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Monte Carlo simulation of prompt y-ray spectra from depleted
uranium under D-T neutron irradiation
and electron recoil spectra in a liquid scintillator detector”
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Abstract:
two-step method is adopted to calculate the energy deposition of prompt y-rays in detectors for depleted uranium

To overcome the problem of inefficient computing time and unreliable results in MCNP5 calculation, a
spherical shells under D-T neutron irradiation. In the first step, the y-ray spectrum for energy below 7 MeV
is calculated by MCNP5 code; secondly, the electron recoil spectrum in a BC501A liquid scintillator detector is
simulated based on EGSnrc Monte Carlo Code with the y-ray spectrum from the first step as input. The comparison
of calculated results with experimental ones shows that the simulations agree well with experiment in the energy
region 0.4-3 MeV for the prompt y-ray spectrum and below 4 MeVee for the electron recoil spectrum. The reliability

of the two-step method in this work is validated.
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1 Introduction

Prompt radiation measurement is an essential
method in the diagnostics of nuclear explosions [1]. In
addition, prompt y-ray spectra can give important sup-
port in validating nuclear cross sections [2, 3]. In the
physical design of hybrid reactors, the radiation effects
and 238U nuclear parameters have to be taken into ac-
count to guarantee the feasibility of the design. Bench-
mark data from experiments on macroscopic samples or
mock-ups of depleted uranium can be used to evaluate
cross sections and check the related nuclear data. The
representative experiment is the pulsed spheres program
at LLNL [4-7], in which the electron recoil spectrum
(ERS) in a liquid scintillator detector was investigated
for prompt y-rays from a depleted uranium spherical
sample under D-T neutron irradiation.

Monte Carlo (MC) simulation and comparison with
experiment is a necessary validation method. To simu-
late the energy deposition of prompt ~-rays induced by
D-T neutrons, the coupled neutron-photon Monte Carlo
transport mode is needed. MCNP5 is one of the most
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general codes that can do this work with a pulse height
tally. However, the pulse height tally does not work well
with neutrons, and a very long computing time is nec-
essary to simulate the whole macroscopic experimental
model. Furthermore, the calculation is not as reliable
as the intrinsic non-analogous nature of neutron trans-
port in MCNP [8], as was encountered in the study of
Perot et al. [9]. A two-step calculation method is consid-
ered to avoid these problems. The computing efficiency
of EGSnrc software [10] is far higher than MCNP5 code
when used to calculate photon energy deposition. There-
fore, we can simulate the prompt y-ray spectrum using
MCNPS5, then simulate the ERS in liquid scintillator de-
tector by EGSnrc code [11] using the calculated prompt
y-ray spectrum from MCNP5 as input.

In this paper, a two-step calculation method is used
to simulate the energy deposition in a BC501A liquid
scintillator detector for prompt y-rays from a depleted
uranium spherical shell bombarded by D-T neutrons.
A coupled neutron photon transport calculation is car-
ried out in the first step, while just photons are used in
the second. In the first step, y-rays below 7 MeV are
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simulated using MCNP5, while in the second step the
ERS is simulated using EGSnrc. By comparing the cal-
culated results with the experimental ones, the reliability
of the two-step method in this work was checked.

2 Theory and methods
2.1 Physics of prompt y-rays

Prompt y-rays are emitted over a very short time in-
terval (107'*=10"7 s) [12] through fission, inelastic reac-
tion, and radiation capture for a depleted uranium spher-
ical shell under D-T neutron irradiation. The cross sec-
tions of the three processes for 233U are 1.1, 0.58, and
9.8x10~* barn, respectively. For the fission reaction,
prompt y-rays mainly come from the (n, f) reaction while
the (n, fy) reaction has little contribution. In the (n,
f) reaction, prompt y-rays are emitted from the excited
compound nucleus or fission fragments when the exci-
tation energy is inadequate to emit a neutron, namely
fission prompt y-rays. The energy of fission prompt y-
rays is 0.25-7 MeV, 95% of which are below 4.25 MeV.
Binary fission of ?*®¥U is shown in Eq. (1), and there is a
similar expression for the fission of 2*°U.

n+**U—-X+Y+n+(G)y+(E). (1)

In Eq. (1), X and Y represent fission fragments, o
is the multiplicity of fission neutrons, and (F) and (G)
are the average energy and multiplicity respectively of
fission prompt 7-rays, which can be calculated by Egs.
(2) and (3) [13].

(E) = —1.33(£0.05)+119.6(£2.5)Z3 /A,  (2)

E.(p,Z,A)
(@) B 3)

In Eq. (2), (F) is in MeV, Z and A are the atomic
number and pre-fission mass of the fissionable nucleus,
respectively. In Eq. (3), F is the total prompt y-ray
energy.

For the inelastic reaction (n, ny), there are 88 energy
levels for the excited 233U nucleus. Meanwhile, hundreds
of y-rays of 44.91 keV to 5.2 MeV are emitted and form
a continuum y-ray spectrum [14]. For the radiation cap-
ture reaction #*¥U (n, v)**°U, there are 168 prompt y-
rays with various energies from 11.98 keV to 4.8 MeV.
However, the contribution of y-rays from radiation cap-
ture to the total is negligible as the capture cross sec-
tion is about 0.1% of that for the fission reaction. Fur-
thermore, fission neutrons of 23¥U and 23U could also
induce the above-mentioned nuclear reactions and gen-
erate prompt y-rays from collisions.

2.2 Simulation of prompt y-rays

An anisotropic D-T neutron source was placed in the

center of a depleted uranium spherical shell. A BC501A
liquid scintillator detector was placed in the direction of
the DT beam at a distance of 10.7 m from the neutron
source. The schematic experimental layout is shown in
Fig. 1. Figure 1(b)—(e) are enlarged diagrams of the
depleted uranium spherical shell, collimator, liquid scin-
tillator and target system including the titanium tritide
target. The inner and outer diameters of the depleted
uranium spherical shell are 50.8 cm and 57 cm, respec-
tively. A thickness of 3.1 cm corresponds to 0.87 mean
free path for 14 MeV neutrons. The depleted uranium
was composed of U (99.579%), #*°U (0.4154%), #*'U
(0.034%) and 23U (0.003%); the density and total mass
are 18.8 g/cm?® and 526.6 kg, respectively.

Prompt y-rays from scattered neutrons in the exper-
iment hall were subtracted as background in the exper-
iment, so it is not necessary to consider the experiment
hall in the simulation model. The rectangular regions
designated by dot-dash lines in Fig.1 (a) are the re-
gions of the simulation models. Utilizing the coupled
neutron-photon transport mode and tally type F2 in
MCNP5 code, the prompt «-ray energy spectrum and
time spectrum were obtained on the surface “S1” (shown
in Fig.1(c)) near the collimator. The energy cutoffs of
neutron and photons were the default values in the sim-
ulation.
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Fig. 1. (color online) Experimental setup: (a)

whole arrangement, (b) depleted uranium spheri-
cal shell, (c) collimator, (d) liquid scintillator de-
tector, (e) target system.

036201-2



Chinese Physics C  Vol. 40, No. 3 (2016) 036201

2.3 Simulation of ERS

The EGSnrc system is a general-purpose package de-
signed for MC simulation of the coupled transport of
electrons and photons in arbitrary geometries for parti-
cles with energies above a few keV up to several hundreds
of GeV. The system includes mainly source code and sev-
eral user codes. Two codes, PEGS4 [11] and DOSRZnrc
[11], were both used in this work. The following physical
processes were considered: Compton scattering, photo-
electric effect, pair production, bremsstrahlung produc-
tion, positron annihilation, and Rayleigh scattering. The
electron energy cutoff “ECUT” was 0.521 MeV (includ-
ing the electron rest mass), and the photon energy cutoff
“PCUT” was 1 keV.

PEGS4 was used to generate cross section data.
Through modeling the passage of an electron or pho-
ton beam in a cylindrical geometry (shown in Fig.2),
DOSRZnrc was used to simulate the energy deposition
distributions induced by photons on surface “S1”. The
distance between the photon source (S1) and the front
face of the liquid scintillator was 165 cm. The radius of
the parallel photon beam was 3.15 c¢cm, which is equal
to the inner radius of the collimator. The spectrum of
the incident photon source was the prompt y-ray spec-
trum obtained by MCNP5, and the incident direction
was normalized to Z-axis, which is perpendicular to the
front face of the detector.
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Fig. 2. (color online) Simulation model of BC501A
liquid scintillator detector and collimator.

The energy resolution of the detector is not involved
in the simulation. In order to compare with the experi-
ment results, the simulated ERS needs to be broadened
with a Gaussian function based on the measured energy
resolution of the detector. A 70 x 70 Gaussian matrix
was built based on Gaussian probability density function
as shown in Eq. (4), the energy bins of which were 0.1
MeV steps from 0.1 MeV to 7 MeV. Some energy resolu-
tion functions of the BC501A detector are shown in Fig.

3. The broadened ERS could then be obtained from con-
volution of the simulated ERS with the Gaussian matrix.
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Fig. 3. (color online) Energy resolution functions
of BC501A liquid scintillator detector.

1 _(BE-E)?

= e 202 4
=" (4)

1
In Eq. (4), 0 = ———=(a+bVE+cE?), Fisin MeV.
@ (4), 0= = (atby )

For the detector in this work, the values of a, b and ¢
were —0.00102, 0.078014 and 0.608164, respectively.

3 Results from simulation

3.1 Energy spectrum and time spectrum of
prompt y-rays

In the MCNPS5 simulation, a total count of 1.49x10°
D-T neutrons was sampled. This spent 3000 minutes for
a computer with 2.66 GHz CPU. The number and av-
erage energy of the photons in various cells are shown
in Table 1. The energy and time spectra of prompt ~y-
rays on surface “S1” are shown in Fig. 4 and Fig. 5
respectively.

For the neutron cross sections used in MCNP5: “N
and '°0 are from ENDF/VL.8 (actia), ?*¥U and 23U are
from the ENDF/BVL5 Library (endf66¢), and 2**U and
67 are from the ENDF/BVI.0 Library (endf66c). For
the photon and electron production cross sections, C, O
and U are from the ENDF/BVI.8 Library (mcplib04 and
el03). As the total enrichment of 2**U and 2*°U is less
than 0.05%, the contribution of the two nuclei can be
neglected in practice.

The results in Table 1 show that the average energy
of photons is 0.65 MeV in the depleted uranium spheri-
cal cell. The simulated average energy for 2**U is lower
than the 0.97 MeV which was calculated by Eq. (2).
The discrepancy in average energy indicates that the
y-rays from inelastic reaction may have been included in
the simulated results, which have a lower average energy
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Table 1. The number and average energy of photons in various cells.
cell number of photons average energy /MeV ratio (%)
titanium film 3.54x10° 1.82 7.65x1073
molybdenum substrate 5.60x107 1.68 1.21
water 2.69x107 4.84 5.82x1071
aluminum target chamber 5.44x107 2.67 1.17
depleted uranium sphere 4.49x10° 0.65 9.70x 10!
air 1.17x10°% 4.23 2.53x104
total 4.63x10° — 100

than those from the fission reaction. The average energy
of photons in titanium film, molybdenum substrate, alu-
minum target tube and cooling water are shown in Table
1, and the probabilities of penetrating the 3.1 cm thick
depleted uranium for these y-rays are 0.120, 0.108, 0.164
and 0.196, respectively. Photons produced by air and
neutrons can be neglected. Therefore, considering the
average photon flux, we can conclude that the penetrat-
ing photons that are not from uranium occupy a ratio of
about 2.97% of the total penetrating photons.
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Fig. 4. (color online) Energy spectra of prompt y-

rays simulated by MCNP5
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Fig. 5. Time spectrum of prompt y-rays simulated
by MCNP5.

The energy spectra of prompt y-rays in different time
intervals on the surface “S1” are shown in Fig. 4, with
the emission process of most prompt y-rays being fin-
ished within 100 nanoseconds. The statistical error in
the prompt y-rays is 2%-6% below 3 MeV, 6%-15% in
3-5 MeV, and it will reach 15% when the energy is above
5 MeV. The time spectrum of prompt v-rays is shown in
Fig. 5. 14 MeV D-T neutrons arriving at the inner sur-
face of the depleted uranium spherical shell take about 5
ns, which corresponds to the starting point of the curve.
The prompt y-rays from the depleted uranium spherical
shell arriving at the surface “S1” take about 29 ns, which
corresponds to the second turn in the curve. Hence, it
can be predicted that the y-ray intensity should reach
a maximum at 34 ns, and then decrease sharply. The
~-ray flux should decrease two orders of magnitude by
100 ns. Therefore, a period of 100 ns for the electronic
circuit is appropriate in this experiment.

3.2 Electron recoil spectrum in detector

Utilizing the prompt y-ray spectrum from the MCNP
calculation as input, the simulated ERS by EGSnrc and
the broadened ERS for the BC501A detector are shown
in Fig. 6. The total efficiency of the continuum vy-rays
is 0.1914. Results indicate that the shapes of the two
ERS spectra are consistent with each other over the en-
tire energy region, while the shape of the broadened ERS
is much smoother than that of the original one beyond 5
MeV.
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Fig. 6. (color online) Simulated and broadened ERS.
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4 Experimental validation

Validation of the ERS and energy spectrum of
prompt y-rays by Monte Carlo simulation was accom-
plished experimentally. Based on a pulsed D-T neutron
source from the PD-300 neutron generator at the In-
stitute of Nuclear Physics and Chemistry (INPC), Mi-
anyang, the ERS for prompt y-rays from a depleted ura-
nium spherical shell were obtained by the ToF method.
The detector in simulation and experiment was exactly
the same. The ERS was unfolded by an iterative method
for y-rays below 4 MeVee, and then the prompt y-ray
spectrum was obtained.

The ERS from simulation and experiment are shown
in Fig. 7. The two spectra agree with each other in the
range 0.15—4 MeVee, while there are insufficient statistics
above 4 MeVee. The unfolded prompt y-ray spectrum
below 4 MeV is shown in Fig. 8, and the experimental
results agree well with the simulation in the range 0.4-3
MeV.
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Fig. 7. (color online) Comparison of simulated

ERS to experimental results.
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5 Conclusion

Prompt y-ray spectra from a depleted uranium spher-
ical shell irradiated by D-T neutrons and the correspond-
ing ERS in a BC501A liquid scintillator detector have
been quantitatively specified with the Monte Carlo codes
MCNP5 and EGSnrc. The ERS and y-ray spectrum
from simulations were compared with the experimental
results. The general agreement between experiment and
simulation is quite satisfactory in the energy region of
0.4-3 MeV for the prompt y-ray spectrum, and below 4
MeVee for ERS. The two-step calculation method pro-
vided in this work is efficient and could avoid the unreli-
ability of pulse height tally in energy deposition of y-rays
under neutron irradiation. It can be confirmed that the
two-step simulation method is reliable and accurate, and
can be applied to the simulation of prompt y-ray energy
deposition in neutron -ray mixed fields.
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