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Abstract

Purpose. This paper presents the results of investigation of y-ray yield enhancement from "*Cd(n, xy)
reactions obtained in experiments with 14-MeV neutrons in comparison with theoretical spectrum calculated
in Empire code.

Methods. The experiment was carried out applying TOF-technique for n-y discrimination. The MCNP simulation
of the experiment was performed and the influence of scattered neutrons background at gamma-ray spectrum

shape was estimated.

Results. It was shown that despite TOF-technique thermal neutrons capture by °Cd isotope gives
considerable contribution to gamma-spectrum induced in "*Cd sample by primary DT-neutrons. The thermal
neutron flux was determined to be nearly constant at different locations of experimental hall.

Conclusions. For the correct measurements of the y-production cross sections for cadmium samples the
sufficient separation between primary neutrons and scattered ones must be provided
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Introduction

The cross sections of gamma-rays production
induced by neutron interactions are required for
radiation damage and shielding calculations of
the fission and fusion reactors. The 14-MeV neu-
trons are of utmost importance for these tasks
because of the big number of open reaction chan-
nels at this incident neutrons energy. Almost all
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of interactions between neutrons and nuclei of
interest are accompanied by the prompt gam-
mas emission, and the (n, xy) reactions cross
sections must be precisely known for the modern
and future reactor construction elements under-
going neutron exposure. Despite large number
of experiments performed with DT-neutrons they
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are still relevant for fusion reactors design. It is
caused by disagreements between nuclear data
from different authors [1] or between experi-
mental results and theoretical calculations. In
particular, the last ones were obtained in our ex-
periments for Cd element[2], which iscommonly
used in the reactors industry. The measured
gamma-ray spectrum appeared to be enhanced
in comparison with theoretical calculations. In
this work we present the investigation of this
phenomenon.

Data Analysis

Our experiments in gamma-ray Spectroscopy
were performed with 14-MeV neutrons for dif-
ferent samples, such as "Fe, "Bi, "*Cd, "*Ni,
natSn and "*C [2-5]. All the measurements were
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carried out using the pulse neutron generator
facility PNG-200 under the same geometry (sam-
ples had the torus shapes with outer and inner
radii of 10+16.5 cm and 1.5 cm, respectively) and
with the same settings: for n-y discrimination
the time-of-flight (TOF) technique was applied
with pulse repetition period (PRP) of 140 ns and
with y-detection time window of 20 ns (the de-
tailed description of experiments and DAQ can
be found in [4]). A good agreement between ex-
perimental results and theoretical calculations
performed in Empire code [6] was obtained for
all elements except natCd sample, where notable
discrepancy in the 5+10 MeV energy range is ob-
served (Fig. 1). Such enhancement of measured
gamma-spectrum from "*“Cd was also observed
in works of other authors [7; 8].
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Figure 1. The experimental data and theoretical calculations of gamma-ray spectrum
from "*Cd(n, xy) reactions induced by 14-MeV neutrons

The origin of this discrepancy can be caused
by the experimental conditions such as presence
of thermal neutrons background. The neutron
scattering on construction elements and walls of
the experimental hall leads to continuous neutron
spectrum formation in the experimental hall, as
well as the sample itself, and takes much longer
than PRP time. Hence, despite TOF technique,
the background gammas induced by low-energy
neutrons interaction can also be detected in the
time window. Itis well-known that for "“Fe, "4Bi,
"afNi, "*Sn and "*C elements capture cross section

even for thermal neutrons does not exceed several
barns. But for "“Cd this value is about 2500 b,
and (n, y) reactions can cause an essential impact
on gamma-ray spectrum.

An additional contribution to y-spectrum
is mainly expected to be from the "*Cd(n, y) *Cd
nuclear reaction. The *Cd isotope has 12.23% in
natural abundance and average cross section of
20 000 b for thermal neutrons capture resulting
in formation of compound nucleus "Cd with
excitation energy 9.04 MeV. The de-excitation
of this state occurs with high probability by the



cascade E2 transitions through the discrete levels
0-558.45 keV-1283.7 keV-1991 keV-2670 keV, ac-
companied by gamma-rays with the energies
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9.04 MeV, 8.48 MeV, 7.76 MeV, 7.05 MeV, and
6.37 MeV (Fig.2).
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Figure 2. Possible y-transitions from the *Cd(n, y) **Cd reactions at excitation
energy of 9.04 MeV

The energy resolution for these energies
in experiment was near 1 MeV, so along with
continuum transitions these gamma-rays due to
neutron capture could provide smooth enhance-
ment of gamma-spectrum within the energy inter-
val 5+10 MeV. The continuum transitions from
BCd(n, y)"™Cd reactions give notable contribu-
tion below 7 MeV [9], therefore the observed
double-humped spectrum can be formed by the
sum of a group of peaks around 7 MeV and the
continuous spectrum increasing at lower ener-
gies (left part), and discrete gamma-rays with
energies from 7.05 to the 9.04 MeV in the right
part of the spectrum. All these considerations
indicate possible influence of low-energy neu-
trons. To figure this out, the scattered neutrons
fluxes must be determined.

MCNP Simulations

The 14-MeV and thermal neutrons fluxes were
estimated by MCNP [10] simulations. The geometry

of the experiment is presented in Figure 3. The
main components that can effectively moderate
neutrons, such as concrete walls, floor, roof and
oil filled bucket for high voltage supply were
also built for simulations.
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Figure 3. The MCNP geometry of the experiment

The overall time of neutrons moderation
to the thermal energies and subsequent diffu-
sion before absorption is several hundreds of
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microseconds. The PNG-200 generates pulses of
DT-neutrons with period of 0.14 us, so it can be
considered as constant neutrons source relative
to the scattered neutrons lifetime in experimen-
tal hall. In such conditions the flux of thermal
neutrons is statistically averaged and nearly
constant during the measurements with strong
dependence on intensity of DT-neutrons from
the Ti-T target. Therefore the continuous and

isotropic point-source of 14-MeV neutrons was
specified in simulations.

The neutrons fluxes per one DT-neutron
from the source were determined at different
locations in the experimental hall: near the sam-
ple, behind the shielding bar and near the wall,
which is at 3.5 m distance from Ti-T target. The
results of simulated fluxes are shown in Table 1.

Table 1. Primary 14-MeV and scattered low-energy (0+0.5 eV) neutron fluxes

at different locations
. F. ,1/cm?/DT — neutron F_,1/cm?/DT — neutron
14° th?

tocation (14 MeV) (0+0.5 eV)

Near the 2.92:10~ 9.66:10-7

sample

Behind S 5

shielding bar 9.57-10 9.48-10
Near the 7.5910°7 9.65:10-7
wall

The simulated neutron spectra near the
sample within the 0.1+15 MeV and 0+0.5 eV
energy ranges are shown in Figure 4 The ratio
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between 14-MeV (F, P and thermal (from 0 and
up to 0.5 eV, F,) neutron fluxes near the sample
appeared to be F /F, =302.3.
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The yield of gamma-rays from (n, xy)
reactions induced by 14-MeV neutrons in the "*Cd
sample equals (1):

Yig = NiaF140,014 @))

where N, is the number of nuclei undergoing
irradiation by 14 MeV neutrons; F, is the 14-MeV
neutron fluence; an — coefficient for 14-MeV
neutrons beam attenuation in the sample; o,
cross section of gamma-production from (n, xy)
reactions induced by 14-MeV neutrons. In case
of thermal neutrons, the high cross section of
radiative capture by "Cd isotope limits the free
path of thermal neutron in cadmium by the value
of A, =1/Z, =8.6*10"°cm. As aresult, all the thermal
neutrons are absorbed within a thin (x< 0.1cm)
layer of cadmium, and (n, y) reactions rate equals
to the total number of neutrons hitting the torus
sample (2):

Riy = Fen(1 —exp (=x [ Aen))S = FenS  (2)

Here S is the area of the sample surface,
and (1 — exp(—x/A,) determines the neutrons
attenuation at distance x inside the sample.
The gamma-yield caused by thermal neutrons
Y, is the product of capture reactions rate R,
and multiplicity of capture y-rays M,. During
experiments the total yield Y, =Y, +Y, is mea-
sured including both thermal and 14-MeV neu-
trons induced reactions, and the enhancement
of gamma-yield caused by thermal neutrons
contribution can be expressed as follows (3):
L L T

Ni4Fi400,014

Yexp Yth
=142

Y14- Y14-

While the measured cross section of gam-
ma-ray production o is proportional to the yield
(because Y, was normalized to N F ), and
the response functlon of the spectrometer is the
same for gamma-rays of different origins, the
relation between different gamma-production
cross sections correlates with corresponding
yields. The cross section discrepancy between

measured experimental data and theoretical
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calculations in the 5+10 MeV energy range is (4):

d
[3" =2 dE

10do
S déf*dE

while equation (3) gives close to this discrepancy
value between experimental and theoretical
yields (5):

= 1.64 + 0.18 “4)

FepnSMy, Ny ip,
Ni4F140,014Ny14

=1.47 (5)

Here M, =4.1 is average gamma-ray mul-
tiplicity of 113Cd(n Y)"*Cd reactions, N, ,=10.2%
is part of gamma-spectrum within con51dered
energy range induced by thermal neutrons [11]
and N, =2.2% is the same for 14-MeV neutrons
obtained from Empire calculations.

The values in (4) and (5) confirm the idea
of contribution from thermal neutrons to the
measured spectrum. The excess of the measured
gamma-production cross section within 5+10 MeV
is 60 mb, and one could assume that it is caused
not by 14-MeV, but thermal neutrons interac-
tions with "*Cd nuclei. Then the cross section of
gamma-ray production renormalized to the flux
of thermal neutrons and number of "*Cd nuclei
equals 11 450 barn, which makes 12.7% of the total
cross section of gamma-yield, namely 88 000 b [11].

The value obtained in (5) shows that the
number of gamma-rays generated by thermal neu-
trons is about 47% of gamma-rays from 14-MeV
neutrons and it is comparable with obtained dis-
crepancy (4). Obviously, this contribution must
be taken into account during gamma-spectra
measurements from fast neutrons interactions.
It can be seen from table 1 that the primary 14-MeV
neutrons beam near the sample is bigger than at
other locations by 30 (behind the shielding bar)
and 385 (near the wall) times respectively, while
the thermal neutrons flux is nearly constant re-
gardless of the location of control volume in the
experimental hall. It means that the changing
of the sample position will not reduce the influ-
ence from scattered neutrons and the additional
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shielding is required. In particular, it can be re-
alized with the help of neutronstop covering on
walls, ceiling and floor. According to MCNP sim-
ulations, such type of shielding (with bricks of
10 cm thickness and 5% of '’B addition by mass)
leads to the reduction of thermal neutrons flux
up to 10* times. But the clear gamma-spectra from
14-MeV neutrons can be obtained only taking
into account the scattered ones.

Despite values in (4) and (5) are close, the
experimental enhancement is still higher than
expected one from thermal neutrons. This bump
was also observed in the experiments with high
flux of thermal neutrons and enriched ™Cd
sample in [11], and it could not be reproduced by
theoretical calculations. So this energy region
is under the interest and requires additional
investigations.

Conclusions

It was shown that the discrepancy in the gamma-
spectrum from natCd sample is caused by the
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ITizcuieHHA BUXOAY raMMa-KBaHTiB IPH B3a€MOJii IIBUAKUX HEUTPOHIB 3
i3oTomaMu KasiMiro
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«KuiBchbKUI OMITEXHIYHUM iHCTUTYT iMeHi Iropsa CikopcbKoTro»
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AHoTa1ia

Mera. V 11i#i cTaTTi IPEICTaBIEHO PE3YAbTATU JOCTI/KEHHS 301TbITIEHHS BUXO/y TaMMa-BUITPOMiHIOBaHHS
Biz peakuiii "“Cd(n,xy), mo Oyl0 OTPUMAHO IIifi Yac eKCIepUMEeHTY 3 HEHTpOHaMH 3 eHeprieio 14-MeB,
TIOPiBHSHO 3 TEOPETUYHUM CIIEKTPOM, PO3paxoBaHUM y KoZi Empire.

MeToau. ExcliepyMeHT MPOBEZEHO 3 3aCTOCYBAHHAM YacCOIIPOJbOTHOI METOAWKYU BUMIPIOBAHb I N-Y
avckpuMiHaiii. 3a gomomoro MCNP cumyssiilii 6y/10 BUKOHAHO eKCIIEPUMEHT I OLliHeHO BILIHB GOHY Bia
PO3CIsTHUX HEUTPOHIB Ha GOPMY raMMa-CIIeKTPY.

PesysnbTaTH. Byno nokasaHo, 110 He3BaXKal04y Ha 4acOBY celapallito IMO/il, 3aXBaT TeIVIOBUX HEUTPOHIB
izororrom "*Cd zmae cyTTeBHIT BHECOK y raMma-ciekTp i3 peakmiii "“Cd(n, xy), 3yMOBI€HUX IPIMUMU
DT-HeliTpoHamMu. Byso BusHaueHO QUIIOEHC TEIUIOBUX HEHTPOHIB, SKUH BUABUBCS CTAIUM V Pi3HUX TOYKAX
eKCIIepUMEHTAIBHOI 3aJIH.

BucHOBKH. /|11 KOpEKTHOI'O BUMipIOBaHHs ITepepisiB BUXO/y raMMa-KBaHTIB /IS 3pa3KiB KaZMito HeoOXiIHO
3abe3mevuyBaTy OJATKOBY Cellapallito MixK MPSIMUMH Ta PO3CITHUMU HEATPOHAMU

KirouoBi citoBa: terutosi Hetitpouu, DT-HEUTPOHH, KaAMili, TaMMa-CIeKTp, raMMa-BHXi/

YcuneHue BbIXoZ|a raMMa-KBaHTOB IIPU B3aUMO/I€eICTBUH ObICTPBIX HEHTPOHOB C
M30TONaMH KaJ[MUS

B.M.bonzaap'?, B.E. Jlemenko?, .H. Kagenko'

'KuieBCcKUI HallMOHAIbHBIM YHUBEpCUTET MMeHU Tapaca IlleBueHKO
01601, yn. Bnagumupckas, 64/13, r. KueB, YkpauHa

’HallMOHa/IbHBIM TEXHUYECKU YHUBEPCUTET YKPauHbI
«KreBCKUH MOMUTEXHUIECKUN HHCTUTYT UMeHH iropss CHKOPCKOT0»
03056, mpocir. [To6exsl, 37, r. Kues, YkpauHa

AHoTaia

Iens. B sTo# craThe IpeZcTaBieHbl Pe3ylbTaThl UCCIEAOBAHNSA YBEJINYEHNA BbIX0/Aa TaMMa-U3/IydeHNA
ot peakuuii "*Cd (n, Xy), 94T0 OBUIH ITOJIyYEHEI B X0/le SKCIIEPUMEHTA C HEUTPOHAMH ¢ SHepruei 14-MaB no
CpPaBHEHMIO C TEOPeTUYECKUM CIIEKTPOM, pacCUUTaHHBIM B koZie Empire.

MeTozbl. DKCIIEpUMEHT MPOBeZieH ¢ MPHUMeHEeHWEeM YacOIPOJETHOM METOAVMKU U3MepeHUM Ajad n-y
muckpuMuHanuy. C momorisio MCNP cumynaiiiy 65UT0 BEITOTHEHO SKCTIEPUMEHT U OlleHeHO BauAHue GpoHa
OT paccesTHHBIX HEUTPOHOB Ha GOPMY raMMa-CIeKTpa.

Pe3ynbTaThl. BbUIO NIOKa3aHO, YTO HECMOTPS Ha BPEMEHHYIO CemMapaliiio COOBITHIH, BOCTOPT TEIUIOBBIX
HelTpoHOB u3oromoM *Cd gaeT cyllecTBeHHBIN BKJIaJ, B raMma-clieKTp ¢ peakunuwii "“Cd (n, xy),
00y CIOBIEHHBIX MPAMBIMU DT-HeiTpoHaMM. BeUIO ompezieneHo GpJIIeHC TEIUIOBEIX HEMTPOHOB, KOTOPHIH
OKa3aJIcsl yCTOMYMBBIM B Pa3HBIX TOYKAX SKCIIEPUMEHTATBHOMN 3aIBL.

BbIBOABI. /151 KOPPEKTHOTO M3MEPEHUS CeYeHUH BBIXO/Ia FaMMa-KBaHTOB it 0OpasIoB KaMUs HEOOXOUMO
obecreynBaTh JOMOTHUTEIBHYIO CeMapalfio MeX/Iy IPSAMBIMHU U pacCeTHHBIMU HEUTPOHAMMU

KiroueBsle cj10Ba: TelioBble HEUTPOHBI, DT-HeUTpOHBI, KaAMUM, raMMa-CIIeKTpP, TaMMa-BbIXO/



