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Abstract Knowledge of actinides (n,f) fission process
induced by neutron is of importance in the field of nuclear
power and nuclear engineering, especially for reactor
applications. In this work, fission characteristics of
238U(n,f) reaction induced by D-T neutron source were
simulated with Geant4 code from multiple perspectives,
including the fission production yields, total nubar, kinetic
energy distribution, fission neutron spectrum and cumula-
tive y-ray spectrum of the fission products. The simulation
results agree well with the experimental nuclear reaction
data (EXFOR) and evaluated nuclear data (ENDF). Mainly,
this work was to examine the rationality of the parametric
nuclear fission model in Geant4 and to direct our future
experimental measurements for the cumulative fission
yields of 28U(n,f) reaction.
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1 Introduction

Fission characteristics of actinides induced by neutrons
are important for reactor applications. In particular, the
neutron-induced fission data of 235U, 2381 and **°Pu has a
significant application in conventional light-water reactors,
heavy-water reactors and fast reactors [1, 2]. Among the
three actinides, 2317 is associated with 2*°U in conven-
tional reactor and correlate with **’Pu in fast reactor. The
knowledge of 238U(n,f) fission reaction induced by neutron
at around 14 MeV produced by a D-T neutron source has a
wide range of applications, such as accelerator-driven
subcritical systems [3—6], thorium-based molten-salt reac-
tors [7], nuclear transmutation system [8], fission reaction
rate measurement [9] and nuclear structure research. For
these applications, detailed information of the fission cross
section, fission-fragment mass, kinetic energy distributions,
fission neutron spectrum and vy-ray spectrum is key
observables. So far, the measured FPY (Fission Product
Yield) for B8y (n,f) reaction induced by neutrons mainly
came from early experiment in low-energy region. The
investigation of their dependence on production rates of
secondary long-lived fission residues and neutron-rich
isotopes may not only reveal valuable information about
the shape of the nuclear potential energy landscape around
the saddle point, but also provide reliable fission data for
further experimental study and the nuclear facility design.

The FPY of >*®U changes with the neutron spectrum and
flux, irradiation time, etc. The methods to measure the
fission products include radiochemistry, mass spectrome-
try, direct y-spectroscopy [10, 11], line isotope separation,
etc. Now, it is possible to simulate nuclear reaction process
with a Monte Carlo transport code—Geant4 version 9.6.4
(GEometry And Tracking code) [12, 13]. As a new tool for
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simulating the ***U fission reaction induced by D-T neu-
tron source, Geant4 has been used in high-energy physics,
space, medical, nuclear experiments and accelerator phy-
sics [14, 15]. In a simulation, necessary particles and
physical processes were constructed to set up the physics
framework. For fission processes of 238U, the G4Neu-
tronHPElastic model, G4NeutronHPInelastic model,
G4Decay model, G4NeutronHPCapture model and
G4ParaFissionModel model were specifically selected to
describe the elastic scattering, inelastic scattering, decay
process, neutron capture and neutron-induced fission,
respectively.

Many authors have reported their researches on the
characteristic of FPY distribution for 2*®U(n,f) reaction
induced by neutron [11, 16-26], and evaluation databases
[27], such as ENDF/B-VIIL.1, JEFF/FPY-2011, JENDL-4.0,
and GEFY-3.3, are available. However, many provided just
segmental fission nuclides or fission yield distribution. In
this paper, typical simulation results are compared with
experimental data [28] and evaluation data to evaluate the
physics model in Geant4, in an attempt to understand
characteristic of 238U(n,f) fission reaction, and guide our
future measurements for the cumulative fission yields of
233U(n,f) reaction induced by D-T neutrons using the direct
v-spectroscopy method.

2 Simulations
2.1 The incident neutron spectrum

Fast neutron generators are used worldwide for all kinds
of purposes, such as nuclear data measurement, radiation
hardening and radioactive breeding, etc. The neutrons from
D-T neutron generator are suitable for inducing fission
reactions research. Lanzhou University has developed an
intense neutron generator based on T(d,n)4He reaction with
a rotating target, to generate 14.0 MeV monoenergetic
neutrons by 300 keV deuteron beams from an accelerator.
The fast neutrons produced with a thick target have distinct
angular distribution and intrinsic energy spectrum [29]. For
an incident deuteron energy Ej, the neutron spectrum with
a given angle 6 and energy E can be calculated by Eq. (1)
[30]:

Ey —1
d?y _N/{ d%e } [dEd:|
dE,dQ, J dEndQn] £, 9, L dx

i dE,]"!
x exp | — / S won(E) {Ed] dE' | dE;,
Eq
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where d*Y/(dE,dQ,) is the double differential thick target
neutron yields, N is atomic number density of the target,
d*o/(dE,dQ,) is the neutron-produced double differential
cross section, Ey is the incident deuteron energy, E; is the
deuteron energy in the target, dE4/dx is the stopping power
of the target and > _,,,(E’) is the macroscopic total reaction
cross section. In this work, we calculated the neutron
spectrum with incident deuteron beams of 260 keV, as
shown in Fig. 1.

2.2 Sample

Uranium dioxide (100.0% purity) was used as the target.
In order to determine optimum thickness of the **U sample,
we chose '?Te and °*Zr as representative nuclides to cal-
culate the different share of fission fragments deposition, as
function of the sample thickness. As shown in Fig. 2, the
deposition share reaches more than 99.90% at 0.8 mm
thickness, where it begins changing slowly with the thick-
ness. Therefore, 1.0 mm target thickness (over 99.95%
fragments deposition share in the sample) was selected.

A hollow cylindrical target of 20 mm in wall thickness
of 1.0 mm was used in the simulation. The target was
positioned on the deuteron beam axis. Fission products
identified in each step of nuclear reaction inside the sample
were considered in Geant4, whereas fission neutrons and
decay y-rays were recorded in the entire 47 steradian.

3 Results and discussion
3.1 Fission yields distribution

The FPY distribution is a key to fission reaction. In the
238U(n,f) fission process, the fission fragments were
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Fig. 1 Outgoing neutron energy spectrum distribution of D-T
neutron source
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Fig. 2 Simulated deposition share of the fission-fragments, as
function of target thickness

simulated in their independent and cumulative yields. The
former considered the initial fission-fragment yields only,
while the latter took all the fission products including the
initial fragments and the B-decayed nuclides from the
excited state of fission-fragments.

The independent FPY yields vs. Z and N is shown in
Fig. 3. The fission fragments spread over upper left of the
[B-stability line in charge number Z = 35-55 and neutron
number N = 60-85, then decay to the bottom of the sta-
bility ground state.

The simulated independent FPY distribution was com-
pared with the nuclear data from ENDF/B-VILI library. As
shown in Fig. 4, they agree well with each other.
According to the nuclear fission theory, the pre-neutron
emission mass distribution of neutron-induced antinides
can be treated as symmetrical fission which obeys to cer-
tain specific rules. As a result, the heavy and light fission-
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Fig. 3 Independent yields distribution of the **®U(n,f) fission reac-
tion induced by D-T neutrons. The color scale refers to the number of
events

fragment masses have their own symmetrical peak. The
heavy mass peak in fragment mass distributions is roughly
constant and close to A, = 140, and the complementary
light mass peak in fragment mass distributions can be
calculated by A; = A; —A,, where Ay is the fission nucleus
mass number. There is a deep valley in symmetrical
fission-fragment mass distribution center position Ag = A¢/
2. From our simulation, the heavy mass peak in fragment
mass distributions is at A, = 137, corresponding to the
five-dimensional energy landscapes model [31], which
gives a less deviation (<5%) than the phenomenological
fission potential model [32] that assumes A, = 140 for the
mass number of heavy fragment.

In Fig. 5, the calculated cumulative FPY distributions
for isobaric chain are compared with the experimental data
from EXFOR and the evaluated data from ENDF/B-VIL.1.
In Fig. 5a, the calculated results agree well with the eval-
uated data, but are higher than the experimental data within
error bars. In Fig. 5b, the three data sets are of good con-
sistency in a wide range, but for A < 75 and A > 160, our
calculation results are lower than the evaluated data.

In the 238U(n, f) reaction induced by 14 MeV neutrons,
the yields of light fission fragment around mass number of
94 and the heavy fission fragment around mass number 140
are found to be higher because of the nuclear structure
effects and suitable N/Z values. Meanwhile, the FPY dis-
tribution does not have a third peak around symmetric mass
region, due to the lower excitation energy of ***U(n,f)
reaction induced by 14 MeV neutrons, leading to asym-
metric fission of fission-fragment with mass number. So, the
physical models in Geant4 code are suitable for simulating
the neutron-induced fission process for actinide nuclide.

3.2 Fission-fragment kinetic energy distribution

In the fission reaction process of **U induced by fast
neutrons, the ***U nucleus splits into two fission fragments
with high kinetic energies. They separate and fly away under
the action of Coulomb repulsion. Figure 6 shows the rela-
tionship between the kinetic energy and mass number of the
fission fragments. The nuclides with magic number of
nucleons are much more than other fission fragments. The
primary kinetic energy of each heavy fission fragment is in
the order of 50-110 MeV, which means that the primary
fission fragments can be in velocities of 107 m/s, before they
slow down via elastic-scattering inside the uranium sample.
The huge kinetic energy of fission fragment transforms into
the thermal energy or emits a light particle to ground state in
de-excitation process and releases its kinetic energy in
elastic-scattering process, which is important for reactor
design especially in selecting reactor materials.

Figure 7 shows the average and total fission-fragment
kinetic energies as function of the mass number. According
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Fig. 4 Comparison of independent FPY from ***U (n, f) reaction between the calculated and recommended data. a The elemental yield versus

charge number. b The mass chain yield versus mass number
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to the momentum conservation law, the light fission-
fragments have higher kinetic energy and the heavy ones
have lower kinetic energy. The total kinetic energy is the
sum of kinetic energies of a complementary fragment pair.
From Fig. 7b, the total kinetic energy of heavy fission-
fragment reaches to the maximum value at mass number of
132 due to the nuclear shell structure effects. The structure
of fission fragment with mass number of 132 (Z = 50,
A = 82) approximates that a sphere that helps to minimize
the center-to-center distance of two fission fragments
contributes to bigger fission fragment kinetic energy.

3.3 Fission neutron spectrum

The fission neutron spectrum, including prompt and
delayed neutrons, is of importance in basic research and
reactor design. The prompt neutrons are mainly evaporated
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Fig. 7 Relationship between the fission-fragment kinetic energy distribution and the fission-fragment mass number. a The average kinetic

energy distribution. b The total kinetic energy distribution

by the primary neutron-rich fission fragments far from the
B-stability line, with high excited energy. They account for
over 99% of the total fission neutrons. The delayed neu-
trons are produced from fission fragments within -decay.
Figure 8 shows the neutron spectrum from the ***U(n,f)
reaction induced by D-T neutrons.

The total fission neutron energy distribution obeys
Maxwell-Boltzmann distribution, which can be calculated
by:

FE) = no(E/m)" > (kT) 2 E/0), 2)

where f(E) is the fission neutron energy spectrum, E is the
neuron energy, parameter kT = 1.38 is the Maxwell tem-
perature and ng = 2.11 x 107 is the proportional coeffi-
cient of the function.

We also calculated the total nubar (the average fission
neutron count) of = 8U(n,f) reaction at different energies of
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Fig. 8 Fission neutron spectrum of 2*¥U(n,f) reaction induced by D-T
neutrons

the incident neutron beams. The results are compared with
experimental data in Ref. [33] (Fig. 9). The average fission
neutron count (v) changes mainly with the cross section of
28U(n,f) reaction, in a positive correlation with incident
neutron energy. The excitation energy of ***U fission sys-
tem increases with the incident neutron energy as more

neutrons are evaporated immediately in the order of
107 s

3.4 Decay y-ray spectrum of 28U (n, f) reaction

In the neutron-induced fission reaction, the residual
nucleus emits characteristic y-ray in its de-excitation pro-
cess, and can be thus identified by analyzing the decay 7-
ray spectrum. The cumulative y-ray spectra of fission
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Fig. 9 Total nubar of 28y (n,f) reaction as function of the incident
neutron energy
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products from ***U(n,f) reaction induced by D-T neutron
source, of different cooling times, are shown in Fig. 10.

The precise fission-fragment y-ray data of fission pro-
ductions [34] for analyzing fission yield is partly presented
in Table 1. It is possible to distinguish over 34 fission
products (Fig. 10) of different half-lives using correlative
calculation process [35]. This is helpful for our future
experimental measurements for the cumulative fission
yields of 238U(n,f) reaction.

4 Conclusion

The characteristics of 238U(n,f) reaction induced by
neutron around 14 MeV have been investigated using the
Monte Carlo program Geant4 for the first time. The fission
production yields distribution, fission-fragments kinetic
energy distribution, total nubar, fission neutron spectrum
and decayed vy-ray spectrum were represented and

@ Springer

Gamma-ray energy (MeV)

discussion. Meanwhile, the calculated values of indepen-
dent yield and cumulative FPY distribution were compared
with the obtainable experimental and evaluation data. The
calculation results indicate that the Geant4 code with the
parametric nuclear fission model is scientific rationality
and able to predict the following experimental measure-
ment of 238U(n,t) reaction.

1. The calculated results of independent yield and
cumulative FPY distribution versus the charge and
mass number are in good agreement with the datum
from EXFOR and ENDF/B-VII.1, which indicates that
the Geant4 code with the fission model can simulate
238U(n,f) reaction induced by D-T fast neutron pre-
cisely. The calculated result is useful for our experi-
mental measurement preparation.

The computational result of fission-fragment kinetic
energy distribution conforms to the momentum con-
servation law. The kinetic energy of fission-fragment
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Table 1 Characteristic y-ray of partly fission nuclide for fission reaction of **U(n,f)

effect. The fission neutron spectrum obeys the Boltz-
mann distribution.

The cumulative y-ray spectrum can be used to identify
the kinds and yields of fission products with the
characteristic energy and intensity of y-ray. It will
direct us to acquire the information of FPY in
following experimental measurement.

All of the above, the fission physical models in Geant4

provide us a new way to calculate the fission process,
analyze the experimental data and extend the nuclear
evaluation data as well as reactor engineering design. It
lays a good foundation for measure the cross sections and

fission yields from ***U(n,f) reaction with direct y-spec-

troscopy method.
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