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The results of isotope identification of nuclear materials (Z*2Th, *°U, U, ?°Pu) packed in hermetic stainless
steel containers by their stimulated delayed gamma radiation are presented. The ratios of the values of the time de-
pendences of the intensity of gamma radiation of the light and heavy product of their photofission were used for the
analysis. Gamma radiation from photofission products ®**Rb (1031.9; 1248.1 keV) and **Cs (1009.8; 1436.8;
2218.0; 2639.6 keV) was used to differentiate nuclear materials. The photofission reaction the samples of nuclear
materials was stimulated on an electron accelerator, an M-30 microtron, at maximum bremsstrahlung energy of
12.5 MeV. The possibility of carrying out isotopic identification of nuclear materials using the following sets of
ratios of the values of the time dependences of the gamma-line intensity has been demonstrated: X(1031.9)/

X(2639.6), X(1248.1)/X(1009.8), X(1248.1)/X(1436.8), X(1248.1)/X(2218.0), X(1248.1)/X(2639.6).

PACS: 24.75.+1, 25.85.-w, 25.85. Ec, 25.85. Ca

INTRODUCTION

The control of non-proliferation of shielded (in her-
metically sealed stainless steel containers) nuclear mate-
rials (fertile — ?*2Th, 28U and fissile — **U, #°Pu) is one
of the most important tasks of atomic science and tech-
nology [1]. The reliable information about their isotopic
composition is required to successfully solve this prob-
lem. One of the widely used non-destructive methods
for the detection and isotopic identification of unshield-
ed and shielded nuclear materials is based on the use of
delayed gamma-rays from their fission products [1-10].

The essence of this method is to use experimentally
obtained information on the ratio of the intensity of
stimulated delayed gamma-rays from light and heavy
fission products [1-4]. The yields of light product frag-
ments significantly depend on the mass of fissile nuclei.
Their mass distributions shift towards larger masses
with increasing mass of fissile nucleus at the fixed exci-
tation energies. At the same time, the mass distribution
of heavy fragments is almost constant and does not de-
pend significantly on the mass of the fissile nucleus
(Fig. 1) [11].

As a result of the theoretical analysis [11, 12] and
experimental [2-9] studies, the possibility of using *Rb
and **®Cs products obtained as a result of fission by neu-
trons [2-5] and photons [6-10] for isotope identification
of unshielded [2—7] and shielded [8-10] nuclear materi-
als (3Th, U, 28U, ?°Pu) has been established.

The numerical values of the ratio of the yields of a
light fragment to a heavy fragment (Y (A =89)/
Y(A = 138)) for the photofission of #*2Th, #°U, %y,
%9pu with bremsstrahlung at 12.5 MeV boundary ener-
gy are equal to 0.944, 0.691, 0.496 and 0.369, respec-
tively. The differences between the numerical values of
the fragments yield ratio (Y(A = 89)/Y(A = 138)) for
neighbouring pairs of nuclei are 26.8% for **Th and
25U, 28.3% for U and ?**U, 25,6% for **®U and **Pu,
respectively [11,12]. The accuracy of determining the
absolute values of the yields of fission products, based
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on the measurement of their radioactive characteristics
(gamma radiation from fission products), is equal to
3...6 % [13, 14].

Stimulation of the fission reaction of shielded nucle-
ar materials by bremsstrahlung [8-10] has an advantage
due to the threshold nature of photonuclear reactions
[15-17].
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Fig. 1. Products yields of nuclear materials (***Th, #°U,
238, 2%pu) photofission [11]

As a result of the analysis carried out in [18], it was
found that the optimal bremsstrahlung energy for stimu-
lating delayed gamma quanta from shielded (in hermeti-
cally sealed stainless steel containers) nuclear materials
should not exceed 12.5 MeV. That is, the bremsstrah-
lung energy must be below the thresholds of possible
photonuclear reactions for the elements from which the
container is made [18,19].

The aim of this work is to experimentally study the
possibility of using (applying) delayed gamma rays
from photofission products (**Rb and **Cs) of nuclear
materials (**?Th, U, U, #*Pu) packed in hermetic
stainless steel containers for their isotope identification
on the electron accelerator — microtron M-30.
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1. MATERIALS AND METHODS

Determination of the ratio of the intensity of delayed
gamma-radiations of light (**Rb) to heavy (***Cs) prod-
uct of photofission of nuclear materials (**Th, U,
28, 2py) in hermetic stainless steel containers was
carried out by semiconductor gamma spectrometry [20,
21]. The investigated quantity in measurements is the
count rate in the peaks of total absorption (or peak in-
tensity) of gamma quanta of fission products (**Rb and
138Cs), which depends on the values of their activities,
the values of the absolute measurement efficiency, cor-
rections for self-absorption and the intensity of gamma
lines, and the values of fission product yields and the
number of fission events in the sample [21].

1.1. THEORETICAL BACKGROUND

The experimentally determined quantity in the iso-
topic analysis of nuclear materials is the count rate in
the total absorption peaks (n(E)) from the products of
their photofission and is given by formula (1) [21]:

n(E) = qe(E)1,(E)s(E), 1)
where ¢(E) is the spectrometer efficiency for energy E;
I,(E) is the absolute quantum yield of the gamma line
with energy E; s(E) is the correction for self-absorption
in the source at this energy.

If X; is given by formula (2)

X = Yie(E)L(E)s(E)ny, 2)
(Y; — photofission product yield, n; — the number of di-
visions in the sample per unit of time) then relations (1)
can be written as:

{nl(tir, to) = X1(1 - e‘klfir)e—htzr -
nZ(tirv tc) = Ale—htc _l_Aze—}»Ztc
where
}\‘ = .
Ay = X1ﬁ(1 —e llftr)_ 4)
= (x, - x, 22 _ p—hatir
Ay = (X = Xy %) (1 - e7ote), )

The pulse counting rate at the photopeak, measured
over the time interval [t;, t; + 1], is determined by the
relation (6):

__1 2 —\j1; tilive (1_9_%‘11’)
n(t;, 7;) _%Zj=1‘4je J oy
where T i the "live" measurement time.

From the experimental set of measured numerical
values of ne, at different cooling times and taking into
account the values of their errors o,(t;, t;), the least
squares method is used to find the values of the coeffi-
cients A; and their errors o(A4;) by minimizing the ex-
pression (7):

2
NEDW [Z?=1 Aje7Ht - NE(tivTi)] [62(t;, )] (7)

The value of X; for a particular photofission product
depends on the value of Y; according to (2); the remain-
ing parameters (spectrometer efficiency for energy E;
absolute quantum yield of a gamma line with energy E;
correction for self-absorption in the source) are con-
stant.

The values of Y;, depend on the count rate at the
peak of total absorption, the time of irradiation, expo-
sure and measurement, as well as the half-lives of the
parent and daughter members of the isobaric chain.

The error in determining X; is mainly related to the
count rate at the peak of total absorption (i.e., the area of

(6)

(a-eMY)
)\4.
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the peak); other parameters do not introduce significant
errors.

Thus, the values of X; obtained from experimental
measurements of the peak counting rate can be used for
the isotopic identification of nuclear materials.

1.2. SAMPLES OF NUCLEAR MATERIALS
IN HERMETIC CONTAINERS

Samples (targets) with isotopes of actinides nuclei
22Th  (weight — 1.0018g), **U (0.514g), *U
(1.119 g), #°Pu (0.400 g), which were packed in her-
metic stainless steel containers, were used for experi-
mental studies. All containers had the shape of a cylin-
der (diameter — 23 mm, height — 30 mm, weight — 70 g).
The containers were made from stainless steel grade
12X18H10T. A spectral analysis was carried out to de-
termine the precise number of chemical elements in a
steel sample, since the reference book of standards [15]
determines only the percentage limits for the presence
of chemical elements in various types of steel grades.
The percentage of chemical elements in steel were — (C
-0.07 (£0.12), 1,Si — 0.6 (<0.8), ;5P — 0.03 (< 0.035),
168 - 002 (S 002), 22Ti - 08 ("" 041), 24CI’ - 176
(17...19), xsMn—16 (<2), 2sFe — 70.06
(65.73...70.33), 2gNi — 9.2 (9...11), 2Cu — 0.02 (£ 0.3),
26Fe — 70.06 (65.73...70.33). The values of the limits of
the content of chemical elements in steel from the refer-
ence book of standards are given in parentheses.

Samples of nuclear materials in hermetic stainless
steel containers were manufactured at the V.G. Khlopin
Radium Institute (Saint Petersburg, Russia). The sam-
ples were not exposed to radiation before the experi-
mental studies.

1.3. SIMULATION OF THE SAMPLES IN
HERMETIC CONTAINERS ACTIVATION
PROCESS

To simulate the spectra of photons, residual elec-
trons and secondary photoneutrons that hit the screened
target, a C++ program was developed using the Geant4
toolkit [22, 23]. The program was developed for the
Windows platform using the multi-threading mode.

The modeling implemented the technical character-
istics of the M-30 microtron, the design features of the
electron output unit [24] and the activation schemes of
the samples of nuclear materials, which were packed in
hermetic stainless steel containers (Fig. 2).

The simulation considered the geometric dimensions
of the original electron beam: the shape — an ellipse, the
dimensions of the semi-axes — 11 and 3 mm) and the
characteristic of the samples of nuclear materials (***Th,
2B, 238y, 2py), which were packed in hermetic stain-
less steel containers.

Calculations were performed for 10E9 electrons in
the initial beam on computers with 6-core Intel(R)
Core(TM) processors i7-9750HCPU@2.60GHz and
36 GB RAM.

The influence of the elements of the activation cir-
cuit (converter, B,C filter [25], stainless steel contain-
ers) on the final shape of the spectra of photons, residual
electrons and secondary photoneutrons, which hit the
samples of nuclear materials were established (Fig. 3).

As a result of the simulation, the total number of
photons, residual electrons and secondary photoneutrons
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normalized per electron hitting the samples of nuclear
materials (3*Th, 2°U, U, %°Pu) in stainless steel con-
tainers was calculated: 2.870E-3 photons (with an ener-
gy > 6 MeV, involved in stimulating the photofission
reaction — 2.862E-4); 3,892E-5 electrons (with an ener-
gy > 6 MeV — 2.454E-6).

When performing calculations according to the indi-
cated activation scheme, photoneutrons that hit samples
of nuclear materials in sealed containers made of stain-
less steel were not detected.

The influence of structural elements (B4C filter,
stainless steel) of the sample’s activation scheme on the
characteristics of photons and residual electrons that hit
on nuclear materials was analyzed. A filter made of B,C
absorbs 15.96% of photons (with an energy > 6 MeV —
8.20%). Filter with stainless steel absorb 42.02% of
photons (with energy > 6 MeV — 36.31%) and — 95.46%
of electrons (with an energy > 6 MeV — 99.66%). Re-
sidual electrons that hit the targets (*Th, 2°U, %y,
%9pu) fission assembly did not affect the results of the
experiment.

The performed analysis indicates that the product
yields of the accompanying photonuclear reactions do
not affect the accuracy of the results.

1.4. STIMULATION OF THE DELAYED
GAMMA-RADIATIONS FROM NUCLEAR
MATERIALS PHOTOFISSION

To stimulate delayed gamma radiation from the
samples of nuclear materials in hermetic stainless steel
containers, bremsstrahlung with energy of 12.5 MeV
was used. Irradiation of the samples of nuclear materials
were performed on the M-30 microtron electron accel-
erator of the Institute of Electron Physics of the Nation-
al Academy of Sciences of Ukraine (see Fig. 2).

To generate bremsstrahlung, a Ta-converter was
used (thickness — 1 mm), located at 12 mm from the
output window (Ti, thickness — 50 um) of the electron
output unit. The fission assembly was installed perpen-
dicular to the beam axis at 100 mm from the Ta-
converter. The filter of residual electrons and secondary
photoneutrons (B,C) was installed close to the Ta-
converter perpendicular to the axis of the beam [25].

The electron extraction efficiency was ~ 95%. The
instability of the electron energy during target irradia-
tion did not exceed 0.04 MeV [24].

D23 mm

30 mm

18 mm

Tmm

12 mm

100 mm

Fig. 2. Scheme of activation of the nuclear material
samples on the microtron M-30: 1 — target (actinides in
hermetic stainless steel containers); 2 — output node of

the microtron M-30; 3 — photons converter (Ta,
52x45x1 mm); 4 —filter B,C (D = 30 mm,
thickness = 19 mm)
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Containers with nuclear materials (***Th, ?°U, U,
%py)) and an empty container were irradiated during the
experiment. All the samples were located at 100 mm
from the bremsstrahlung target along the beam axis dur-
ing irradiation. The irradiation time for all samples was
30 min. The integral electron flux upon activation was
~ 3.2E16 electrons for all samples.

10° T
. ——Ta
4 Y Ta+B4C
107 ™ —:— Ta+B4C+Steel |3
[}
g 10'5 L i
°
3
10°F L
X
a }
10'7 1 1 1 1
0 3 6 9 12
Ey, MeV
10° T2 :
Ta+B4C
o - —:— Ta+B4C+Steel -
~ o ‘D\ ]
”\
E ! ]
w -
YQ‘AM\ 3
Am‘Mﬁ .
12

Ee, MeV
Fig. 3. Spectra of photons (a), residual electrons (b)
on the nuclear materials in sealed stainless steel
containers: square — Ta-converter — nuclear materials;
circle — Ta-converter + B,C filter — nuclear materials;
triangle — Ta-converter + B,C filter + stainless steel
container — nuclear materials

1.5. SPECTROMETRIC STUDIES OF DELAYED
GAMMA-RAYS FROM THE SAMPLES

For the research, spectrometric complex based on
semiconductor detector was used: HPGe (Ortec), the
volumes of which were 150 cm® with an energy resolu-
tion of ~ 2.45 keV for the line ®°Co (1,332.5 keV) [26].

The setup scheme for measurements is shown in
Fig. 4.

First step: Background measurements were per-
formed by measuring an empty container and were car-
ried out periodically (at least once a day) in order to
verify the stability of background counting rates.

Second step: Measurements of characteristic (back-
ground) gamma radiation of nuclear materials (*°Th,
25y, 28U, #°Pu) samples were carried out before irradi-
ation.

Third step: Measurement of gamma radiation from
an empty stainless steel container was carried out after
activation.
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50 mm

Fig. 4. Scheme of delayed gamma-rays measurement
from nuclear materials photofission products:

1 — the detector active volume; 2 — cadmium sheet
(0.1 cm); 3 — the tube holder; 4 — tube for fixing the
position of the samples: distance — the active surface of
the detector; 5 — passive lead shielding (10 cm);

6 — samples

Fourth step: Measurements of the delayed gamma

radiation of nuclear materials in containers (***Th, #°U,
28, 29py) have been carried out.
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Measurements of all irradiated samples were carried
out during 180 min after the end of irradiation. The 10
series of measurements were carried out for each sam-
ple. The time for a single measurement was 10 min for
all samples.

During the measurements, the drift of the energy
scale, resolution and recording efficiency of the spec-
trometric complex were constantly monitored using
point standard gamma-active source *°Co. The drift of
these parameters did not exceed 1%.

Fig. 5 shows: 1 — delayed gamma-ray spectra from
products of activation of nuclear materials (**Th; Z°U;
%8: 29py), which were packed in container; 2 — char-
acteristic (background or not irradiated) gamma-rays
from isotopes (>*°Th; 2°U; 28U; #°Pu) of nuclear mate-
rial; 3 — gamma-rays of products of activation of chemi-
cal elements from which the container is made. Meas-
urement time for all samples was 10 min. Irradiation
time for all samples was 30 min. Cooling time was
60 min.
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Fig. 5. Gamma spectra of activation of nuclear materials (1), characteristic (background) gamma lines of isotopes
of nuclear materials (2), and the products of activation of chemical elements from the container (empty)

Gamma-lines of **Cs (1009.78; 1435.77; 2218.00;
2639.59 keV) and %Rb (1031.92; 1248.14 keV) [27]
were used in isotopic analysis of nuclear materials. Fis-
sion products (gamma-rays emitted) were identified by
the energies of their characteristic gamma lines, consid-
ering their half-lives and measurement, accumulation,
and cooling times. Additionally, the half-lives of their
predecessors along isobaric chains were considered.

Gamma-ray spectra of samples were measured in re-
al time. The live time of the spectrometer did not exceed
5...7% during all measurements.
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The value of the statistical error in detecting gamma
lines from products (which were used for self-
calibration and isotopic analysis of nuclear materials) of
photofission of actinides did not exceed 5%.

Spectroscopic information was processed using the
Winspectrum software package [28].

RESULTS AND DISCUSSION

For the analysis, we used the experimental values of
the time dependences of the intensity of the following
gamma lines on the products of photofission of nuclear
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materials: ***Cs (1009.78; 1435.77; 2218.00; 2639.59 keV)
and ®Rb (1031.92; 1248.14 keV).

The gamma lines ¥Rb (2570.2; 2707.3 keV) and
13%8Cs (2639.6 keV) were not used for analysis due to
poor counting statistics.

The ®Rb gamma line (2195.92 keV) was not used
for analysis, since the spectrum contained an interfering
88Kr gamma line (2195.84 keV) with comparable abso-
lute quantum yield (14.5 and 13.2%, respectively) [27].

The values of X were calculated based on the exper-
imental data of ne, at different cooling times according
to formula (7) using the MINUIT D506 program [29],
which implements the least squares algorithm.

The calculated X values are shown in Table.

Prod. | Ey,MeV | **Th | #U | #Uu | ®pu
®Rb | 1031.92 | 57.9 | 1156 | 42.1 | 147
®Rb | 124814 | 442 | 89.9 | 445 | 145
%8cs | 1009.78 | 56.2 | 163.2 | 131.1 | 70.0
1%8cs | 1435.77 | 110.7 | 308.0 | 266.7 | 132.0
%8cg | 2218.00 | 16.6 | 445 | 433 | 19.1
%8cs | 263959 | 6.9 | 202 | 16.6 8.7
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Fig. 6. Dependence of the ratios of the X values of the
gamma line of the light product ®*Rb to the gamma lines
of the heavy product **Cs on mass of fissile nuclei

Dependence of the ratios of the X values of the
gamma line of the light product *Rb (1031 keV) to the
gamma lines of the heavy product **Cs (1009.78 — light
square; 1435.77 — light circle; 2218.00 — triangle;
2639.59 keV — rhombus) on mass of fissile nuclei (nu-
clear materials — **?Th; #°U; #8U; **%uy) is shown in
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Fig. 6,a. A similar dependence of the ratios of X values
for the gamma line of the light product *Rb (1248 keV)
is shown in Fig. 6,b. The same figure shows the calcu-
lated and experimental yields for these products [11].

The values of the dependence of the ratios X for the
indicated pairs of gamma lines on the mass of fissile
nuclei qualitatively reflect the structure of the depend-
ence of the ratios of the yields of the indicated pair of
products. These dependencies are almost parallel to
each other. The difference in their values (for fixed
gamma lines for one fissile nucleus) is due to the ab-
sence in formula (7) of normalizations to the absolute
quantum yield of gamma lines, their self-absorption and
absorption in samples, and the efficiency of the spec-
trometer according to formula (1).

CONCLUSIONS

As a result of experimental studies, the possibility of
isotope identification of nuclear materials in stainless
steel containers using delayed gamma radiation has
been demonstrated.

The use of calculated X values from measured inten-
sity values of gamma lines of nuclear materials photo-
fission products made it possible to expand the number
of gamma lines (for a wider energy range) suitable for
analysis, as well as to increase its accuracy and reliabil-
ity.

The ratio of time dependencies of gamma lines in-
tensity of the light and heavy photofission products
(X(1031.9)/X(2639.6), X(1248.1)/X(1009.8), X(1248.1)
/X(1436.8), X(1248.1)/X(2218.0), X(1248.1)/X(2639.6))
can be used to differentiate nuclear materials. In this
case (for the parameters of our experiment), the accura-
cy of measuring gamma lines intensity should not ex-
ceed 5%.

The obtained experimental results are consistent
with the results of our previous simulation of the possi-
ble use of gamma radiation from the products (**Rb and
38Cs) of the shielded nuclear materials photofission
[11,18] for the analysis of their isotopic composition.

Results of characteristics simulation of bremsstrah-
lung radiation beam which hit the samples for M-30
microtron, with help of the Geant 4 toolkit, allowed to
optimize the scheme of stimulation of delayed gamma
radiation from photofission of nuclear materials in her-
metic stainless steel containers.
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I30TOITHA ITEHTU®IKAIIA ®OTOMOLTY SIIEPHUX MATEPIAJIIB Y KOHTEMHEPAX
3 HEP’)KABIFOUOI CTAJII 3A IOMTOMOT OKO 3BATPUMAHOT'O TAMMA-BUITPOMIHIOBAHHS

L.B. ITununyuneys, 0.0. Ilapnaz, B.T. Macniok, €.B. Oneiinikos, O.1. Jlenzen

IpencTaBieHo pe3yIbTaTH i30TomHoi inenTHdiKamii snepanx marepianis (“2Th, #°U, 28U, #°Pu), ynakosammx
y TepMEeTHYHI KOHTEHHEpH 3 HEpXKaBifodoi cTaili, 3a iX CTHMYJIFOBAHUM 3aTPUMAaHAM TaMMa-BHIIPOMIHIOBAHHSIM.
Jns  aHamizy BHKOPHCTOBYBAJIIOCS BiNHOUICHHS 3HA4YeHb YAaCOBHX 3alI)KHOCTEH IHTEHCHBHOCTI TaMMa-
BUIIPOMIHIOBAHHS BiJl JIETKOI'O Ta BA)XKOTO NPOAYKTIB IXHBOTO (oTomnoziny. ['aMma-BUIIPOMiIHIOBaHHS TPOAYKTIB
doromoxiny *Rb (1031.9; 1248.1 keB) ta **Cs (1009.8; 1436.8; 2218.0; 2639.6 keB) BUKOPHCTOBYBAIIHCS [UIS K-
(epenuianii simepHux Martepiani. CTUMysLis peakuii GoTomnoniry 3pa3kiB IPOBOAMIIACS HA EIEKTPOHHOMY IIPHC-
KOpIoBaui — MikpoTpoHi M-30 3 MakCHMaJbHOIO €HEpri€lo rajbMiBHOTO BunpominioBaHHs 12.5 MeB. Ilponemonct-
POBaHO MOXJIMBICTh MPOBEJCHHS 130TOMHOI 1IeHTU(IKaLiT SAepHUX MaTepialliB 32 HACTYIHUMH HabopaMH BiIHOC-
HUX 3HA4YeHb YaCOBHX 3aleXKHOCTeW iHTeHcHBHOCTI ramma-miniit: X(1031.9)/X(2639.6), X(1248.1)/X(1009.8),
X(1248.1)/X(1436.8), X(1248.1)/X(2218.0), X(1248.1)/X(2639.6).
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