm, etc. In
this paper, the GRAVEL iterative algorithm is used to solve the "few-channel” unfolding problem -
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The advantage is that the initialization conditions of the neutron spectrum are not too strict. As long as
the shapes are roughly similar, the iterative formula will adjust the neutron spectrum with reference to
the measured values and the response matrix, and finally get a better result. If there is no prior
information of the preset spectrum, it can be replaced by a uniform distribution.

3 Measurements and Analysis

3.1 Measurements

The MNS was used to acquire the neutron spectrum of Am-Be neutron source radiation field. The
laboratory is 12 m (long) % 6 m (wide) x 4 m (high). It is a reinforced concrete structure with indoor
space. The Am-Be neutron source was 1.2 m high away from the ground and was located at the center
of the ground plane. The geometric center of the thermal neutron detector was 0.5 m away from the
Am-Be neutron source. Before Am-Be neutron source radiation field spectrum measurement,
background neutron spectrum measurement of this lab was under consideration. The measurement
results are shown in Table 1.

Table 1 Neutron counting rate for three kinds of radiation fields
Diameter Background Am-Be neutron source

/cm /cps fcps
6 0.00465 242
8 0.00549 5.25
10 0.00553 8.48
12 0.00641 12.76
14 0.00576 16.12
16 0.00630 16.30
18 0.00613 1743

20 0.00523 16.68
22 0.00595 19.27

24 0.00539 16.13

26 0.00520 18.69

3.2 Analysis

Neutron energy analysis interval was limited between 1x10® and 10 MeV. With the Algorithm

introduced above, the inversed neutron spectra of radiation field are shown in Fig. 4 and Fig, 5.

Fig. 4 illustrates the background neutron spectrum of the lab. The dotted line was the result
obtained by MNS this paper designed, compared with solid line, which was the result obtained by BSS.
There exist two peaks in the spectrum:

i. Evaporation neutron zone ), The neutron energy in this region is between 0.1 MeV and 10 MeV,
the main source is the resonance nuclear reaction between neutrons and atmosphere or with
buildings. The energy of the neutron generated by the de-excitation is 0.1 ~10 MeV.

ii. Thermal neutron zone. The neutron energy of this region is less than 0.4 eV, and the most probable
distribution is between 10°~107 MeV, which is basically consistent with the Maxwell distribution ©.
The neutron is derived from the collision of neutrons in the air with the walls of the laboratory, the
ground and other materials, and finally reaches the thermal equilibrium state, finally forming a
thermal neutron peak on the background neutron energy spectrum.
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Fig. 4 Background neutron spectrum of laboratory

Fig. 5 illustrates the neutron spectrum of Am-Be neutron source radiation field. The dotted line was
the result obtained by MNS this paper designed, compared with solid line, which was the result
obtained by BSS. There exist three peaks in the spectrum:

i. Fast neutron zone. The neutron peak region of the Am-Be source is mainly between ! MeV and
10 MeV, which is consistent with ISO 8529-1, in which the extreme values around 3.1 MeV,
4.4 MeV, 6.6 MeV, 7.7 MeV, 9.8 MeV [7]’ shown in Fig. 6.
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Fig. 5 Neutron spectrum of Am-Be neutron source radiation field
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ii. Evaporation neutron zone. The neutron energy in this region is between 10" MeV and 1 MeV. Since
the neutron collimator was not applied in this experiment, the 1 MeV ~ 10 MeV neutron emitted
from Am-Be neutron source collided with the concrete wall around, lost a certain amount of energy,
and the[?] entered the detector. Its essence is the secondary neutron spectrum of the Am-Be neutron
source '™,

Thermal neutron zone. The peak position is around 1x1 07 MeV. The neutrons originally emitted by
Am-Be neutron source, scattering neutrons, and environmental background neutrons collide with
various materials such as the walls of the laboratory and the ground, and finally reach a thermal
equilibrium state, forming the thermal neutron zone.

iii.

5

— ISO 8529,
—— MNS

-1
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Fig. 6 Neutron spectrum of Am-Be neutron source between 1 MeV and 10 MeV

4 Comparison and Results

Furthermore, we divided the full energy range of neutron into different region, compared neutron
fluence rate of each region between MNS and BSS, as shown in Table 2.

Table 2 Comparison of neutron fluence rate between MNS and BSS/ em?s!

L Thermal neutron Slow neutron Fast neutron
Radiation fields  Fluence rate <04eV 04eV~100keV 100 keV~10 MeV
Background BSS 3‘25x10'2 2.44x10* 132x10°
MNS 3.42x10° 2.63x10% 127x10°
BSS 2.66x10" 8.61x107 6.61
Am-Beneutronsource g 2.86x10" 0.82x10" 675

Generally speaking, from the result of Comparison, neutron energy distribution inversed by MNS
is consistent with BSS as shown in Fig. 4 and Fig, 5, which illuminates the correctness of MNS design.
Compare two sets of moderator between MNS and BSS, 13 hollow acrylic cups V.S. 13
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polyethylene balls, diameters from 3 inch to 15 inch:

i

To the volume. During the carrying process after measurement, because the smaller acrylic cup
could be placed into a bigger cup one by one like a Matryoshka doll, the space MNS occupied is *
only decided by the biggest cup, which is 43.4 L, 35% of all the 13 polyethylene balls of BSS.

. To the weight. During the carrying process after measurement, water could be drained out, the -

weight of 13 hollow acrylic cups is 5.75 Kg, only 5% of 13 polyethylene balls of BSS.
Under the precondition of acquiring neutron spectrum successfully, the Matryoshka-type neutron -

spectrometer makes the weight and volume of the whole neutron spectrometer reduced sharply, and =
becomes portable and lightweight to carry around. ‘
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Abstract: The research on Activated Corrosion Products (ACPs) is gaining more significance
motivated by the growing trend of innovative reactor designs in world energy market. In this research,
application of a locally developed code CPA-AP1000 is extended to study progression of ACPs in
primary circuit of AP-1000 under full power neutron flux and design based variation in the flux rate.
The programing is executed in MATLAB while MCNP code is used to compute the neutron flux
distribution in reactor core, under particular operating conditions. The mathematical model in the
program is handled to account for calculation of ACPs for full power flux and varying flux rate
scenarios. The simulations are carried out for steady state operation up to Middle of Cycle (MOC)
and afterwards slow changes in neutron flux rate, derived by the Mechanical Shim (MSHIM) based
power maneuvers, are introduced in the system. The results for major ACPs demonstrate that during
period of normal full power operation short-lived ACPs build up promptly, rendering an immediate
radiation source for inspection and maintenance crews. When neutron flux rate is slowly reduced and
ultimately settled to a lower value, the saturation specific activity of comresponding radioisotopes
changes accordingly. The short-lived ACPs rapidly attain a new lower saturation value of specific
activity but those having long half-lives sluggishly decay and ultimately produce radiation sources,
which hold for a longer period of time. The studies are further extended to compare the build-up and
decay pattern of *Mn in primary coolant, core scale and piping structure. The specific activity due to
%Mn in all parts (coolant, core and piping) of primary circuit builds up. promptly under normal full
power operation and rapidly declines following the reduction in neutron flux rate. The simulation
results reveal that specific activity due to ACPs in core scale is the largest source under all operating
conditions.

Key Words: Activated Corrosion Products, specific activity, CPA-AP1000, power maneuvering,
neutron flux rate variation

1 Introduction

The ACPs impose a major radiological burden during routine surveillance, equipment handling
and maintenance activities of RCS. The estimation of radiation dose caused by the ACPs in RCS of
nuclear power plant (NPP) is effective for job planning and assessment of ORE to the surveillance
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and maintenance workers. The optimization of ORE caused by ACPs is mostly executed through the
planning of routine maintenance during reactor shutdown periods. However, daily surveillance and
emergency maintenance put forwards need of an urgent approach to RCS. Therefore, evaluation of
activity caused by ACPs during various plant operating conditions is of utmost importance. When
primary coolant containing ACPs passes through the flow channels of the primary coolant circuit it
deposits the dissolved and suspended radionuclides on the cooling system inner surfaces U, The types
of radionuclides formed, the levels of equilibrium activity reached and the rate at which the
equilibrium is reached all are functions of various operating parameters of the reactor. These also
include the composition of the materials in contact with the coolant, amount and the types of the
impurities present in the coolant, operating power of the reactor, residence time of the coolant in the
reactor core, temperatures and pressures, coolant flow rate, corrosion rate and filter efficiency. The
major corrosion products and their reaction properties are described in Table 1 .

The radiological inventory of RCS mainly depends on the amount of ACPs present in primary
coolant and deposited on the inner surfaces of the system walls, if fuel failure is ignored. The
evaluation of radioactive crud sources in RCS of NPPs highly depends on plant operating conditions
and design specifications. New operational strategies of modern reactor designs are coming up with
effective contribution to meet variable demands in world energy. However, estimation of variation in
activity level in RCS during application of design based operational strategies has tumed out more
challenging. In previous studies, typical PWRs are most widely focused in the subjected area of
research. Recently, ACPs behavior in innovative reactor designs has also been studied ! . The
research efforts have been dedicated to understand the corrosion kinetics by developing CAT code C}
Subsequently, another computer code CPA-AP1000 is locally developed to study the behavior of
ACPs in the AP-1000 ), In this study, activity levels of the major corrosion products in RCS are
evaluated during reactor full power operation and design based slow changes in neutron flux
employing the CPA-AP1000.

Table 1. Corrosion products and their reaction properties

Sr# Reaction Activated CP Activation cross section  y-ray energy
1 BNa(n,v) *Na ¥Na (T,z=15.40 h) 0.53b 410 MeV
(E ,>11.60 MeV)
2 Fe (n, y) Fe ®Fe (T1;=45.10h) 090b 1.17 MeV (99.99%)
(E , is thermal) 1.33 MeV (99.99%)
3 %Mo (n, 1) *Mo #Mo (T z=67.00 h) 045b 0.78 MeV (8%)
(E.>3.10 MeV) 0.74 MeV (8%)
4 *Co(n,y)?®Co Co (T1z=5.30y) 20.00b 1.17 MeV (99.99%)
1.33 MeV (99.99%)
5 *Mn (0, 7) *Mn Mn (T1,=2.58 h) 13.40b 2.13 MeV (15%)
(E , is thermal) 1.81 MeV (24%)

0.85MeV (99%)
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2 Mathematical model

The time-dependent model of activity in the primary coolant circuit is established by balancing
the rate of production and loss of radioactive nuclei due to different exchange pathways. The
pathways include activation of CPs due to power dependent value of flux, purification of coolant,
deposition of the materials on surfaces, leakage from the system and radioactive decay of activated
products. Different pathways leading to these production and loss mechanisms are schematically
described in Fig, 1. :

Primary Coclant Loop

Altether
components

Fig. 1. Schematic of exchange pathways for modeling activation products in the primary coolant circuit

The mathematical model of the time-dependent behavior of dominant CPs in the primary
coolant circuit of AP-1000 is based on the following assumptions.

o The composition of CPs corresponds to the chemical composition of originally corroding

material.

o The material of walls of cooling system corrodes uniformly and homogeneously.

The intrinsic activity is considered negligible.

o The deposition on surfaces in contact with cooling water is proportional to the concentration

of CPs in water.

o The ion-exchangers and filters remove impurities in proportion to their concentration in the

coolant.

The design-based variation in neutron flux rate is introduced into the system by Mechanical
Shim (MSHIM) based power maneuvers. The neutron flux is treated as representative of reactor
operating power. The change in neutron flux rate is modeled as directly affected by variation in
reactor operating power. In order to incorporate the effect of power maneuverings, the power levels
are modeled with the subsequent scheme. The time-dependent operating power p(t) is defined in
terms of normalized power parameter f(t) and Rated Thermal Power (RTP) p, as following;
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p(t) = f(po o
The parameter f(t) is capable of describing reactor operation at various power levels and under
MSHIM based power transients. The power parameter f(t) describes any linear increase or
decrease in reactor operational power as following;

P W<t
FO=3p—ult —tys) b St<tg 2)
P2 b2 tte

where p; and p, represent operating power in terms of percentage RTP before start and end of
power maneuvering at time t,;and t,, respectively, and u is the slope of linear increase or
decrease operating power.

The activation of CPs is affected by the time taken by a particle for traversing through the
primary coolant circuit, and length of time it is exposed to the neutron flux. The effective neutron flux
density ¢, (n/ent’.sec) links both of these time intervals as following;

1-g ~AT¢

Pe = =z Po ©)
where ¢ is thermal neutron flux density (n/em’.sec) averaged over the geometry of core, 4 is
decay constant (sec) of the activated nuclide of interest, T, is time length for which a particle of
coolant is exposed to the neutron flux and can be estimated as HpA/w(t). The parameter H is core
height, p is the density of the coolant at operating temperature and pressure, and w(t) is time
dependent mass flow rate. The circulating time of a particle through the primary coolant system is
denotedby T, forloop length L of the primary circuit and can be estimated as LT, /H.

The concentration of target nuclides (atoms/cm’) in the primary coolant, on piping and core
surfaces have been denoted by N,,, N, and N respectively. The concentrations of activated nuclides
(atoms/cm’) in the primary coolant water, on the inner walls of piping and core surfaces have been
denoted byn,,,np, and n. respectively. The rate of change of active material concentration in
primary coolant is given by;

dnw =af()peNw — (Z}f‘},—L + Ek ik + A) ny + —np + _nc @ :

where o isthe group constant for the production of ithe sotope from target nuchde The sum over j for
£;Q; is given as following;

S]Q] =gQ; +5fo+£ch+£pr 8]
where the quantities £;Q;, £¢Qy, £.Qc, £,Qp are removal rates (cm’/sec) induced by ion exchanger, ’
filter, core and pipe surfaces respectively. The term I, is rate (cm®/sec) at which the primary coolant is
lost during k" leak, k, and kthe . are rates (cm®/sec) at which isotopes are removed from the scale
on piping and core respectively. The first term in equation (4) represents the production of radioactive
isotopes. The second term is rate at which active the nuclides are lost because of purification by the
ion-exchanger and filter, deposition on the piping and core and decay of the activated nuclei. The third -
and fourth terms are the rates at which activity is re-introduced into the water because of erosion or
dissolution of activity deposited on inner surfaces of piping and reactor core. The rate of change in
target nuclide concentration in coolant water can be written as;

B = — (T2 + Tt + of (O9e) N+ 2Ny + 3N+ S ©)

_ CoSNofnfs
S = SeSlals Q)
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where C, is effective corrosion rate (g/cm’.sec), S is area of the system exposed to the coolant for
corrosion {(cm?), N, is Avogadro’s number (6.02x10” atoms/g.mole), A is the atomic weight of
target nuclide (g/mole), f; is natural abundance of target nuclide and f; is abundance of target nuclide
in the system. The rate of change of active nuclides on the surface of the cooling system inside the
reactor core is given by;

dne Q¢ ke

e = of (90N, +Em,, - (4 2)ne @®)
The following balance gives the rate of change in target nuclei of the core scale;

dN¢ cQc k i

G =N, ~ (4 of ©o) Ne ©)

where V is voluthe of deposits within the core (cm®). The rate of change in active material on the
piping surface can be obtained from the following relation;
dny _ e [k
@ v, W (V,, + A) p (10)
where V), is the volume of scale on the piping (cm?).
The following relation gives target nuclei change rate on the piping scale;

Wy _ %y Ko
=Ny =2 Ny an

The above system of coupled differential equations (1-11) is adequate to describe the dynamic
response of ACPs under normal operating conditions and a variety of power maneuverings. The
system of equations developed in the model is applicable regardless of corrosion pattern. However,
we have assumed a uniform corrosion in the coolant circuit and ignored the space distribution effects in
our subsequent investigations.

3 The core configuration and flux calculations

The Westinghouse AP-1000 possesses rated core power of 3400 MWy, It contains enriched
U0, as fuel and light water as a coolant and moderator. The reactor core contains a matrix of fuel rods
assembled into mechanically identical 157 fuel assemblies along with control and structural elements.
The fuel assemblies are arranged in a pattern, which approximates a right circular cylinder. Three
radial regjons in the core have different enrichments to establish a favorable power distribution. The
enrichment of the fuel in the initial core ranges from 2.35% to 4.50%. The core is designed for a fuel
cycle of 18 months with a 93% capacity factor and a region-average discharge burnups of 60,000
MWd/tU. Typical design specifications of the AP-1000 reactor are described in Table 2 &,

The core is surrounded from top, bottom, and in the radial direction by light water and stainless
steel reflectors. The thickness of the top, bottom, and radial reflector material is approximately 25 cm,
25 cm and 38 em!'®, Each of the AP-1000 fuel assemblies consists of a 17x17 square lattice array,
out of which 264 are fuel rods, 24 are guide tubes for reactor control and one central instrumentation
tube. The Discrete Burnable Absorbers (PYREX) and Integrated Fuel Burnable Absorber (IFBA)
rods are used to provide partial control of excess reactivity in the first core. The PYREX rods are
removed from the core afier the first cycle. The burmable absorber loading controls peaking factors
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and prevents the moderator temperature coefficient of the core from becoming positive in normal
operating conditions. The PYREX and IFBA rods are arranged in assemblies in three and five
different configurations, respectively, giving rise to total nine distinct assembly types in the AP-1000
reactor core. The radial enrichment map of reactor core and configuration of a fuel assembly for

AP-1000 is shown in Fig. 2.

Table 2. Typical design specifications of AP-1000 reactor

Parameter Design value Parameter Design value
Power Mass of UOy/m (Kg/m) 6.54
Thermal (MW) 3400 Materiat U0,
Electrical (net) (MW) 1090 Pellet diameter (mm) 8.1915
Specific power (kW/kgU) 4020 Number of fuel rods 41448
Power density MW/m®>  109.70 Rod, OD (mm) 9.50
Core Diameter gap (mm) 0.1651
Height (m) 427 Dimension of FA (mm x mm) 214x214
Diameter (m) 3.04 Clad material ZIRLO
Fuel Fuel pellet length (mm) 9.83
No.of fuel assemblies 157 Fuel loading, UO, (kg) 95974
Rod array dimension 17x17 Coolant
Rods per assembly 264 Pressure (MPa ) 1551 -
Rod pitch (mm) 12.60 Inlet temperature (°C) 279.44
Clad thickness (mm) 05715 Avg. temperature in core (°C) 303.39
Enrichment levels 2.35w/o, 3.40w/0,4.50w/o  Thermal flow rate of vessel (kg/s)  14300.76
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000000000000 00000
00000000000000000
00000000000000000
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0000000000000000
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00000000000Q00000
goea0s8050880080
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(2) Radial enrichment map (b) Fuel assembly configuration

Fig. 2. The radial enrichment map of the reactor core and fuel assembly configuration for AP-1000
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3.1 Computing Scheme

Based on the above model, a computer program namely Corrosion Products Activity in
AP-1000 (CPA-AP1000), has been developed by executing programming in MATLAB. The overall
computational scheme is as shown in Fig. 3. The CPA-AP1000 contains two loops; one loop
calculates specific activity under steady-state or power maneuvering conditions, and other moves
over different isotopes. After initialization, the program first calculates group fluxes using Tally-4 of
the MCNP code. Since the MCNP results are normalized to one source neutron, the result has to be
properly scaled in order to get the absolute comparison to the measured quantities of flux. Therefore,
the scaling factor is applied in data processing and F4 tally results of core averaged group fluxes are
scaled to the desired fission neutron source (power) level using equation 13. The system of coupled
differential equations is solved using fourth order Runge-Kutta method.
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Fig. 3. Flowchart of CPA-AP100 for computing CPA under steady-state operation and flux rate vitiation



4 Results and Discussions

The simulations were started at time t= 0, when reactor was considered to be operating in steady
state having no impurities-at the initial stage. It has been assumed that the system material corrodes
uniformly and homogeneously with constant corrosion tate. The experimental values of different
factional exchange rates employed in the present analysis are shown in Table 3 2. The
jon-exchanger removal is the most sensitive parameter to effect CPA values. The detailed effect of
jon-exchange removal on saturation specific activity of **Na was studied using an approach adopted
in our previous study . The specific activity of *Na as a finction of reactor operation time was
calculated for various values of ion-exchanger removal rate. The aim of the calculation was to
demonstrate the well-defined effect of ion-exchanger removal rate on saturation specific by selecting
the sufficient data points. The resulting saturation specific activity of **Na as a function of different
ion-exchange removal rate is as shown in Fig. 4.
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Fig. 4. Saturation specific activity of **Na as a function of ion-exchange removal rate in primary coolant
of AP-1600 )

The results depicted that the saturation activity is higher enough for low ion-exchanger removal
rate and it decreases nonlinearly as ion-exchanger removal rate is increased. When value of £Q;
approaches 400 cm/sec, saturation activity varies with a minor slope and becomes almost constant at
600 cm’/sec. Therefore, the optimal value of jon-exchange removal rate of 600 cm’/sec was selected
in our subsequent evaluations. The selection of more data points in this study has demonstrated the
more clear effect of jon-exchange removal rate on saturation activity, however, trend of the results is
the same as obtained in the previous investigation.
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Table 3. Fractional exchange rates of a typical PWR

Rate Description Valuel and Unit Value2 and Unit
Deposition on core £.Q./V,y = 5.835x10 3sec™1 £.Qc/V. = 8.81x10 %sec™?
Deposition on piping £,Q, /¥y = 1.00x1076sec™? £,Qp/Ve = 1.00x107%sec™?
fon-exchanger removal £Q;/ Vo = 5.70x105sec™?

Resolution ratio for core K. /V,, = 2918x10 %sec™?! K. /V. = 4.406x10 5sec™?
Resolution ratio for piping K, /V,, = 5.0x1077sec™? Ky/V, = 5.0x10"%sec™?
Volume of primary coolant ¥}, = 1.37x107cm3

Volume of scale on core V; = 9.08x105cm3

Average corrosion rate Co = 2.40x1071% g/cm?. sec

4.1 Evaluation of ACPs in the primary circuit

The specific activity behavior of ACPs in primary coolant circuit of AP-1000 was studied under
full- power neutron flux and design based variation in the flux rate. A typical pattern of neutron flux
rate was introduced into the system for this purpose. It was considered that reactor was continuously
operated at 100% RTP up to 750 h (i.e. MOC) and then flux rate was slowly reduced. The flux was
reduced at a slow rate of 16.67 % of full power flux per hour, which ultimately lead the reactor to
operate at 50 % of RTP in almost 3 hours. It was considered that after this variation induced by
MSHIM based power transients, reactor operated at 50% of RTP for the rest of the cycle. A typical
time-dependent flux pattern depicting such changes in neutron flux with time is shown in Fig, 5.
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Fig. 5. The variation of neutron flux as a function of reactor operation time

4.1.1 Evaluation of ACPs in the primary coolant

The results for the specific activity buildup behavior of dominant ACPs (**Na, *Fe, *Mo, ©Co,
%Mn) in the primary coolant are presented in this section. The simulations for a typical flux rate
variation as described in the previous section were run using CPA-AP1000 code. The reactor was
operated at 100% RTP without any operational transient up to MOC. After the continuous operation
- of the reactor at 100% RTP for 750 hours, a slow variation in flux rate variation lead the reactor to 50%
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RTP in almost 3 hours. The simulation results showing the behavior of dominant CPs in primary
coolant during the complete cycle are presented in Fig, 6. The behavior of various ACPs is described
for normal full power operation up to MOC, and for flux rate varjation after MOC in following -
sections. ‘
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Fig. 6. The Specific activity r of ACPs in primary coolant under normal operation and the
design-based variation in neutron flux rate

4.1.1.1 The behavior of ACPs up to Middle of Cycle (MOC)

The response curves of ACPs up to MOC have shown initially rapid increases in activity -
concentration during normal full power operation, as shown in Fig. 6. The initial rapid increase in:
specific activity is due to higher corrosion rates during the initial operating period of the reactor. This
results in a rapid production of target materials at the beginning and ultimately production of more
ACPs. The ACPs start accumulating on the coolant channel piping inner walls surfaces and on the
core structures after passing sometime. Furthermore, the ACPs are also removed due to continuous: -
ion-exchange operation and the use of filters. A balance between the removal rate and accumulation
of the ACPs on piping and cores surfaces leads to a saturation specific activity value after passing
sometime. The *Mn is the largest contributor to the total specific activity. Its specific activity is about
36.51% of the total specific activity in primary coolant.-It has a saturation value of 0.2000 pCi/ch.
The specific activity response of *Mn is rapid as compared to all of the other ACPs; it is mainly due
to the short half-life as compared to other ACPs of interest. The **Mn reaches 90% of its saturation
value after 100 h of startup time. The *Fe increases slowly as compared to #Na. The contribution of
Fe and *Na to the total activity is 29.97% and 24.51% respectively. The Fe finally approaches a
higher saturation value of 0.1641 pCi/cm’ as compared to the saturation value of 0.1342 pCi/em’ for
%Na. The saturation concentrations for **Fe and *Na reach 90% of their values in about 200 h and
165 h respectively. The Mo and ¥Co have longer half-lives as compared to other ACPs under study
and they contribute less towards the total specific activity during reactor operation. The cbntribution
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42  Thespecific activity of *Mn in primary coolant and on the inner walls

The time-dependent behavior of specific activity due to **Mn, on the inner surfaces of primary
systern walls, is focused in our subsequent investigations. The specific activity behavior of *Mn in
different zones of primary circuit i.e. coolant and inner walls of structure inside and outside reactor
core were evaluated. The simulations were run for distinct sessions of plant operation; for normal full -~
power operation up to MOC followed by the design-based variation in the neutron flux rate. The -~
time-dependent variation of specific activity in **Mn in primary coolant, and on inner walls of both
the structures inside the core and piping structure outside the core is shown in Fig. 9. In general,
corrosion incidence rate increases steeply at the initial stage of a NPP operation, and over time

reaches a saturation state. Therefore, specific activity has depicted initially rapid buildup and finally =

saturation to a particular value in all zones of the circuit, during normal full power operation. The =
radioactive materials are accumulated progressively on the system surfaces due to the continuous
exchange of ACPs between coolant and system surfaces. During normal operation, specific activity
build-up curves in respective zones of the circuit have shown similar behavior. However, the buildup'
rate and saturation values vary in different zones. The specific activity on the surfaces of the structure
inside the core is highest followed by that of coolant, The specific activity on the inner surfaces of the
piping structure outside of the core is minimum among all other zones. During the period of (750 h-

753 h) design based flux rate variation, the specific activity is also reduced in all zones of the circuit. *
The specific activity reduction pattern follows a similar trend in all zones. When flux rate variation is *
terminated, specific activity reaches a new saturation value. The variation of induced by full power

operation and neutron flux changes. )
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Fig. 9. The specific activity of *Mn in primary coolant and on inner walls of the primary system
during normal operation and design-based variation in neutron flux rate

5 Conclusions

This study has been focused to envisage the specific activity behavior in various zones of the
primary circuit of a fresh reactor design. A home developed code CPA-AP1000 is employed to
compute the specific activity of ACPs in primary coolant circuit of AP-1000. The activity behavior
due to major ACPs is investigated in primary coolant under the steady-state operation and the
design-based variation in the neutron flux rate. The results depicted that during normal full power
operation, all of ACPs build up at different rates, and finally saturate to constant values. The ACPs
have demonstrated time-dependent behaviors during the period of flux variation. When flux rate
variation was terminated and the reactor was onward operated at a new power level, all of ACPs
attained a new reduced saturation value. The investigations are further extended to compare activity
behavior of *Mn in primary coolant, on inner walls of structural components inside the core, and
piping outside the core. The results have shown that specific activity on the surfaces of the structure
inside the core is the highest followed by that of coolant. The specific activity on the inner surfaces of
the piping structure outside of the core is minimum among all other zones. During the period of
design based flux rate variation, the specific activity is also reduced in all zones of the circuit. The
specific activity reduction pattern follows a similar trend in all parts of the circuit. When flux rate
variation is terminated, specific activity in all parts of the circuit also attains a new saturation value.
The estimation of activity behavior of ACPs under normal operation and design-based variation of
flux rate is helpful in envisaging the comresponding radiation levels. The detailed behavior of other
major ACPs in different parts of the primary circuit needs further investigations.
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Pulsed Neutron Flux Measurement Based on Diamond Detector

SU Chun-lei, JJIANG Xin-biao, ZHANG Wen-shou, LI Da,
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Northwest Institute of Nuclear Technology, Xi’an 710024, China

Abstract: A neutron flux measurement system based on CVD diamond detector was
established, and system response characteristics of neutron and gamma was analyzed. Pulsed
neutron flux measurement was carried out under different working mode at Xi'an Pulsed
Reactor (XAPR). The signal of diamond detector was coincidence well with that of Pulsed
Power Meter in time response, which can show the variation of neutron flux with time.
Finally, a comparative analysis of the signal amplitude of diamond detector and pulse peak
power of the XAPR was conducted.

Wide bandgap semiconductor detector has strong radiation resistance performance and
fast pulse response, and its dark current is usually in the order of pA when working in the
current mode, the Full Width of Half Maximum response to the repetition frequency of
nanosecond pulse hard X-ray source is about 2.2 ns, diamond detector can also be used for
neutron flux measurement. '

Xi'an pulsed reactor (XAPR) has two kinds of operation mode, steady mode and pulse
mode. Both of which can carry out electronic components and -subsystem steady neutron
radiation effect and the transient radiation effect research in the irradiation experiment
apparatus. In order to study the transient radiation effect, it is necessary to obtain the radiation
parameters such as the neutron flux over time to evaluate the radiation effects of electronic
components and subsystem under the pulse radiation condition. In this paper, the fast neutron
flux measurement under different pulse conditions was carried out using the single crystal
diamond detector working in the current mode, Fig, 1.

Fig. 1. Single crystal diamond detector.
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Table 1, Simulate Results
Diamond. - - neutron-. . gamma

detector . - (Mev) (Mev )’
k | L0524B-01 - | 1.0202E-03

, The simulation results show that the accumulative deposmon energy of neutron is two
orders of magnitude higher than that of gamma ray. deposition, which is mainly caused by two
‘Teasons. First, the shielding materials of the radiation experimental apparatus absorb most
‘thermal neutrons, epithermal neutrons and gamma rays in the radiation field. The residual
*"heutron in the radiation field is mainly fast neutrons and a'small amount of residual gamma
rays, and the ratio of neutron and gamma is relatlvely high. Secondly, the diamond materials
used in the diamond detector have d low atomic number and a thin thickness, and the gamma
ray can only have a very low mass energy absorption coefficient, and'it is difficult to deposit
‘all the energy of the secondary electrons produced by the action ‘in’ such’a thin détector.
. ‘Therefore, it can be inferred from the simulation results that the signal in the current mode
* detector is mostly the contribution of neutrons, and the contribution of gamma rays to the
" signal can be neglected. The simulation results show that the diamond detector has a very
. high signal-to-noise ratio (SNR) without any converters and can be used to measure the
- neutron flux rate in the radiation field of the reactor.

\\System and expei‘iment

Hence the current signal can be ignored that generated by gamma ray, the diamond
detector used to measure neutron Flux rate in pulsed radiation field works in current mode, In

- order to obtain the neutron flux over time, single crystal diamond detector working in current

mode has been adopted, whose signal can be recorded by oscilloscope and electrometer for
measuring pulse, trailing-edge respectively.

-~ Highvoltage -

oscilldgraph

eiectrometer

Fig. 3. Diamond detector measuring circuit.
The system used for neutron flux measurement in. reactor. irradiation experiment

-apparatus includes diamond: detector. and package, high voltage power supply, oscilloscope,
electrometer and signal recording device, etc. The destination of this experiment is to measure
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the variation of neutron flux rate along the pulse and back edge with time. The measurement
of diamond detector signal is divided into two parts: the oscilloscope is used to record the -
detector current signal during the pulse process. Because the signal resolution of the
oscilloscope decreases during the descent of the pulse, it is needed to switch the detector
current signal to the electrometer in the process of the signal descent. The measuring circuit is
shown in Fig. 3. i
In this experiment, the working condition of Xi’an pulsed reactor is $3.2 and $2.0, and
the corresponding half maximum width of the pulse is about 10 ms — 20 ms. The response of
diamond detector to sub-nanosecond pulse X-ray is about 2.2 ns, which fully meets the
measurement requirement of the pulse radiation field. In order to increase the signal-to-noise
ratio (SNR) of the post-pulse signal, the measurement system is set up to switch the signal
measurement from oscilloscope to electrometer after the oscilloscope triggers 25ms. After
measurement, the signal of oscilloscope and galvanometer should be combined to obtain the
complete signal of pulse radiation field. When diamond detector is used to measure the
neutron flux rate, the relative neutron rate variation in the pulse radiation process can be
obtained. In the radiation field pulse, the post-accumulative neutron flux is measured by ‘
activation method. .

Results and discussion

£

When the XAPR working at $3.2 and $2.0, the measuring results in the displacement
damage effect experiment apparatus are shown in the figure below. The full width at half
maximum (FWHM) of the pulse is coincidence well with the Pulse Power Meter, the result
are shown in Fig. 4. :

G (20

20

V(voit)

T T T T T T

4 = 2 80 M 120 140 10 180 20 20 -
tms; '(H'S)

Fig. 4. Results for $3.2 and $2.0.

The current signal pulse in diamond and trailing-edge within a certain time has been:
integrated and normalized according to the activation measuring result of the cumulative
neutron flux in different period of time, the analysis results are shown in table 2.

The current signal of single crystal diamond detector can reflect the changing of neutron
flux over time, thus the radiation information such as accumulative neutron injection and peak :
neutron flux in different time periods can be obtained. :

Therefore, the current diamond detection system can be used to monitor the neutron -
injection rate in the irradiated experimental device, and the output amplitude of the pulse
signal is relatively linear to reflect the peak injection rate. .
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‘ Table 2. Resultfor $3.2 and $2 0

‘ Reactivity..’ PWH'\I Acc}lmulnlite Neutron® |- - Peak Neutron Flux
{neatrons*cin™®) - " (neutrons*¢m*s?)

CATIEH2

Conclusion

The single crystal diamond detection system adopted working in current mode can be used
to monitor the pulse neutron flux in the displacement damage effect experiment apparatus , 50
as to obtain radiation parameters, such as full width at half maximum, neutron flux over time.
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ABSTRACT

Betatron X-ray radiation can be generated by transverse betatron motion in the laser-plasma
wake field. It has a comparatively small scale and a femtosecond duration. Therefore, betatron
X-rays is advantageous to be used in femtosecond pump detection; meanwhile it has
prospective applications in material science and bioscience. Measurement of its energy
spectrum is valuable to learn the quality of betatron X-rays and its radiation sources. In our
research, transmission attenuation method was used to measure its spectrum. A detection
system was tailor-designed and fabricated for the betatron X-ray source of SIOM (Shanghai
Institute of Optics and Fine Mechanics, Chinese Academy of Sciences) to meet the demand
that the energy spectrum of each X-ray pulse be acquired through every pulse within a small
angle. The reconstruction algorithm to solve the energy spectrum was also well optimized
correspondingly. To test the properties of the system and the developed algorithm, we did
comparison measurement experiments using the fabricated system and commercial HPGe
detector respectively on Philips X’Unique Il current steady X-ray source. The measured
spectrum gained by our detection system fit quite well with that measured by HPGe detector.
On the basis, the developed system was successfully applied in detection of X-ray spectra of
Tesla repetitive frequency X-ray source.

Keywords: energy spectrum measurement; transmission attenuation; pulsed gamma; Betatron;
laser-plasmas;

1. INTRODUCTION

Since their discovery in 1896!"), X-rays have a profound impact on science, medicine,
and technology. In order to meet the scientific needs on faster time and smaller spatial scales,
new x-ray sources became hotspot in research. When an intense femtosecond laser pulse .
interacts with gas, a plasma is formed and the ponder motive force of the pulse generates a
large amplitude plasma wavel??l, This wave break, trap, accelerate electrons; and then
short-duration of x-rays, which is called betatron radiation, burst into generation. One of the
key features of betatron X-rays enabling their new applications is ultrafast pulse duration
below 100 femtoseconds. Characterization of the time profile as well as the energy profile is
crucially important for understanding and analyzing the physical phenomena and for its -
development and application. As far as the time profile is concerned, it is still an obstacle to
measure the radiation pulse with sub-picosecond, which is not discussed in the paper. As . -
regards the energy profile, the measurement of energy spectrum of pulsed y/X rays has baffled. *;
us over a long period of time. It is more challenging and difficult especially to get energy .~
spectra through one single pulse in a small bunch. In this paper, we developed the -
transmission attenuation method to determine the energy spectrum for pulsed X-ray sources.

SIOM betatron radiation source!*! driven by laser-plasma wake field is expected to

generate betatron X-ray with its energy over 10 keV—1 MeV, pulse duration about several
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femtoseconds, total flux 10’~10" particles per pulse and beam profile ®10 ~ 50 mm. In terms
of the parameters, we put forward two measurement systems to measure its energy
spectrum—CCD camera with attenuators and photomultipliers coupled delaying optical fiber
with attenuators, both of which can obtain the energy spectrum of each X-ray pulse for every
pulse within a small angle. The expectation maximum algorithm was utilized to reconstruct
the spectrum from transmission data: Based on the available sources, we conduct experiments
to validate the CCD camera with attenuator system including spectrum unfolding algorithm
on Philips X’Unique II current steady X-ray source. As an application sample, the developed
photomultipliers coupled delaying optical fiber with attenuator system is applied in energy

spectrum detection of Tesla repetitive frequency X-ray source®.,

2. METHODS

When a beam of garﬁma/X with the photon fluence F is casting on a detector, the signal
measured can be expressed as

T(0) = j: F.S(E)dE, 1)
where F, =dF /dE is the derivative energy spectrum, S(E) is the ehergy response of
detectors to gamma/X rays with energy E, i.e. the signal produced by unit fluence of photon
with energy E.

Once a filter with the thickness of x is placed in the beam path, the spectrum of the
photon changes to F, = F(0)e™*”, while the signal T becomes

T(x)= ) Fee™®" S(E)AE, )

where u(E) is the filter’s attenuation coefficient to photons with energy E. The
discretization form of the equation can be displayed as

T(x)=Y",a,p, ' 3)
of which a;=¢™ (&) s(E))AE, where x,(i=1,2, ..., m) denotes thickness of the i
attenuator, T(x;) denotes the intensity signal of the corresponding i attenuator, pG=1,

2, ..., n) denotes the intensity of gamma in the o energy zone under the condition of that the
total energy zone is divided into n-1 intervals with each AE=(E,, -E, )/(n-1). Since a

series of m (m=16 in the paper) attenuators are employed, sixteen equations can be
formulated. To solve the combined linear equations, the unfolding aigorithm of Expectation
Maximization Method'®'? was developed to solve the problem, which has been tested to have
good validation and strong robust in the well-designed experiments carried out on Philips
X'Unique II X-ray source ahead with a good agreement of the spectra simulated by Monte
Carlo method.

Based on theoretical parameters of SIOM betatron radiation source, two different spectrum
measurement systems are designed to obtain all attenuation transmission data in solely one
pulse, as shown in Fig. 1 and Fig. 2. CCD camera imaging system shown in Fig.1 can be used
for both constant and pulsed gamma/X source. It has a characterization of low sensitivity, not
so complicated setup but with a relatively low dynamic range. Optical fiber array time-delay
spectrum measurement system based on photomultiplier is well designed only applicable in
detection of energy spectrum of pulsed gamma/X sources, especially for low-intensity and
narrow-duration gamma/X sources.

253



collimator scintilator: LSO backox

A

u cCcp

camera

computer
Fig.1 CCD camera imaging energy spectrum measuring system for pulsed gamma/X. Gamma/X rays
are collimated to parallel beams, and irradiated directly onto the 16 holes of attenuators and the rear’
scintillator (e.g. LSO). The emission light is reflected by a mirror to the lens of CCD camera. The CCD
SIgnaI is transferred to computer and can be displayed through developed software. The grey levels
represent the mtensny of incident gamma/X measured.

PMT1
, Pb Shiclding —» : | PMT2
collimator
sciatillator: ST401
g
)
‘5.
=]
w
:" m
o
] .
oscilloscope

Optical fiber flange

Fig.2 Optical fiber array energy spectrum measuring system for pulsed gamma/X. Gamma/X rays are -
«collimated to parallel beams, and irradiated directly onto the 16 holes of attenuators and the rear

scintillator (e.g. ST401). On the back panel of the scintillator, it is coupled with optical time delaying :
fiber in the rear position of corresponding hole of attenuator. The fibers are fixed by fiber flange. The .

length of the delaying fiber is 3 m more than the shorter one. The longer 8 paths of fibers are
connected with one PMT while the shorter ones are connected with the other PMT. Both signals of the
PMTs are transferred and recorded by an oscilloscope. The integral area of each waveform represents
the intensity of incident gamma/X measured. s

3. EXPERIMENTS

For experiments of gamma/X energy spectrum detection, we have developed and -~

fabricated the above two measuring systems, displayed in Fig. 3. Based on the current
constant X-ray source Philips X’ Unique II (shown in Fig. 4), we carried out experiments to
test the camera imaging system and spectra reconstruction. After this, the optical fiber array
measuring system is applled in measuring energy spectrum of Tesla repetitive frequency
X-ray source (displayed in Fig. 5), which is capable of producing tunable, hard X-ray pulses
at maximum about 400 keV with short durations of ~400 ps.
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The transmission ratio of each channel of collimator with or without attenuators can be :

got by processing the total 24 paths of waveforms data. The energy response of the developed. - -

system including the scintillator ST401 is calculated by MCNP. The energy bin is divided
into 100 shares. Initial spectrum for iteration is sine spectrum. Solving the simultaneous -
equations using EM method, the reconstructed energy spectrum is obtained, as shown in
Flg 9.

4. RESULTS

In Fig. 7, the black line is the directly measured energy spectrum by HPGe without
reconstruction or restoration technique. By the developed CCD imaging system, the direct:
output data is grey scale images, the energy spectrum is indirectly gained through image .
reconstruction technique. By comparison of the reconstruction results with that of measured
by HPGe detector, it indicates that the developed system and the exploited iteration algorithm
are feasible and suited for the detection of gamma/X energy spectrum.

In Fig. 8, we can see each channel has 13 peaks of waveforms. But actually, only 12
paths of optical fiber signals are transferred to oscilloscope. By piercing the durations of each
waveform, we can see the first peak waveform has longer duration and malformed wave
shape. The possible reason is that the first waveform is signal of electromagnetic interference
leaded by discharging of the fast switching of Tesla repetitive frequency X-ray source. So,
during the experimental data analysis, the first peak waveform is eliminated. Another problem’
is needed to point out that the bottom width of the waveform is flooded in the former one and
the rising edge is influenced severely by the former falling edge. To solve the problem, the
time response of the system especially the scintillator should be faster or the delaying fiber
gap should be longer enough to discriminate the whole neighbor waveforms.

In Fig. 9, the reconstructed energy spectrum of Tesla repetitive frequency X-ray source
is given by EM iteration. Through current methods, the real energy spectrum cannot get by
direct measurement. So it is still hard to evaluate the reconstructed result whether it is
consistent with the real ones. One practical comparison method is to do the restoration with-
other algorithms, which need further research. ‘

5. CONCLUSIONS

CCD camera imaging system and optical fiber array system are put forward to measure -
the energy spectrum for pulsed betatron X-rays from laser plasma acceleration. The
expectation maximization iteration method is used and tested by experiments on constant and
pulsed X-ray source respectively. The results show that EM method is suitable for the
developed system and the developed systems can be applied in detection of pulsed gamma/X--
rays energy spectrum. To enhance our understanding of the developed system for ultrafast -
pulse gamma/X energy spectrum measurement, further work will be involved in performing .-
experiments directly on the target betatron X-rays sources.
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Abstract

Angular distributions of fission fragments from the neutron-induced fission of >Th,
B3y, B3y, B8y, P°pu, ™Pb and °Bi have been measured in neutron energy range 1-200
MeV at the neutron TOF spectrometer GNEIS based on the spallation neutron source at
1 GeV proton synchrocyclotron of the NRC KI - PNPI (Gatchina, Russia). The multiwire
proportional counters have been used as a position-sensitive fission fragment detector. A
description of the experimental equipment and measurement procedure is given. The
anisotropy of fission fragments deduced from the data on measured angular distributions is
presented in comparison with experimental data of other authors, first of all, the recent data
from LANL and CERN. The data on anisotro?y and angular distributions of fission fragments
in neutron energy range above 20 MeV for °U, Z°Pu, ™Pb and **Bi have been obtained for
the first time.

1. Introduction

Neutron-induced fission cross-sections and angular distributions of fission fragments are
the main sources of information about fission barrier structure and nuclear transitional states
on the barrier. The relevant experimental data have been accumulated over decades, mostly
for E, < 20 MeV (E, is the energy of incident neutrons). These data are not only of high
scientific value, but of great significance for nuclear technologies as well. Nowadays, a
discussion on accelerator-driven systems for nuclear power generation and nuclear
transmutation has created considerable interest to nuclear fission at intermediate (E, < 200
MeV) and higher neutron energies.

Angular distributions of fission fragments are associated with two phenomena. First, an
ensemble of spins of fissioning nuclei is to be aligned and, second, distribution of transitional
states over the projection K of nuclear spin on the fission axis should be non-uniform. The
first factor is determined by the processes which precede fission, while the latter one is given
by the mechanism of fission. At the energies much exceeding the fission barrier, the fission is
preceded by the multi-step particle emission. A relative contribution of equilibrium and non-
equilibrium processes into the dynamics of highly excited nuclei is not clear up to now. The
measurements of angular distributions of fragments from neutron-induced fission at the
energies up to 200 MeV may shed some light on this question.

In this report, we summarize the results of the measurements carried out at the neutron
time-of-flight (TOF) spectrometer GNEIS [1, 2] of the NRC KI — PNPI during the last few
years. In a series of journal articles [3—5], we have reported the data on angular distributions
and anisotropy of fragments from neutron-induced fission of the target nuclei 2*°U, *U and
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22Th [3], 23?U and ?OgBi [4], 2°Pu and "Bi [5] in the intermediate energy range 1-200 MeV.
Some more details of the measurements, as well as the results, can be found elsewhere [6-10].

2. General description of the experiment

The measurements’ were carried out at the 36 m flight path of the-neutron TOF-
spectrometer GNEIS. A schematic view of the experimental set-up is shown in Fig. 1.
Detailed description of the set-up and 8-input readout system based on two DC-270 Acqiris
waveform digitizers can be found in our Previous publications [3-10].

The targets of *Th (100 %) and 2*°U (90 % enrichment) ~150-200 pg/cm? of thickness
were produced bzy vacuum deposition of tetrafluorides of these materials on a 2 pm thick
Mylar foil. The 33U (82.9 %) target ~200 ug/cm? of thickness and 2**U (natural uranjum)
target 350 pg/em? of thickness were made by painting technique with U;Oy deposits on a 100
pm thick Al foil. The 2°Pu (99.76 %) target ~300 pg/cm® of thickness was made using the
same technique with a PuO; deposit. The targets of ""Pb and 2*Bi ~150-1000 pg/cm > of .-
thickness were produced by vacuum deposition of high purity metal on a 2 pm thick Mylar -
foil.

The fission fragment registration was performed by two coordinate-sensitive multiwire .

proportional counters D1 and D2 (MWPC) 140x140 mm? of size. The fragment counters D1
and D2 were placed close to the target in the beam one after the other. The neutron beam axis
came through the geometrical centers of the target and the MWPC’s electrodes being
perpendicular to them. In order to have a possibility to take into account for the linear
momentum contribution into the measured angular distribution, the measurements with two
set-up orientations relative to the beam direction (downstream and upstream) were performed.
Time and pulse-height anatysis of the signal waveforms allowed to derive the neutron
energy and the fission fragment coordinates on the MWPCs, and, hence, the angle
information. A value of cos(0), where 6 is an angle between neutron beam axis and fission
fragment momentum, can be derived easily from the coordinates of the fission fragment
measured by two counters. ‘ ' ‘
K 180° An:dev
“g” o

Target D2 D1 -

X, FF FF
oy N\

neutrons (';:) neutrons

Y

Ty

Fig. la. Schematic view of the experimental set- Fig. 1b. Construction of the MWPC. The
up at two orientations relative to' the ‘neutron coordinates are determined from the time
beam direction (downstream and upstream). delay of signals from anodes (Tx and Ty)

- : . with respect to a signal from the cathode (T).
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The measured angular distributions for selected fission fragment events were corrected for
the efficiency of fission fragment registration. This efficiency was calculated by means of the
Monte-Carlo method taking into account following parameters: the electrode wire structure,
distances between MWPCs and target, sizes of electrodes and distances between them, sizes
of the target and neutron beam, the position (angular) resolution (~2 mm). Also, the additional
corrections due to the differential nonlinearity of the delay line chips and the mutual influence
(signal cross-talk) of the anodes of two adjacent MWPCs were taken into account [4].

An anisotropy W(0°)/W(90°) of angular distributions of fission fragments in the center-
of-mass system were deduced from the corrected cos(6) angular distributions in the laboratory
system for two set-up orientations relative to the neutron beam direction (cos(6) bins were
equal to 0.01) by fitting them in the range 0.24 < cos(8) < 1.0 by the sum of even Legendre
polynomials up to the 4-th order.

3. Results and discussion

Until 2000, practically all measurements [11-23] of the fission fragment angular
distributions were carried out using beams of monoenergetic neutrons in energy range below
14 MeV (sometimes up to 24 MeV) at the Van-de-Graaff and Cockroft-Walton accelerators,
as well as in the energy range 20-100 MeV at the cyclotron of the TSL (Uppsala) [21,24].

A new age in experimental investigations of the fission fragment angular distributions
started when new experiments dedicated to this problem have been initiated nearly
simultaneously by the GNEIS team at NRC KI - PNPI [3-10], the-n_TOF Collaboration at
CERN [25-29], and the NIFFTE Collaboration in Los Alamos [30, 31]. The pulsed high-
intensity “spallation” neutron sources of these facilities enable to carry out TOF-
measurements of the neutron-induced fission cross sections and fission fragment angular
distributions in intermediate neutron energy range 1-300 MeV. The other two principally
important features of the experimental techniques employed by these research groups are
usage of the multichannel position-sensitive detectors of fission fragments of different degree
of complexity (MWPCs, PPACs, TPC), and application of the wave-form digitizers for
detector pulse processing.

The anisotropy W(0°)/W(90°) obtained at the GNEIS by fitting the fission fragment
angular distributions measured for mTh, 233 U, 235 U, 238U, 23"Pu, "2ph and 2°Bi in the neutron
energy range 1-200 MeV is shown in Fig. 2-8. The figures also show experimental data
obtained by other authors [11-31]. It can be stated that the results obtained at the GNEIS
below ~ 20 MeV adequately represent the structures in energy behavior of the anisotropy
observed in early measurements, and this circumstance ensures reliability of the experimental
technique employed. At present, a comparison of our results obtained in the energy range
20-200 MeV for **Th, **U and ***U can be done with analogous data measured at LANL
and n_TOF. Fig. 3 displays obvious disagreement between our data for 2°U [3] and those
obtained by n_TOF (Leal-Cidoncha [28]) and LANL (Kleinrath [30]) in a whole energy range
1-200 MeV. The latest data sets presented by n_TOF [29] and LANL [31] collaborations
shown in Fig. 8 significantly improved agreement with our data thou%h their numerical data
still are absent in the EXFOR data base. Large uncertainties of the “**U data presented by
n_TOF (Leal-Cidoncha [29]) do not allow to make an unambiguous conclusion about
agreement between our data sets above ~ 20 MeV (Fig. 4), whereas data by Ryzhov [25] are
definitely higher that our data above ~ 40 MeV. In a case of **Th shown in Fig. 5, one of
two data sets obtained by n_TOF [25-27] agrees within experimental uncertainties with our
data above ~ 20 MeV (Leong [25]), while the other (Tarrio [27]) is much higher. And again,
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data by Ryzhov [25] are higher than all other data sets. The observed disagreements leave a
space for thorough analysis of the possible systematic errors specific for every experimental
procedure used in the measurements mentioned above.
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Fig. 2. Anisotropy of fission fragments of 2**U.
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Fig. 3. Anisotropy of fission fragments of **U.
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An undoubted achievement of present work is the fact that experimental data on fission
fragment angular distributions above ~ 20 MeV for 2*U, 2Py, "*Pb and *Bi have been
obtained for the first time. For "™Pb and 2Bi the measurements are especially difficult
because neutron-induced fission cross sections of these nuclei are 10-100 lower than those of
actinides. As a consequence, background problems and low counting statistics lead to vast
machine-time expenditures. ‘ . ;

Our next goal is a measurement of the fission fragment angular distributions for >"Np.
The only one data set for this nucleus was obtained in neutron energy range from 0.1 MeV up
to 1 GeV at the n_TOF (Leong {25]). Unfortunately, it is characterized by large error bars
and, therefore, can’t be treated as a completed research. An upper neutron energy range of the
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other (comparatively old) experimental data for 2’Np included in the EXFOR data base do
not exceeds 15 MeV.
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Fig. 8. Anisotropy of fission fragments of 2°U.
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Abstract: The twin-gridded ionization chamber is widely used in the measurement of charged
particles from neutron induced reactions. In many cases, a 2*U sample is mounted in the sample
position well at the common cathode to monitor the neutron flux, In the experiments, some of the
fission fragments with emission angle near 90° will collide with the inner wall of the sample position
well, leading the measured pulse height to be lower, i.e. the wall effect of the sample position well.
The wall effect of the sample position well is affected by the working gas pressure and the dimension
of the *#U sample and the sample position well. In the present work, simulations and experiments are
performed to quantify the influence of the working gas pressure and the dimension of the Z*U sample
and the sample position well on the wall effect of the sample position well in the measurement of 22U
fission fragments.

Key words: ionization chamber; wall effect; sample position well; fission fragments

1. Introduction

The measurement of neutron induced fission fragments is highly concerned in radiation
measurement for the following two aspects. Firstly, the standard cross sections are useful in
monitoring the neutron flux [1,2], i.e. 2°U(n, ) and **U(x, f). Secondly, the research on
neutron induced fission fragments is important in nuclear physics and applications [3,4].
Gridded ionization chambers are widely used in measuring the neutron induced fission
fragments because of its high detection efficiency, y insensitive and radiation resistant, et al.
[4-7]. In many cases, the prepared fissile samples are mounted in a sample position well to
simultaneously measure the emitted fission fragments in both the forward and the backward
directions, or to replace the samples conveniently [8,9]. In these situations, the fission
fragment may collide with the inner wall of the sample position well and only a part of its
kinetic energy can be deposited in the working gas. Thus, the measured pulse amplitude of the
corresponding event will be lower [7]. This is the wall effect of the sample position well for
fission fragments which is simplified as the wall effect below.

The wall effect can decrease the proportion of the fission events above the measurement
threshold, which means that the determined detection efficiency will be overestimated if the
wall effect is ignored. Because the wall effect is more significant for fission fragments with
lager emission angle, especially with emission angles near 90°, the measured angular
distribution will be incorrect. Therefore the wall effect for neutron induced fission fragments
is important.
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In the present work, the wall effect for neutron induced fission fragments is studied using
Monte Carlo simulation reliability of which is validated by the experiment. In section 2, the
measurement of the energy spectrum of neutron induced fission fragments is illustrated, and
the Monte Carlo simulation of the energy spectrum is introduced. In section 3, the factors of
the wall effect is studied using the Monte Carlo simulation. Finally, the conclusions are drawn
in section 4.

2. The experiment and the simulation

2.1 The experiment

The sketch of the experimental setup, including a neutron source and a gridded
ionization chamber, is presented in Fig. 1. The 5.5 MeV neutrons were generated using a
deuterium gas target bombarded by the deuteron beam. The pressure of the gas target was
~0.30 MPa and the length was ~2.0 cm. The deuteron beam ~2.5 pA was accelerated by the
4.5 MV Van de Graff accelerator of Peking University.

The gridded ionization chamber, details of which were presented in Ref. [9], was used as
the detector of the charged particles. The separation of the cathode-grid was ~61.0 mm and
that of the grid-anode was ~15.0 mm. The working gas was Kr + 2.7% CO2 mixtures 0.052
MPa in pressure. The grid shielding inefficiency was about 0.017 [7, 10]. The data acquisition
system (DAqS), with which the cathode-anode coincident signals can be recorded, was
introduced in Ref. [11].

Can deposit all the kinetic .
Cathode Anode| energy in the working gas Can’t deposit all the Kinetic
“ i ! energy in the working gas
Deuteron I I /
beam =] i 2383,0,/ ¢ ——— W sheet
Deuterium P samp el
gas target | . J
I Ta backing s B
| U 25,0, Sample |
Knob k[% Al sample Ehanger Al plate

Fig. 1. The sketch of the experimental setup.

At the cathode of the gridded ionization chamber, there was a sample changer with five
sample position wells. Back-to-back samples can be mounted in each of them as shown in
Fig. 1. The sample changer was made of aluminum. Except for the measured sample, the
samples mounted in the other sample position wells were covered by aluminum plates at both
sides [7]. To decrease the background of neutron induced charged particles, the whole cathode
was covered by tungsten sheets at both sides. The thicknesses of the tungsten sheets were 0.1
mm. The radii of the sample position wells were ~24.0 mm and the depths were ~2.0 mm [7].

A highly enriched 2*U3Oz sample (> 99.999%) was used in the experiment [12). This
2381J304 sample was prepared using painting method with 22.5 mm in radius. The thickness of
the 28U30s sample was about 605 pg/cm? with non-uniformity ~1.00 [13]. The sample was
mounted in one of the five sample position wells as shown in Fig. 1. The backing was a
tantalum sheet 0.1 mm in thickness.

The measured energy spectrum of the neutron induced fission fragments is illustrated in
Fig. 2. The energy of the higher energy peak is ~90 MeV according to the simulation
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introduced below. Since the position of the peak is not very clear, a little deviation of the
determined energy is expected.

600

238U(n,f)

450

Counts

150 +

0 L\l T T T

EMeV)

Fig. 2. The measured energy spectrum of the neutron induced fission fragments.

Generate a fission fragment,
and decide its energics,
positions, and directions

Calculate the step-length
Move a step forward

- ergy<0.05MeV?
Calculate the augment of Count the results
the signal amplitude

Fig. 3. The flowchart of the Mote Carlo simulation.

2.2 The simulation

The simulation is based on Monte Carlo method which is similar to that introduced in
Ref. [13]. According to Ref. [13], the effect of the scattering of the fission fragment can be
ignored without inducing noticeable deviations, and only those fission fragments with
orientations toward the working gas need to be tracked.

The flowchart of the simulation is presented in Fig. 3. In the simulation, A fission
fragment (atomic number, mass and yield) is sampled from the cumulative fission products
yields taken from ENDF/B-VIL1 library [14,15]. The fission fragments with yields which are
lower than 171000 of the highest one are ignored in the simulation to improve the efficiency
of the simulation. The energy of the fission fragment Er is determined by its mass using the
results of Ref. [4]. As the energies of different fragments with the same mass may be different,
a random number Evw is sampled from normal distribution N(0, ow) where ow is the width of
the energy as a function of the mass published by Birgersson [4]. The initial energy of the
fission fragment in the simulation is Er + Ew. The (x, y) position of the fission fragment is
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sampled randomly with the restriction of x* + 32 < #? (¢ = 22.5 mm which is the radius of the
28305 sample). The thickness 4 of the 2*UsOs sample at (x, y) equals to the average
thickness multiplying w which is a weight factor sampled from the normal distribution
M(1.00, 1.00) because the non-uniformity of the 2**UsOs sample is 1.00 [13]. If the sampled w

is negative or bigger than 10, a new w will be sampled to make sure that the thickness of the -

38305 sample is reasonable. The z position of the fission fragment is randomly sampled
from [0 A]. The orientation of the fission fragment is sampled from isotropic distribution [15].
Since the probability of the fission reaction is proportional to the thickness, the weight of the
fission fragment is wy where y is the yield of the fission fragment taken from ENDF/B-VIL1
library [15].

The fission fragment moves forward step by step. In each step the energy loss is set to be
0.05 MeV with step length decided by the stopping power calculated using SRIM-2013 Code
[16]. If the fission fragment entrances the working gas, the energy AE deposited in each step
will increase the anode signal amplitude of the gridded ionization chamber by A4 calculated
using

AA = AE (1_— nbicg) M

where # is the grid shielding inefficiency, d is the distance from the cathode to the spot where
the energy AE is deposited, and Deg is the separation of the cathode-grid. It should be pointed
out that the stopping powers of the fission fragments with the same atomic number are
assumed to be the same, and this will not induce noticeable deviations as explained in Ref. .
[13} '

The fission fragment will not stop unless its energy is degraded below 0.05 MeV or it -
collides with the inner wall of the sample position well. After it stops, the fission fragment °
will be counted. The simulated results of 10* fission fragments are shown in Fig. 4. In the
simulated energy spectrum of the neutron induced fission fragments, the valley near 0 MeV is ~
caused by the gap between the inner wall of the sample position well and the edge of the :
2331303 sample, and the counts at 0 MeV is caused by the self-absorption effect, ;

.

Measured
- Simulated

250 4 4

T v T

[ 120

T E ?)MeV)

Fig. 4. The energy spectra of neutron induced fission fragments. The solid line and the dashed line are
the measured and simulated ones, separately.
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Fig. 5. The relationship between the measured energy and the simulated energy of the neutron induced
fission fragments.

750

Measurement
Simulation - with wall effect
--------- Simulation - without wall effect

E (MeV)

Fig. 6. The energy spectra of the neutron induced fission fragments. The solid line is the measured
one. The dashed line and the dash dotted line are the simulated ones with and without considering the
wall effect, respectively.

Since the Pulse Height Defect (PHD) effect is not considered in the simulation, the
energy of the measured lower energy peak is lower than that of the simulated one. Actually
the energy of the measured higher energy peak should also be lower than that of the simulated
one due to the PHD effect. Because the PHD effect is generally more significant for heavy
fission fragments which correspond to the lower energy peak [17], the energy of the measured
lower energy peak is still lower than that of the simulated one even if the energy of the
measured higher energy peak is assumed to be equal to that of the simulated one [13]. The
PHD effect has not been measured by us, and there is no related data which can be used
according to our knowledge. The simulated energy of the neutron induced fission fragment is
adjusted using [13]

Eym = aEg + bEZ, )
where Em and Es are the energies of the two peaks of the measured and the simulated energy
spectra, separately, a and b are the fitting parameters. Because the PHD effect is more

noticeable for heavy fission fragments [8], the increase of the measured energy is slower in
lower energy region as shown in Fig. 5. After the energy scaling, the simulated energy spectra
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accords well with the measured one as presented in Fig. 6, and this proves that the simulated -
result is reliable.

As shown in Fig. 6, the difference between the simulations with and without considering
the wall effect is obvious in low energy regions. If the wall effect is ignored, the detection
efficiency above the measurement threshold will be overestimated by 5% which proves the -
significance of the wall effect.

3. Discussions about the wall effect :

To illustrate the wall effect more clearly, simulation, in which the self-absorption and the"
PHD effects are ignored to exclude their interferences, is performed. In this case, only the -
wall effect can affect the energy deposition in the working gas and the result indicates that -
~14% of the fission fragments will be affected by the wall effect. As shown in Fig. 7, the tail*
below 50 MeV is caused by the wall effect.

20004 238U(n, ¥a)

1500 +
=]
=
Q
O 1000

5009 Threshold *

°3 % 3 % s
E (MeV)

Fig. 7. The simulated energy spectrum of the neutron induced fission fragments.
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Fig. 8. The proportion of the fission fragments with the wall effect (square) and the detection
efficiency of the fission fragments (circle) as functions of the cosine of the emission angle.

3.1 The wall effect for fission fragments with different emission angles

If the fission fragment collides with the inner wall of the sample position well, only a:
part of its energy will be deposited in the working gas. Thus, the signal amplitude of the
fission fragments may be decreased to below the measurement threshold, so that the
corresponding detection efficiency may be decreased. In Fig. 8, the proportion of the fission':
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fragments with the wall effect and the detection efficiency of the fission fragments as
functions of the cosine of the emission angle are presented. If the emission angle is bigger
than 45° (cosf < 0.7) the wall effect will be noticeable. As shown in Fig. 8, the bigger of the
emission angle, the higher proportion of the fission fragments with the wall effect and the
lower detection efficiency of those fission fragments are. This indicates that if the wall effect
is ignored, the detection efficiency will be overestimated and the measured angular
distribution will be incorrect.

3.2 Factors which influence the wall effect

The wall effect can be influenced by some factors which will affect the collisions
between the fission fragments and the inner wall of the sample position well. In general, the
lower pressure of the working gas (the longer range of the fission fragment), the bigger radius
of the 2*¥U30s sample, the smaller radius and the deeper depth of the sample position well, the
stronger of the wall effect is. To illustrate the influences of these factors, simulations are
performed and the results are illustrated in Fig. 9.

016 T T T T T 0.46 104

-+ 100
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o4 0.08 4 e
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Fig. 9. The proportion of the fission fragments with the wall effect (square), and the detection
efficiency of the fission fragments (circle). (a), the influence of the working gas pressure (the radius of
the sample is 22.5 mm, the radius and the depth of the sample position well are 24.0 and 2.0 mm,
separately); (b), the influence of the radius of the 2*U;O3 sample (the working gas pressure is 0.052
MPa, the radius and the depth of the sample position well are 24.0 and 2.0 mm, respectively); (c), the
influence of the radius of the sample position well (the working gas pressure is 0.052 MPa, the radius
of the sample and the depth of the sample position well are 22.5 and 2.0 mm, separately); and (d), the
influence of the depth of the sample position well (the working gas pressure is 0.052 MPa, the radii of
the sample and the sample position well are 22.5 and 24.0 mm, respectively).
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As shown in Fig. 9(a), the proportion of the fission fragments with the wall effect
decreases with the increase of the working gas pressure because more fission fragments will

be stopped before they reach the inner wall of the sample position well. As a result, the

detection efficiency will be higher since the wall effect is weaker. :
In Fig. 9(b), the proportion of the fission fragments with the wall effect increase with the

increase of the radius of the sample, because the fission fragments generated near the inner

wall of the sample position well are more likely to collide with the inner wall of the sample

position well. Although the proportion of the fission fragments is higher and higher, the - :

detection efficiency of the fission fragments will not change if the radius of the sample is -
smaller than 16.5 mm. This is because the separation between the sample’s edge and the inner .~
wall of the sample position well is big enough so that the deposited energies of the fission -
fragments are high enough to surpass the measurement threshold. B

Contrary to the situation in Fig. 9(b), the proportion of the fission fragments with the .
wall effect decreases with the increase of the radius of the sample position well as shown in
Fig. 9(c). Thus, the detection efficiency of the fission fragment increase with the increase of

the radius of the sample position well. If the radius of the sample position well is bigger than -

28.5 mm, all the fission fragments will be detected although some fission fragments are still

affected by the wall effect. This is because before the fission fragment reaches the inner wall .

of the sample position well, the deposited energy will be high enough to surpass the
measurement threshold. .

Fig. 9(d) shows that the proportion of the fission fragments with the wall effect increases =
with the increase of the depth of the sample position well, because the fission fragment with
smaller emission angle may collide with the inner wall of the sample position well if the
sample position well is deeper. The detection efficiency of the fission fragments thus
decreases with the increase of the depth of the sample position well.

4. Conclusions

In the present work, the wall effect of the fission fragments is illustrated using Monte
Carlo simulation. According to the simulation, the proportion of the fission fragments with the
wall effect can be as big as 14%, and the wall effect is more significant for the fission
fragment with larger emission angle. Because the detected energy of the fission fragments
with the wall effect may degraded below the measurement threshold, the determined detection
efficiency of the fission fragments will be overestimated if the wall effect is ignored.

Since the conditions of the experiments may be various, the significance of the wall
effect should be different. In general, the wall effect will be more significant if the working -
gas pressure is lower (the range of the fission fragment is longer), or the radius of the sample
is bigger, or the radius of the sample position well is smaller, or the sample position well is -
deeper.
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Abstract: The measurement of primary fission products is very important for the research on
fission yields and the fission phenomena. It is necessary to jointly measure the mass, charge
and kinetic energy of fission product. This paper mainly introduces the following four aspects:
1) Research on time-of-flight measurement of primary fission products; 2) Developing a
Frisch-grid ionization chamber with silicon nitride film for measuring kinetic energy Ey of
primary fission products; 3) Using the ¥*Cf spontaneous fission source to verify the method of
measuring the mass distribution of primary fission products; 4) Study on the charge
measurement of the primary fission products based on its specific energy losses.

Keywords: Primary fission products, time-of-flight measurement, Frisch-grid ionization
chamber, silicon nitride film, 2*Cf spontanecous fission, mass distribution, specific energy
losses :

1. Introduction :

There are many programs aimed to investigate the neutron-induced fission, such as
VERDI (IRMM) "%l and SPIDER (LANL)"" Those investigations are very important for
inferring the independent yield of fission yield, prompt neutron and fission model about the
neutron-induced fission of uranium and plutonium. But now the resolution of flight time and
energy are dissatisfactory, and the charge of primary fission products cannot be measured
feasible. So this paper will try to measure the charge of primary fission products using the
specific energy losses obtained by the Frisch-grid ionization chamber.

2. Experimental

Measurement of primary fission product requires measuring mass, kinetic energy and
charge simultaneously. The mass is acquired from the flight time and kinetic energy. The
flight time is measured by a couple of time pick-up detectors. The kinetic energy is measured
by a Frisch-grid ionization chamber with silicon nitride film. And the charge is measured
based on specific energy losses of primary fission product.

A schematic representation of the experimental arrangement is shown in Fig. 1. Two
secondary electron detectors 158 are used as time pick-up detector pairs for time of flight
measurement. Particle trajectories on the order of 775 mm are determined accurately within
0.5 mm.
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FIG.1. A schematic representation of the experimental arrangement.

Each secondary electrons detector module is comprised of thin electron conversion foil,
electrostatic mirror, micro-channel plates. Based on the simulation of the secondary electrons
flight time and path in the detector, a secondary electrons detector was designed and its
parameters such as the interval of mirror grids, the acceleration voltage and the deflection
voltage had been optimized. The performance of the secondary electrons detector was tested
by using a *'Am a source. The FWHM of flight time spectrum was about 260ps by using
analog timing equipment (ORTEC 9307) (seen in Fig. 2.).
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FIG.2. TOF spectrum of o particle emitted from **' Am.

The 200 nm silicon nitride film (seen in Fig. 3, mass thickness: 4.32 x 10”° g/cm?) was
used to coupling the Frisch-grid ionization chamber with the time of flight measurement
system, so that the primary fission products could be incident from the high vacuum flight
pipe to the working gases of the Frisch-grid ionization chamber with lower energy losses. The
pressure of working gases in the Frisch-grid ionization chamber was about 0.13 atm. After
studying the signal characteristics of the Frisch-grid ionization chamber caused by the grid
inefficiency, digital signal processing had been used to correct the grid inefficiency, and the
deviation caused by the semi-rational formula for the grid inefficiency was avoided.
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As the same principle to a Bragg curve counter !, the current signal (seen in Fig. 6.)
output from the Frisch-grid ionization chamber can be used to measure the specific energy
losses of primary fission products in working gas. And the nuclear stopping power of the
primary fission products in working gas of the ionization chamber has been studied. There was

a certain difference in the nuclear stopping power between light and heavy fission products,
but the charge number Z could not be measured directly.

1100+
10004

Plus height
8§88
]
\.‘%g\

Ve . '

'
»*" ;€= Elecron smppingpowu

- N

0

" L Y T T LI
100 200 300 400 300 600 700 600 900 983
Time /2ns

FIG.6. The specific energy losses of primary fission products obtained by the Frisch-grid ionization

chamber.
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'National Nuclear Research University MEPhI (Moscow Engineering Physics Institute),
Moscow, Russia
2Joint Institute for Nuclear Research, Dubna, Russia
3University of Stellenbosch, Faculty of Military Science, Military Academy, Saldanha 7395,
South Africa

INTRODUCTION

The majority of our experiments of recent years were dedicated to the study of new
multibody at least ternary decay channel of low excited heavy nuclei {1, 2]. Due to specific
features of the effect, it was called collinear cluster tri-partition (CCT). Now we have an
entire collection of different CCT manifestations observed through the linear structures in the
mass correlation distributions M;—M: of decay products. Some of the structures look like strait
lines M; = const or M>= const. The most populated structures of such sort are aggregated in
so called “Ni-bump” which was analyzed in details in our previous publications [3, 4]. More
specific structures satisfying the condition M; + M, = const, while the total mass of the
fragments involved is less than the mass of the fissioning nucleus were revealed in ourrecent
experiment at the COMETA spectrometer (JINR). The analysis of these structures is
presented below.

EXPERIMENTS AND RESULTS

Our latest experiments were dedicated to searching for rare decay modes of low excited
actinide nuclei with a special attention the reliability of identification of such events. The
improvement of our experimental methods has been achieved by digitizing of a signal from
each detector and off-line processing of the signal images. Here we present the results of the
experiment (Ex1) performed using such approach. The scheme of the setup is shown in
Figure 1. We used the double-armed time-of-flight spectrometer of fission fragments (FFs).
Two “start” micro-channel plates based timing detectors St/ and St2 were placed in the center
of the experimental vacuum chamber. The ***Cf (sf) source was located between the detectors.
Four mosaics of eight PIN diodes each provided measuring of both the FF energy and time-
of-flight. .

The data acquisition system consisted of the fast flash-ADC (Amplitude to Digital
Convertor) CAEN DT574 multichannel digitizer, logic blocks providing trigger signals, and a
personal computer. Current value of the signal was measured by the digitizer every 0.2 ns.

Time reference point on the PIN diode signal was calculated using a new algorithm
proposed by us earlier [5]. The algorithm approximates the initial part of a leading edge of the
signal by a parabolic curve under condition that the parabola vertex lies on the mean value of
the base line. The second condition to be met consists in sewing of the parabolic curve with a
line approximating the linear part of the leading edge. This means that both the values and
derivatives of the parabolic and linear functions must be equal in the sewing point. The
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FIGURE 3. Different projections of the mass
correlation distribution from Ex! (Figure 2).
Projection of the distribution is compared with
that obtained earlier in Ex2 [1] - (a).
Projection of the distribution onto M, axis
under condition that M, = (65-76) u — (b).
Positions of the magic nuclei are marked by
the arrows. Projection of the distribution along
the direction M, + M, = const — (¢). The peak
centered at the mass 218u is marked by the
arrow. See text for details.
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Different projections of the mass
correlation  distribution from Exl are
shown in Figure 3.

As can be inferred from the Figure 2a”
the statistics in Ex1 is approximately three
times more than that in Ex2 [1]. A total
yield of two Ni peaks in Ex! does not
exceed 10™* per binary fission which agrees
with our previously obtained value. The
data of Ex2 indicated that the heavy
clusters in the ternary prescission
configurations are predominantly magic
nuclei (Table 1 in {3]). Noticeably large
statistics in Ex1 allowed us to confirm
previous observation. The projection of the
distribution shown in Figure 2(b) onto M;
axis for the range of M> = (65-76) u clearly
demonstrates increased yield of the heavy
fragments corres ondin§ to the magic
isotopes of 128gn, 34Te, H0ye, '44Ba, 150Ce,
"*Nd (their masses are marked in Figure
3(b) by the arrows).

The data from Exl along with the
presence of the lines at the mass numbers
A = 128, 68, 72 (Figure 2(a)) similar to
those observed 'in° Ex2 show - some
additional structures. A rhombic-spiral
structure in the lower right comer of
Figure 2(a) that resembles a rose depiction
was called “nuclear rose”. It consists of the
family of lines M; + M, = const and
several lines almost perpendicular to them.
The lines of the first sort (marked by the
numbers 1-6 in Figure 2(b)) will be
analyzed in the next section while a
discussion of the latter is below the scope
of this paper.

The longest line 6 in Figure 2b
manifests itself not so obviously as the
others. Nevertheless, projection of the
mass correlation distribution along the
direction M;+ M>=const demonstrates a
statistically-significant peak corresponding
to- this line (Figure 3c¢). The smoothed
background in the figure is shown by the
smooth curve,



Figure 4 demonstrates -the linear structures from Figure 2b in detail. Presumable
prescission cluster composition of the fissioning system for some point lying on the analyzed
line is shown in the panels. Corresponding missed cluster in each case is shown first.
Nuclear composition of the heavy magic core is marked below the line underlying the

chemical symbols of two detected fragments.
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FIGURE 4. Linear structures from Figure 2b shown in detail. Presumable prescission cluster
configurations of the decaying system for some points are presented in the panels. Corresponding

missed cluster in each case is shown first.




Table 1. Parameters of the linear structures shown in Figure 2b.

Parameters of the structures observed
Str Missing Heavy magic core | Number of | Experiments
Ne fragment neutrons
1 &Cr oW 116 Ex|
2 0 | Py, T Hg, Pt | 120, 122, 124 | Exl & Ex2
3 g 7%8pp 126
4 IS “pg 128 Ex! & Ex3
5 g “®pg 132
6 |77Si (N=20) Tpo 134 Exl

7 0 % VO 10 120 DO W 150 W O W0 1K 00
NEUTRON NUMBER, N.
FIGURE 5. Shell energy diagram [10] depending on neutron number and deformation. Areas
corresponding to negative shell energy are shaded, and the contour separation is | MeV.

M 1 N 0 W W

DISCUSSION

For the first time we observed the linear structures meeting the condition M; + M, = const
in our experiment (Ex3) at the FOBOS setup based on the gas-filled detectors [9]. The linear
ridges corresponding to the constant missing masses were revealed as a fine structure in the
mass correlation plot collected with good statistics. Later using the COMETA spectrometer
based on the mosaics of PIN diodes, we also observed the structures under discussion (Ex2),
but the data suffered from small statistics [1]. Parameters of all linear structures observed so
far in the region of so called “Ni-bump” are presented in Table 1. As can be inferred from
Figure 3, showing the shell corrections map [10], the numbers of neutrons in the heavy magic
cores (the forth column in Table 1) manifest themselves through the discussed structures
correspond to the valley of negative shell corrections. In the recent publication [11] on the
study of pear-shaped nuclei, it was noted that octupole correlations enhanced at the magic
neutron numbers 34, 56, 88, 134. Thus, it is reasonable to expect that the nuclei having 116-
134 neutrons would be pear-shaped and show magic properties. According to the calculations,
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for instance [12], fissioning system becomes pear-shaped at the beginning of the descent from
the fission barrier, at least in the most populated fission valley of the potential energy surface.

We propose the following scenario of the process leading to the formation of the structures
under discussion. At the initial stage of the descent from the fission barrier the fissioning
nucleus undergoes transformation from a prolate to more complicated shape. The nucleus of
such shape consists of a heavy magic octupole deformed core and the light cluster in contact
with the thin edge of the “pear”. At further elongation the core takes dumb bell-like shape
with more and more long neck between the heavy and light parts of the dumb bell. The mass
of the light cluster stays unchanged. After the first rupture in the neck, a heavy fragment and
a di-nuclear system consisting of the light cluster and some part of the neck fly apart. Later,
due to the second rupture, the light cluster and the light FF become free. In general, the
cinematics of the process seems to be similar to that discussed in [3].

CONCLUSIONS

Based on the new data we clarify a mechanism of the CCT mode similar to heavy ion
radioactivity [9]: octupole deformed magic core plays the same role as magic Pb cluster in the
“Lead radioactivity”.
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SEARCH FOR SCISSION NEUTRONS IN THE MEASUREMENT OF
ANGULAR AND ENERGY DISTRIBUTIONS OF THE PROMPT FISSION
NEUTRONS FOR **y, 2y, 2 pu AND 52Cf

A.S. Vorgbyev, O.A. Shcherbakov, A M. Gagarski, G.V. Val’ski

B.P. Konstantinov Petersburg Nuclear Physics Institute of National Research Centre
“Kurchatov Institute”, Gatchina, Leningrad district, 188300, Russia

Abstract

The measurements of angular and energy distributions of the prompt fission neutrons from
thermal neutron-induced fission of U, #°U, °Pu and from spontaneous fission of B2of
were carried out at the WWR-M research reactor in Gatchina, Russia. Some peculiarities were
found in the angular distribution of the prompt fission neutrons. It is possible to explain them
by assuming that in the center-of-mass system of fission fragment the neutrons are more
likely emitted along fission direction than in the perpendicular one. The value of anisotropy of
neutrons emission in the center-of-mass system of fission fragment was found to be equal to
6-8% for all nuclei under investigation. The yields of “scission” neutrons have been
estimated: 1.5+2.7% (**U), 1.8+2.6% (***U), 3.6+4.5% (***Pu) and 2.0+3.0% (**>Cf) with the
average uncertainty 0.8%.

Introduction

As a result of experimental studies of the emission of prompt fission neutrons (PFNs) [1, 2], it
was found that neutrons are emitted primarily in the direction of motion of fragments and that
the proposed hypothesis of evaporation of neutrons from fully accelerated fragments [3]
provides the general description of observed features [4]. For the detailed description of
angular and energy distributions of PFNs, it is necessary to assume the existence of “scission”
neutrons, i.e., neutrons whose emission mechanism differs from evaporation of neutrons from
fully accelerated fragments (emission of neutrons before or at the time of scission of a
fissioning nucleus or in the process of acceleration of produced fission fragments). In
particular, for the most studied case of spontaneous fission of BICf(sf), estimates of the
contribution of “scission” neutrons obtained from the analysis of independent experimental
data range from 1 to 20% of the total number of neutrons per fission event (Fig. 1 upper part).
The information on the anisotropy of the PFNs emission in the center-of-mass system of
fission fragments obtained from the experiment is even more scarce than information on the
yield of “scission” neutrons (Fig. 1 lower part).

The main purpose of this work was the experimental investigation of the emission
mechanism of PFNs by the coincidence measurements of angular and energy distributions of
neutrons and fission fragments. The experimental data needed for such investigation, ideally,
should be obtained using the. same set-up and data processing for many nuclei at different
excitation energies. Therefore, using the same experimental set-up and data processing, a few
experiments have been carried out at NRC KI PNPI (Gatchina, Russia) to measure the an§ular
and energy distributions of prompt neutrons from thermal neutron-induced fission of 2**¥*U,
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%Py and spontaneous fission of *Cf [5-9]. In this paper, some results of this investigation
are presented.
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Fig. 1. Main results of previous investigations of PFN emission mechanism for **>Cf: upper
part - yield of “scission” neutrons (downward and upward arrows indicate the upper and
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1. Experiment overview

The measurements of angular and energy distribution of PFNs were carried out at the research
reactor WWR-M of PNPI. The fission fragments and prompt neutrons time-of-flights were
measured simultaneously for 11 fixed angles, &, between the axis of neutron detector and
normal to the surface of stop multi-wire proportional detectors (MWPDs) (coming through its
center) in the range from 0° to 180° in 18° intervals. The schematic view of the experimental
set-up is shown in Fig, 2. The neutron beam was coming along the chamber axis normally to .
the Fig. 2 plane.

It should be noted that realized scheme of the experimental set-up guarantees identity of
conditions of the neutron spectra measurements at various angles relative to the fission axis,
namely: the magnitude and composition of the background, the efficiency of the neutron
detectors, and neutron re-scattering by the parts of experimental set-up. Also, the use of two
neutron detectors with - slightly different characteristics enables to estimate probable
systematic errors of the data obtained.
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fission direction. During this calculation, it was assumed that prompt neutrons are emitted by
two fragments with average mass and kinetic energy. The average energies per nucleon for
light and heavy fragments for investigated nuclei were taken from ref. [10]. Further, the
spectra obtained in the center-of-mass system were used for calculation of neutron angular
and energy distributions in the laboratory system. These distributions were compared with the
experimental distributions to estimate contribution and properties of “scission” neutrons.

It should be noted that the calculated spectra are free of any assumption about the prompt

neutron spectra in the center-of-mass system (the number of neutrons emitted by heavy and
light fragments, the neutron spectrum shapes, and so on). There is only one free parameter the
anisotropy of PFNs in the center-of-mass system of fragment, which is adjusted so as to
describe in the best way all experimental data obtained in this investigation. The value of
anisotropy of neutrons emission in the center-of-mass system of fission fragment was found
to be equal to 6-8% for all nuclei under investigation. The details could be found in ref. [5, 11,
12]. ,
The shape of the neutron spectrum and the number of neutrons obtained in the center-of-
mass system both depend on the fragment velocities (or E; and Ey for fission event).
Therefore, strictly speaking, the analysis performed above is not valid, because it was
assumed that the prompt neutrons are emitted only from two fragments (light and heavy)
characterized by the average parameters. Fortunately, as it was demonstrated for total PFN
spectrum of **2Cf in Ref. [11], a transition from the velocity distributions of fragments to the
model of two fragments with average parameters has only a minor influence, and for angles
near 90° the neutron yield changes within 4% [7].
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Fig. 3. Total PFN spectrum of 235U(n,;,, /): curve inside the shaded region — evaluation of
experimental data within error corridor (GMA - generalized least square fit {10]); line —
model calculation (two fragments approximation) [2]; PbP (Point by Point) - deterministic
method developed at the University of Bucharest and JRC-IRRM team, which is an extended
version of LAM (Los-Alamos or Madland-Nix model); FREYA (Fission Reaction Event
Yield Algorithm) — Monte-Carlo fission model developed through a collaboration between
LLNL and LBNL (USA); CGMF - Monte-Carlo code developed at LANL (USA);
FIFRELIN (FIssion FRagment Evaporation Leading to an Investigation of Nuclear data) -
Monte-Carlo code developed at CEA-Cadarache (France) with the aim of calculating the main
fission observables.
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At the same time, the existing calculation methods used in practice to describe angular
and ener%y distributions of PFNs do not provide necessary accuracy. For example, the total
PFNs of **U calculated by different commonty used codes [10] are presented in Fig, 3, where
the spectra calculated assuming that PFNs are emitted from fully accelerated fragments and
using the same input parameters are shown as a ratio to Maxwell distribution. It is seen that
the existing calculation methods do not provide necessary accuracy to describe experimental
data while the method realized in this work gives accuracy not worse than those of commonly
used codes and does not require knowledge of a large number of input parameters.

3. Results and discussion

On the whole, the calculated model energy and angular distributions agree rather well with
the experimentally obtained distributions. It is also possible to describe the total PFN
spectrum in the laboratory system above 1 MeV and their average number of PFNs per fission
event. However, there is a minor distinction which is observable for all investigated nuclei [6,
10-12]. For example, in Fig. 4, the PFN spectrum measured for angle 90° relative to fission
fragment direction and the total PFN spectrum obtained by summing over angles for
2%py(n,f) are compared with the corresponding calculated values. The observed differences
may be interpreted as a manifestation of “scission” neutrons and the average energy of these
neutrons and their yield can be estimated.
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Fig. 4. Left — the PFN spectrum measured for angle 90° relative to the fission fragment
direction. Right — the total PFN spectrum of 2*°Pu(n,f) obtained by summing over angles §are
shown as a ratio to Maxwell distribution. GMA — generalized least square fit of PFN spectra
measured by different experimental groups (non-model evaluation) — taken from ref. [10].

The systematic difference between calculated total PFN spectra and total PFN spectra
measured by different experimental groups (evaluated spectrum — GMA fit) is visible in the
neutron energy range lower than 0.6 MeV. The “scission” neutron spectrum can obtained as a
difference between evaluated total PFN spectra (GMA fit) and model calculation. To verify
this statement, the PFN spectra measured for angles close to 90° relative to the direction of
the light fragments’ movement, were compared with. calculated PFN spectra at the same
angles. The “scission” neutron spectrum was obtained with the use of the difference spectra
obtained as the difference between the measured and model spectra for angles of 72.2°, 90°
and 107.8° with respect to the direction of motion of the light fragment. To compare the two




estimates, the “scission” neutron spectrum obtained in the first way was multiplied by 4= (it
was assumed that the distribution of “scission” neutrons in the laboratory system was
isotropic). A comparison of the spectra obtained in this manner shows the agreement (within
the errors of the experimental data) between the results from estimates performed in different
ways. For example, in Fig. 5 these difference spectra for 22Cf and **°Pu are presented.

Since the relative contribution from “scission” neutrons should be largest at angles Q
close to 90°, the yield of these neutrons from the fission of the investigated nuclei was
estimated using the spectrum obtained in the second way: with least squares approximated by
functions (1) and (2):
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" Fig. 5. Spectrum of “scission” neutrons: left - for B2Cf(sh); right - for 239Pu(n,f). Points - the
difference spectrum obtained using spectra measured at 72.2°, 90° and 107.8° relative to the
direction of motion of the light fission fragment and the corresponding ones calculated under
the assumption that all prompt neutrons are emitted from the accelerated fragments. Circles -
the difference between total PFN spectrum obtained by experiment (estimated data and it’s
errors) and calculated assuming that all prompt neutrons are evaporated from accelerated
fragments. Solid line - fit of experimental data marked with points by the equation (1).

Table 1. Main characteristics of “scission” neutrons.
[ Z00h T Fumh [ Punh) [ *CHsh
Approximation using function (1)
Yield, % 1.5+£0.6 1.8£0.6 3.6+0.6 2.0+0.6
Average energy, MeV 0.53£0.08 0.47 £ 0.05 0.91£0.19 0.58 £ 0.06
Approximation using function (2)

Yield, % 2.7£0.8 26+0.8 45+09 3.0£0.8
Average energy, MeV 1.7+ 0.2 1.4+0.2 1.6 +£0.2 1.5£0.2
P E E
E)y="". -exp| — 1
ps(E) an’ 72 p( T, ] M
py E E) p E E
Ey="". -exp| — + 5. T exp| — 2
ps(E) an 7 p[ TOJ an' T2 P I @

The parameters po, Ty, p1 and T were varied. The results of these approximations are given in
Table 1.
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Conclusion

To estimate the yield of “scission” neutrons in fission the measurements of angular and
energy distributions of PFNs from thermal neutron-induced fission of BBy, 2%py and
spontaneous fission of 32Cf have been carried out at the WWR-M research reactor in NRC K1
PNPI (Gatchina, Russia). The analysis of these data demonstrates a general agreement
between experimental data and model calculations performed assuming that PFNs are emitted
from fully accelerated fission fragments. But there are some differences which cannot be
explained within the model of neutron emission from fully accelerated fragments. These
differences can be eliminated by assuming that there were ~2—4% of “scission” neutrons. It
should be noted that these estimations of properties of “scission” neutrons were performed
assuming isotropic emission of “scission” neutrons in the laboratory system. Probably, this
assumption is very close to the real situation, because in the measurements of the angular
dependency of the neutron-neutron coincidence curves, which are very sensitive to isotropic
component in the laboratory system, the same values of “scission” neutron yield were
obtained within experimental errors [13].

The nature of the observed neutron excess can be determined after a thorough comparison
of the experimental data and the calculations using theoretical models that allow for possible
PFNs emission mechanisms in fission.
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Prompt Fission Neutron Investigation in 235U(n“,,f) and 252Cf(sf) Reactions
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Abstract. The prompt neutron emission in thermal neutron induced fission of ?°U and
spontaneous fission of **Cf investigated applying digital signal electronics. The goal was to
check new revised data analysis software with fission fragment (FF) kinetic energy
corrections after prompt fission neutron (PFN) emission. The revised software was used to .
reanalyze old data measured in EC-JRC-IRMM, where B2Cf(sf) reaction was investigated.
Both measurements were done using similar twin Frisch grid ionization chamber for fission
fragment detection with NE213 equivalent fast neutron detector. In total about 0.5-10° FF
with PFN coincidences have been analyzed in both measurements. The fission fragment
kinetic energy, mass and angular distribution has been investigated along with prompt neutron
time of flight and pulse shape analysis using a six channel synchronous waveform digitizer
(WFD) with sampling frequency of 250 MHz and 12 bit resolution in **U(ng,f) reaction
investigation. Similar WFD with sampling frequency 100 MHz was used for PFN
investigation in **2Cf{sf) reaction. These two experiments was considered as a reference for
further investigations with a new setup composed of position sensitive ionization chamber as
FF detector and array of 32 liquid scintillator PFN detectors recently constructed in Dubna.

1 Introduction

The nuclear fission is considered as the process of charged drop development under
competition between attractive nuclear and repulsing coulomb forces, leading eventually to
the split of the nucleus mainly into two parts of comparable masses. The main part of FF
excitation energy is released by the prompt fission neutrons, emitted by FF after full
acceleration by coulomb forces. The experimental investigations of various characteristics of
PFN emission is needed to understand the nuclear fission dynamics from the scission point
down to rupture. One of the interesting observation is the increasing v(A4) from the heavy
fragment with increase of the excitation energy of the fissioning system [1] still has no clear
explanation. Therefore, ‘further systematic study of correlations between fragments and
neutron characteristics is needed. The studies of PFN emission in fission induced by neutrons
from energies extending from resonances up to a few MeV could possibly contribute to better
understanding the mechanism of PFN emission from the excited FF. The experiments on sub-
barrier fission, induced by thermal neutrons are of particular interest because of no
measurements was done so far on mass and energy distributions for this systems [21. In this
work we report results of PFN investigation in thermal neutron-induced fission of U and’
spontaneous fission of 32Cf. The main goal of the experiments was the feasibility check of
the apparatus and data analysis procedure.

2 Experimental Setup and FF data analysis
A convenient way to study of PFN emission in neutron-induced fission is to use a

conventional twin back-to-back ionization chamber, with two chambers sharing a common
cathode as was done by Budtz-Jorgensen and Knitter {3]. The cathode was made from a thin
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conductive foil and at the same time served as backing for the fissile deposit. For binary
fission events two complementary FF are simultaneously detected in two independent
chambers. Free electrons released by FF deceleration are induced pulses on the chambers
anodes and on the common cathode during drift along the applied extemnally electric field.
The pulse height in each chamber was proportional to corresponding FF kinetic energy release
and the FF pulse shape conveys information on the FF angle () in respect to the electric field
applied in the direction of the normal to the cathode plane. From the correlated energies
obtained in the above double-energy (2E) experiment, FF masses and velocities could be
found in the way similar to that in book [4]. If the fissile target is located on the common
cathode and the fast neutron detector positioned at the certain distance along the normal to the
target the angle between FF and PFN emission would be equal to ©. The PFN velocity may
be determined from the known flight path and the measured time delay between cathode and
ND pulses. Measured FF and PFN velocity vectors then may be used for PFN emission
kinematics. The PFN multiplicity distributions in respect to FF kinetic energy release and
mass split may be reconstructed by comparison of two sets of FF measurements. In the first
experiment fission fragment mass and kinetic energy release should be evaluated from the
measurement independent from ND. In the second experiment FF mass and kinetic energy
release should be evaluated for the FF coincided with ND. The detailed information on PFN
emission in fission is available from the measured dependence of the number v(4,7x£)of PFN

emitted by the FF with mass number A and TKE release of two fission fragments [3-4]. The
late function allowed obtaining of averaged characteristics on p(4) or v(7kE) by integrating
over respective variable, if the mass yield matrix - Y{4, TKE) is known, for example:

|7 V4, TKE Y (4,TKE )dTKE

T Ay==
L Y(A,TKE YdTKE

V= j: v(A,TKE YY (A, TKE )dTKE dA,

200 = j: Y(A,TKE )dTKEdA .

Similar relation could be written for averaging over A:

S UKE) I:V(A,TKE)Y(A,TKE)dA
v R

J’: Y (A, TKE YdA
7= j: v(A,TKE Y (A, TKE )dTKE dA,

200 = j: Y (A, TKE )dTKEdA .

v(4),v(TKE) can be easily determined if the distributions of P(4,TKE) and Y(A4,TKE) are
known. The experimental method and data analysis procedure implemented in this work was
adopted from Ref. [3], where it was described in detail. For each fission event the FF and PFN
kinetic energies, FF masses along with the angle between PFN and FF motion should be
determined. All this information can then be used to reconstruct the PFN emission kinematics
both in the laboratory (LF) and in the centre of mass (CMF) frames. The measurements were
carried out using the experimental setup presented in Fig. 1. Reaction kinematics is sketched
is sketched Reaction kinematics is sketched in Fig, 2.
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Fig. 1. Experimental Setup.

The experimental setup consisted of the twin back-to-back ionization chamber (TIC), which

was designated for FF kinetic energy release and the cosine of angle between fission axis and
the cathode plane normal measurement.

Fig. 2. Vector diagram for PFN emission from FF.

The experimental data was collected using a digital pulse processing (DPP) system,
consisting of six synchronous waveform digitizers (12 bit, 250 MS/sec). The FF energies and
angles were obtained from the chamber signal waveforms using DPP, realized in form of
recursive procedures. The neutron energy was derived from time-of-flight (TOF) calculated as
delay between the cathode and the neutron detector pulses. The measured FF energy release
should be corrected for energy losses in the target layer and target backing if the cosine of
angle © is known. In this work anode current pulse waveform was derived from the output
pulse of charge sensitive preamplifier and the pulse "centre of gravity" (T) calculated as
described in Ref. [5]. The relation between T and the cos(©) was derived in Ref. [6] using
Ramo-Shokley theorem and numerically calculated weighting potentials:

cos(@) = (T, ~T) AT~ T) » 3
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where the used variables have the following meaning: D-is the cathode-anode distance, d - is
the grid-anode distance, o-is the Frisch grid inefficiency value, T =T(cos(®)=1),
Ty = T(cos(®) =0. The below formula was used to correct anode signal pulse heights for
grid inefficiency:
c T d
P, =P /1-0o(1 qu) 1+ 2D)). “)
After the emission angle was calculated the average anode pulse height versus 1/cos(©)
was plotted for both chambers to find energy loss correction for FF detected in each chamber.
The data sets are fitted as a linear function of 1/ cos(0), the slopes of which were assigned to
energy loss correction in respective chamber.. The correction for FF pulse height caused by
momentum transfer to working gas atoms by FF (non ionizing collisions) during its
deceleration - is called pulse height defect (PHD). The PHD depends on the FF mass and
kinetic energy and was corrected in data analysis using parameterization suggested in Ref.

{61
E=a-PH+B+PHD(A,,, ,E,.), ®)

where Ejqt, Apost - FF kinetic energy and mass respectively after neutron emission. The fitting
parameters o and P - are chosen to arrive at the values of 7KE and <4;> as given in Ref. [4]
p. 323. After all corrections have been implemented we went to reconstruct the mass yield for
investigated reaction. To do so we needed V(A)from literature and we used data from Ref,
(8] and from Ref. [2]. The mass yield curve was obtained using ¥ (4) for 2*U(ng,f) reaction
from Ref. [2] is shown in Fig. 4 in comparison with result published in Ref. [4] p. 300.

06 04 02 00 02 04 06
Cos(©1)-Cos(02)

Fig. 3. Demonstration the precision of cos(©) measurement in the range 0.5<cos(©)<1.0.
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Fig. 4. Comparison of measured mass yield (dots) with data (solid line) taken from Ref.[4].

For calculations the successive approximation procedure to obtain pre-PFN emission mass
described in Ref. [3] was used.

3 PFN data analysis

Measurement of PFN time-of-flight in present experiment was done using cathode pulse of
TIC as a “T-zero” signal and the ND signal as “Stop” signal. The signals were digitized with
250 MHz sampling rate and stored during experiment for further off-line data analysis. Time
difference between these two signals was analyzed implementing standard constant fraction
time marking (CFTM) algorithm both to the cathode and to the ND waveforms. The
realization of the algorithm described in Ref. [9] and was applied to the cathode waveform.
The copy of the original signal is delayed by approximately 0.4 of the cathode signal rise time
(~1000 ns) and summed with scaled and inverted original signal. The "T-zero" time is
assigned to the crossing point of resulting signal with time axis. The crossing point was
calculated using parabola interpolation between two successive samples, first of which has
positive and second the negative values. The time mark for the ND signal was found in the
similar way. It should be noted that to achieve the best timing resolution in CFTM realization
one should convert sampled waveform to continuous form using Shannon's sampling formula
[9]. Unless we do not deal with energy spectrum reconstruction, the resolution (~2.5 ns)
provided in this simple implementation we found sufficient for PFN analysis. The neutron
multiplicity was estimated by counting the number of coincidence between cathode pulse and
PFN signal of ND. Due to high gamma radiation background both from the target and
surrounding materials the PFN counts need to be separated from the gamma radiation using
pulse shape analysis as described in Ref. [9].

The PFN detected by ND mainly is emitted from FF moving towards the ND, but the
probability, that it was emitted by FF moving in opposite direction (complementary FF) is not

zero and these events should be considered as the background. The background created by the * -

complementary FF was investigated in Ref. [5] and was slightly modified in our approach.
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According to the reaction kinematics depicted in Fig. 2, the kinetic energy of the second FF in
the CMF, must be much higher than the kinetic energy of the first FF. Bearing in mind the
exponential drop of the PFN energy spectrum in the CMF, the contribution to the PFN from
both FFs could be evaluated using the probabilities defined as:
%)
W, =1/(1+exp(E& —El ),

Wy =exp( gM ~ EZ Y/(1+exp( éM -EL ) S

where Wy, W, - are probabilities of PFN emission with CM kinetic energies ¢, of FF and its
complement respectively. A comparison of the mass distributions plotted using measured data
and probabilities, defined by eq. (5) are similar to Ref. [3], where the background from the
complementary fragments for BICH(SF) was found to be small.

The angular distribution of PFN emitted in FF CM reference frame is plotted in Fig. 5,
proving that almost all of the PFN are emitted from fully accelerated FFs. The transformation
from the LAB to CM reference frame was done using the following formula:

COS(_@CM )= (V:ab -cos(©) - V,F)/VCM . ©
4 PFN analysis in B5U(ngm,f) reaction

The PFN distribution was evaluated considering neutron emission from the fully accelerated
FF, using the reference frame moving along with the FF towards the ND. We used the
Jacobian factor and conversion formulae from CM to LAB reference frame as was described
in Ref. [10]:

Ye(A,TKE,V 15) Ven (Vs = Ve - c08(@))

5 dv, s ' Y(A,TKE) o,
eVip) Vi e

V(A4,TKE) =T
0

TKE ) ax=200MeV
tislope= 15.4

0 By
o5 00 y T 140 150 160 170 180 190 200
Cos(ocy) TKE {MeV]

Fig. 5. The angular distribution of PFN Fig. 6. The average PFN emission distribution
emission measured in the FF CM frame. mass dependence, measured in B 5U(mh,f)reaction

in comparison with data from Ref. [7].




efficiency dependence on PFN velocity in LAB frame, V,,;- the PFN velocity measured in
LAB frame, V, - FF fragment velocity in LAB frame, V,,,, is the PFN velocity in CM frame.

The distribution Y(4,7KE) calculated without demanding coincidence with ND as was
described above, but distribution Yc(4,TKE,V, ;) calculated with FF energy corrected due to
FF recoil after PFN emission as was described in Ref. [12].

NuBar

80 90 100 110 120 130 140 150 160
MASS [amu]

Fig. 7. The average PFN emission distribution dependence on FF TKE, measured in
U (nn,f) reaction with Quax= ~205 MeV.
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Fig. 8. Comparison of PFN velocity distribution, measured in 2**U(ng, ) reaction with
Maxwell distribution with temperature parameter kT=1.31 MeV.

Dependence of average PFN multiplicity on TKE was evaluated in the similar manner
using formulae (2) and plotted in Fig. 7. The PFN velocity distribution was evaluated from

304



collected data and plotted in Fig. 8 along with the Maxwell distribution with temperature
parameter T=1.313 MeV. The PFN detection efficiency was evaluated as the ratio of the
measured PFN and plotted in Fig. 9.

It should be noticed that measurement of 7#(4) in >*U(ng,f) was more complicated in
ggmparison with 2?Cf(sf) due to very high peak to valley ratio in FF mass distribution for
“U. Low statistics in the valley area of mass distribution makes data analysis very sensitive
to background. That is why in this report we reanalyzed the data with the same data analysis
software as was used in analysis of 22*U(ny,f) reaction. The test of our data analysis procedure
in 252Cf(sf) reaction was necessary for confidence in our results for 235 U(ng,f) which is more
precisely reproduce mass distribution of the reaction.
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Fig. 9. PFN detection efficiency dependence on velocity measured in speed of light (C) units.

5 PFN analysis in BCA(sf) reaction

Investigation of PFN in spontaneous fission of **Cf was done in 2007-2009 at IRMM with
the experimental setup similar to presented in Fig.1. The ionization chamber was absolutely

100000

[y

0.0 0.2 0.4 0.6 0.8 1.0
cos(ecm)

Fig. 10. PFN angular distribution for **?Cf{sf) reaction in CM reference frame.




identical to the chamber used in above reported study. The PFN detectors were the same size
but in case of experiment with Cf-target the distance between target and PFN detector was
0.725 m. Measurement was done with data acquisition hardware and software was identical -
to reported above (except sampling frequency of WFD, which was 100 MHz). Data analysis
was done using procedure as described above. The PFN angular distribution in CM reference
frame was evaluated from data measured in laboratory reference frame and presented in Fig,
10. Cosine of angle between FF motion direction and PFN emission was evaluated using Eq.
(6). The cosine distribution of neutron emission angle, measured in FF CM frame, was found
to be almost homogeneous, proving that majority of PFN emitted from fully accelerated FF. :
Comparison of PFN velocity distribution with Maxwell distribution of PFN velocity is -
presented in Fig. 11. '

100k P
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— Maxwellian T=1.41 Me :
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Fig. 11. Comparison of measured PFN Fi§. 12. PFN detection efficiency in reaction
velocity distribution with Maxwell *2Cf(sf) as function of the ratio of PFN
distribution in 2*2Cf{sf) experiment. speed, measured in units of speed-of-light

(©).

The recommended value for temperature factor kT=1.41 MeV was used in this study,
The PFN detection efficiency dependence on neutron velocity was evaluated as a ratio °
between measured PFN velocity distribution and Maxwell distribution. The dependence of
PFN detection efficiency on the neutron speed presented in Fig. 12.

In both the *U(ng,f) and *2CF(sf) experiments we implemented similar neutron-
gamma separation procedure based on the difference between fast and slow scintillation
decay time. Two values based on integrating the total charge over two different time periods
conveyed information on the type of the detected particle. The plots in Fig. 13 demonstrate
how the high and low kinetic energy region of PFN was separated from the background by
increase of the threshold in total charge integral over longer time interval. It should be noted
that the plots 1 and 2 in Fig. 13 were obtained without application of the neutron gamma
separation criterion using only the threshold. The plot 3 was obtained with application of
neutron-gamma separation criterion. It should be pointed out that in both experiments the
background in PFN distribution was practically completely removed with the applied
threshold value corresponding to PFN kinetic energy of ~0.5 MeV.
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Fig. 13. Dependence of background in high and low PFN kinetic energy spectra on the
threshold in total charge integrated over long time interval.

6 Conclusions and outlook
The average PFN emission was evaluated using the same data analysis sofiware as was used

in the analysis of **U(ng,f) reaction described in above section. Results of average PFN
emission dependence on FF mass and TKE are presented in Fig. 14 and Fig. 15 respectively.
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Fig. 15. V(TKE)dependence in 22Cf(sf)
Fig, 14, Mass depende?ce of average PFN reaction. The maximum TKE release, when
emission in **Cf(sf). PFN emission became impossible PFN
indicated in figure.
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The distributions presented for FF recoil taken into account and ignored in order to
demonstrate the effects of corrections according to Ref. [11]. It should be noted that the
average neutron number also should be corrected according to formula (11) from Ref. [11].
We found this correction very small both in B5U(ng,,f) and 252Cf(sf) reactions in full
agreement with Ref. [11]. The difference between uncorrected and corrected distributions on

Fig. 14 was quite significant, which we explain with formula (4) used for pulse height
correction due to Frisch-grid inefficiency. Detailed description and derivation of the formula
can be found in research paper {8]. As was pointed out in review paper [12], the use of large

— P . e —
A WED g gA\\j = ; lpé > WFD D
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YI=A-B) (A-1B)
Y2D-CHD-CY

PH=A+B-C«D

| | | S
B WFD A e e A>— WD |0
3

Fig. 16. One of the anodes of position sensitive twin ionization chamber.

neutron detectors (with higher PFN detection efficiency) in many aspects was preferable in
PFN investigations. Bearing this in mind we started investigations, which would combine the
properties of both detectors with high and low efficiency. Before development of new
experimental setup for PFN we have developed position sensitive twin fission chamber with
capability of reconstruction the orientation of fission axis in 3D [13]. The twin chamber
consisted of common cathode, where fissile target can be located. Two segmented anodes
located at 40 mm distance symmetrically from the both sides of the cathode plane plain.

[———

Fig. 17. Fast neutron detector composed of 32 liquid scintillation modules with
position sensitive twin ionization chamber in centre (not shown in figure)
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Segmented anodes consisted of triangular strips, electrically isolated from each other as
demonstrated in Fig. 16. Each strip as shown in the figure connected to the nodes of the
resistive chain filter. Operational principle of position sensitive ionization chamber, formulae
for FF "charge centre-of gravity" and FF orientation evaluation was provided in Refs. [8,13].
Fast neutron detector consisted of 32 type VS-0499-100 scintillation detector modules of
diameter 76 mm and 51 mm from SCIONIX HOLLAND BV (Fig. 17). The setup was
planned to use in experiment to the end of this year at IREN —resonance neutron source in
Dubna.
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Abstract

In thermal nuclear reactors, most of the power is generated by thermal neutron induced
fission. Therefore, fission chambers with targets that responds directly to slow neutrons are of
great interest for thermal neutron flux measurements due to relatively low sensitivity to
gamma radiation. However, the extreme conditions associated with experiments at very low
cross section demand highly possible thermal neutron flux, leading often to substantial design
changes. In this paper we report design of a fission chamber for wide range (from 10 to 10'2
n/cm?sec) measurement of thermal neutron flux. Test experiments were performed at the first
beam of IBR2M pulsed reactor using digital pulse processing (DPP) technique with modem
waveform digitizers (WFD). The neutron pulses detected by the fission chamber in each burst
(5 Hz repetition rate) of the reactor were digitized and recorded to PC memory for further on-
line and off-line analysis. New method is suggested to make link between the pulse counting,
the current mode and the Campbell technique.

Introduction

In recent decade digital pulse processing (DPP) is considered as very powerful
alternative to traditional analogue pulse processing (APP) in experimental nuclear physics
research. Mainly it happened due to a diversity of data analysis options were provided in data
analysis and the flexibility of data treatment, which very unlikely can be provided by APP. In
this work we demonstrated the power of DPP implemented in thermal neutron counting with
fission chamber (FC) in the various modes developed in the reactor instrumentation, namely
the counting, the current and the Campbelling techniques. We demonstrated how to
implement DPP making direct link between the counting and the current mode measurement
with the thermal neutron sensor based on gas filled detectors. It should be noticed that
absolute thermal neutron flux measurement in the wide intensity range was very unlikely
possible with the same mode. The main problem was in the response function of the sensor,
which has limit in the width about few ns. When the distance between pulses became
comparable with this limit, then separation of the individual pulses was impossible. In that
case measurement usually was possible to perform in the current mode, using the
propottionality of the measured current to the neutron intensity. The main problem is how to
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make link between the counting and the current modes. In this work we propose a solution
which we believe able to provide the link.

Experimental Setup and Results

In reported experiment we used the fission chamber with 2°U target (99,999%
enrichment) mounted on the common cathode of a twin parallel plate ionization chamber
shown in Fig. 1. The target thickness was 0.5 mg/cm? of uranium smeared on the both sides of
aluminium backing foil. Tonization chamber was operated at constant flow 50 ml/min of
working gas P10. Negative high voitage (500 V) was applied to the: common cathode
allocated between two anodes at distances of 40 mm from each of them. Due to thickness of
the target and backing foil only one of two fission fragments (FF) was detected on thermal
neutron induced fission event. Working gas pressure was stabilized at 1.05 bar using a gas
pressure controller. Fission chamber was located at distance 27 m from the pulsed nuclear
reactor IBRZM with the following main parameters: average power 1.8 MW, fast neutron
pulse duration 200 us, the pulse repetition rate 5Hz, the thermal neutron intensity at the target
position was about 10° n/cm? per second. Fission fragments (FF) were decelerated in the
working gas of FC producing free electrons which were drifted towards the anodes under the
applied uniform electric field, inducing electric current pulses on the cathode circuit. The
cathode current was amplified and recorded by the WFD, triggered by the IBR2M “T-zero”
signal. The WFD sampling frequency (200 kHz) and the number of samples (4096) were
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Figure 1. Fission chamber with associated preamplifier, WFD and beam shaping equipment.

selected in order to cover the fuil thermal neutron burst duration about 20 ms. Sequential
reactor bursts were digitized and recorded to the notebook computer's hard disk for further
off-line data analysis. One of the recorded reactor bursts presented in Fig.2. It should be
noticed that because of the overlapped pulses baseline was distorted and must be restored
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using special electronic modules to stabilize the base line for proper counting when the APP
was implemented. Use of the DPP avoided the problem in the elegant way, using sequential
flow of the reactor bursts. To remove the baseline fluctuation we have used the following
method: each recorded waveform of the burst was subtracted from the waveform of previous
one, creating waveform shown in Fig. 3. It was easy to see that resulted distribution composed
of bipolar waveform with removed baseline and the data obtained was satisfying to the second
Campbell theorem {1,2]. According to the theorem the variance of the current's AC
component from the randomly distributed in time (Poisson distribution) current pulses is
proportional to the average pulse rate and the mean square charge per pulse:

<1(t)>=Th(z)dt~i<n,->-<q,-> e}

<I(t)2>—<1(t)>z :Th(t)zdt-i<n,->'<qi2> )

where, A(f) the circuit's response to a single pulse of a unit charge, (qi) the mean charge per
pulse, <q,2 > the mean square charge per pulse, (n,.> the average pulse rate in a fixed interval

of measurement. In current measurement,(l (t))Z =0, because the current waveform I(¢) was
difference of two sequential waveforms. So the Eq. 2 reduced to Eq. 3:
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Figure 2. Recorded waveform of single burst of the IBR2M (full range is 20500 us).

To investigate the Campbell theorem experimentally we divided whole measurement
consisting of more than 160000 of reactor bursts into the pieces of 12000 bursts. For each
reactor burst we measured the number of detected neutrons, which was fluctuating from burst
to burst making distribution presented in Fig.4. There were main group of bursts with the
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average neutron number ny=186 per burst and the FWHM=23.9 and a small group with
n=131.7 and FWHM=21.3. Two caused by the effect of the threshold in peak search
algorithm implemented for pulse counting.
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Figure 3. On the left: resulted waveform after second waveform was subtracted from the first
one. On the right: the enlarged area from the left to make individual pulses visible.

The neutrons were calculated according to number of peaks above the threshold using
constant fraction time marking algorithm described in our previous publications [3]. From the
data presented in Fig. 4 one can estimate the time intervals between sequential pulses
presented in Fig. 5 which demonstrate the numbers of events with time difference between
successive pulses in the range 15us up to 1250 us. This distribution demonstrates variable
counting rate of Poisson distribution inherent to pulsed sources.
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Figure 4. Distribution of a number of neutrons detected in the set of 200 bursts.
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Figure 5. Distribution of time intervals between successive pulses.

One of the important features available with measuring technique using DPP is simulating a
high counting rate from the set of measurements made at relatively low counting rate. In
current measurement the full set of data was divided into the smaller subsets, containing
20000 burst each. Taking into account the number of pulses in one burst 186 the number of
pulses in 1.6-10° burst would be ~3.0-107. Summing whole pulses into single burst produce
single burst, containing 3.0-107 pulses in 20 msec. The most of the pulses overlapped
simulating the situation of practically continuous current flow trough detector. Such situation
is exactly the same as it would be with a detector exposed to the neutron flux producing
intensity of a detector 1.5-10° pulses/sec. Using this approach we were able to simulate
comparison of the pulsed, the current and the Campbelling techniques with the same data set.
From the average pulse count in the single burst we managed estimate the total number of
pulses in the acquired data set. To simulate the current mode measurement we summed
160000 successive reactor bursts into single distribution as demonstrated on the left of Fig. 7.
The right picture demonstrates the share between partially moderated neutrons and gamma
radiation plus part of the fast neutrons passed the moderator without interaction from
plutonium's fission in the reactor core, used to evaluate the FC relative sensitivity to the
prompt neutrons and gammas. Fast prompt fission neutrons produced pulses in the chamber
mainly by inducing the fission with cross section about 2 b, whereas prompt fission gammas
produce pulses in the FC by directly ionizing the FC's working gas atoms. If the target
containing about 6-10'® uranfum atoms (double sided 0.5 mg/cm?) irradiated by the fast
neutron flux 10'? n/cm? would produce 2-10° pulse/cm? in the FC. According to the left plot
in Fig. 8 prompt fission gammas plus neutrons escaped the moderator produce by factor 31.08
pulses less. For the thermal neutron region the neutron capture cross section about 250 times
higher, meaning that the neutrons would produce by factor 250 more pulses than gammas and
the intensity of pulses from gammas would be at least 31.08 times less. From these rough
speculations the sensitivity of FC to gamma radiation would be ~7000 less than sensmvxty to
thermal neutrons.
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Figure 6. Autocorrelation function calculated after subtraction of two successive reactor
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Figure 7. On the left: FC pulses summed for 160000 reactor bursts. On the right: radiation
from the reactor burst with decomposition into the neutron (partially moderated/resonance)
and gamma plus fast neutrons, escaped the moderator, represented by Gaussians. S indicates
relative area under the Gaussians.

Finally in Fig.8 we have presented results of the current mode and the Campbelling
techniques of the pulse rate measurement using FC. Each point was obtained by summing the
pulses from the sequential reactor bursts incrementally: the second group burst pulses were
added to the first one, the third group of burst pulses was added to the second one and so on.
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Figure 8. On the left; group waveform composed of 100 sequential waveforms; on the right
comparison of intensity measurement in Campbell and current modes demonstrates very good
linearity.

Each group consisted of waveforms acquired in 100 sequential bursts. For the analysis the
waveforms were summed creating almost continuous distribution as shown on the left graph
of the Fig. 8. Then for the current mode measurement the components of the distribution from
Fig.8 (left) was integrated producing the number proportional to the pulse intensity in the
given group. For the Campbelling technique the components of distribution was squared
before integration then the square root of integral was considered as measure of the flux
intensity for the given group. Results for the current and Campbelling technique were plotted
on the left of Fig. 8 both demonstrating very good linearity.

Conclusions

In this paper we report results of out-of-core thermal neutron flux measurement on
pulsed nuclear reactor IBR2M using the counting, the current and Campbelling techniques.
Counting mode was used to make direct link between the number of detected neutrons and the
current flowing through the FC. Pulsed neutron source provided unique possibility to achieve
a variable neutron flux density in the same data set. The neutron induced signals result in
pulses with much greater charges than pulses from gammas, the mean square signal will
weigh the neutron component by the square of the ratio of neutron signal neutron- to gamma
ray induced signal (2]. In our work we find this ratio not less than 7000 from rough estimate
of experimental data.
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