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A new neutron SIMulation program based on the versatile GEANT4 toolkit, neuSIM4, has been developed to describe interactions
of neutrons in the NE213 liquid scintillator from 0.1 to 3000 MeV. neuSIM4 is designed to accommodate complicated modern
detector geometry setups with multiple scintillator detectors, each of which can be outfitted with more than one photo-multiplier.
== To address a broad spectrum of neutron energies, two new neutron interaction physics models, KSCIN and NxQMD, have been
¢ implemented in GEANT4. For neutrons with energy below 110 MeV, we incorporate a total of eleven neutron induced reaction
channels on hydrogen and carbon nuclei, including nine carbon inelastic reaction channels, into KSCIN. Beyond 110 MeV, we

" 'implement a neutron induced reaction model, NxQMD, in GEANT4. We use its results as reference to evaluate other neutron-
@ interaction physics models in GEANT4. We find that results from an existing cascade physics model (INCL) in GEANT4 agree very

7 well with the results from NxQMD, and results from both codes agree with new and existing light response data. To connect KSCIN
“2 to NxQMD or INCL, we introduce a transition region where the contribution of neuSIM4 linearly decreases with corresponding
.= increased contributions from NxQMD or INCL. To demonstrate the application of the new code, we simulate the light response
v and performance of a 2 X 2 m? neutron detector wall array consisting of 25 2m-long scintillation bars. We are able to compare the
© predicted light response functions to the shape of the experimental response functions and calculate the efficiency of the neutron
"t detector array for neutron energies up to 200 MeV. These simulation results will be pivotal for understanding the performance of
~~modern neutron arrays with intricate geometries, especially in the measurements of neutron energy spectra in heavy-ion reactions.
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1. Introduction

Neutrons are integral components of all nuclei except pro-
tons. As a result, emission of neutrons are ubiquitous in all
nucleus-nucleus collisions. Detecting neutrons is essential for
gaining insights into the structure of neutron-rich nuclei [1],
understanding the nature of asymmetric nuclear matter [2| 3],
and unraveling the astrophysical processes that power nucle-
osynthesis [4]. To understand the nature of asymmetric nuclear
matter, it is important to determine the density dependence of
the symmetry energy. The symmetry energy is a term embed-
ded in the nuclear equation of state. As it increases with the
neutron-proton asymmetry of the system, it becomes very im-
portant in understanding the properties of neutron stars. A sys-
tematic comparison of proton and neutron spectra from nuclear
matter with differing neutron-proton compositions is one of the
experimental observables that can be used to constrain the sym-
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metry energy. A major challenge in this effort lies in the deter-
mination of the neutron detection efficiency which is often less
than 10% with significant uncertainty, in contrast to the nearly
100% intrinsic charged particle detection efficiency achievable
with silicon and scintillator detectors, e.g. the High Resolution
Array (HiRA) telescope [5] and MUST?2 [[6]. Consequently, the
detection and analysis of neutron data are more complicated
and difficult to understand than that of the charged particles and
therefore demands comprehensive understanding of the detec-
tor performance using simulations [7]. Presently, there is no
comprehensive neutron interaction simulation code designed to
cover a wide range of energy, especially above 20 MeV, while
offering enough flexibility to incorporate complex detector ge-
ometries in setups.

Various neutron simulation codes such as the GEANT?3 [8]],
FLUKA [9], NRESP [10]], SCINFUL [11]], and GEANT4 [12]
toolkit based MENATE_R [13]] have been used to calculate light
response functions and detection efficiencies for neutron detec-
tors. However, the valid energy ranges of NRESP are limited to
20 MeV, and the MENATE_R code does not include sufficient
neutron induced reaction channels [15] to accurately describe
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neutron interactions. On the other hand, SCINFUL gives re-
liable results of response functions and detection efficiencies
for neutron detectors with neutron energies up to 110 MeV.
To extend the energy beyond that, a quantum molecular dy-
namic transport model (QMD) has been used to describe neu-
trons emitted at high energy. It is important to note that QMD
is a generic name for quantum molecular dynamic models de-
veloped to simulate heavy ion collisions. Over the years, many
QMD codes which employ different approximations and tech-
niques to simulate the nucleus-nucleus collisions have been de-
veloped. The calculated results of QMD codes may vary from
each other [[14]. In this context, we label the QMD code used in
SCINFUL-QMD as NxQMD as explained in later section. In
this paper, we use the more accurate name SCINFUL-NxQMD.

The SCINFUL-NxQMD [16! [17] code was developed by
the Japan Atomic Energy Agency (JAEA) to simulate the re-
sponse of NE213 scintillation neutron detectors across a broad
spectrum of neutron energies up to 3 GeV. However, it is limited
to model only cylindrical scintillators, each of which has one
photomultiplier (PMT) affixed at the back. While small cylin-
drical neutron detectors were prevalent in experiments conducted
before the 1990s, this fixed geometry severely restricts its appli-
cation on simulating the performance of contemporary neutron
arrays consisting of many detectors, often arranged in sophisti-
cated and diverse geometries.

In this paper, we describe our work to develop a neutron
simulation code, neuSIM4, that can provide reliable response
functions of a neutron detection array with full flexibility to ac-
commodate different detector geometries over a wide range of
neutron energies. We use the framework of GEANT4 which is
a flexible simulation toolkit that allows to easily model config-
uration of complicated detector geometries. Furthermore, new
physics models can be implemented easily. To ensure accuracy
of the neutron simulations over a wide range of energies, the in-
terface of neuSIM4 limits users to incorporate only well-tested
physics models described in this work.

The components of neuSIM4 are illustrated schematically
in the flow chart shown in Fig.[I] To simplify discussions, we
designate low energy as below 110 MeV and high energy as
above 110 MeV unless otherwise noted. A major part of our
work focuses on the implementation of two new physics mod-
els, KSCIN (SCINFUL developed in Korea) for low energy
neutrons and NxQMD (a quantum molecular dynamic trans-
port model that describes nucleon induced collisions on heavy
nuclei developed by the JAEA [18])) for high energy neutrons.
As explained in later section, the C++ version of INCL [19]
which is an existing physics model in GEANT4 performs sim-
ilarly as NxQMD and is much less CPU intensive. It is im-
plemented as an option in neuSIM4. We use the conventions
of neuSIM4(NxQMD) and neuSIM4(INCL) to distinguish the
two options. To minimize the effects of the discontinuity in
the calculated quantity at the energy when one switches from
KSCIN to NxQMD or INCL, we linearly decrease contribu-
tions from KSCIN and simultaneously increase the contribu-
tions from high energy physics models as described in Ref. [20]
in the region of 80 MeV to 110 MeV. Different transition re-
gions have been explored and the uncertainties of such a proce-
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Figure 1: Physics models used in neuSIM4. KSCIN is used for the low energy
of neutrons. Both NxQMD and INCL++ model can be incorporated to simulate
the interactions of high energy of neutron as user option. The transition region
between 80 to 100 MeV is also schematically illustrated. The energy labels are
not to scale. They are used mainly for illustration purpose.

dure are small. Nonetheless, an option is provided for users to
change the transition region.

This article is organized as follows. After this brief intro-
duction, Sec. [2| describes the implementation of KSCIN and
NxQMD into GEANT4. Sec.[3|details techniques used in de-
termination of the light output response function. In Sec. |4 we
validate our codes by comparing our results with SCINFUL-
NxQMD calculations for the exact cylindrical detector geome-
try as published in [16}[17]. In the same section, we also com-
pare results from the new code to results from different neutron
physics models found in GEANT4. To demonstrate the flexibil-
ity of neuSIM4, it is used to simulate the neutron response and
efficiency of a large area neutron wall array (LANA) located
at the Facility for Rare Isotope Beams (FRIB). The configura-
tion of LANA is described in Sec.[5.I} Comparison of response
functions to new data obtained from the collisions of *Ca +
%Ni at 140 MeV/u [21]], and determination of neutron detec-
tion efficiencies for LANA, are given in Sec.[5.2]and Sec.[5.3]
Finally, a summary is given in Sec.[f] that includes some future
perspectives.

2. New Physics Models

Simulations of neutron scattering in detector materials de-
pend on the energy of the neutrons. At low energy, the sim-
ulations depend on the number of included reaction channels
and accuracy of database libraries in the models [22H25]]. For
high energy neutrons, only total scattering cross-section data
for n+H and n+C reactions are available. Reaction models are
needed to predict the emission of neutrons, mostly from sequen-
tial decays of excited fragments created during n+'>C-nuclear
collisions. It therefore becomes necessary to develop a combi-
nation of low energy and high energy models to simulate the
performance of neutrons over a wide range of neutron ener-



Reaction Q-value (MeV) Threshold (MeV)
"H(n,n)'™H 0 0
2C(n,n)'2C 0 0
2C(m,n’ )12C* -4.433 4.812
2C(n,a)°Be -5.71 6.186
2C(n,n")3a -7.656 8.4
2C(n,p)'2B -12.613 13.665
2C(n,d)''B -13.732 15.25
2C(n,pn")!'B -15.957 17.35
2¢m2n)!'C -18.72 20.3
2C(n,1)'°B -18.93 21.5
12C(n,>He)'°Be -19.47 22.0

Table 1: Neutron induced reaction channels compiled in [16] and included in
KSCIN.

gies. Our code is modeled after the successful neutron simu-
lation code, SCINFUL-NxQMD, which is a marriage of two
models: SCINFUL for low energy and NxQMD, for high en-
ergy neutrons [[17]. While the original codes were written in the
FORTRAN language [11}17], KSCIN and NxQMD are written
in C++.

2.1. KSCIN

The original version of the low energy code, SCINFUL,
was developed at Oak Ridge National Laboratory (ORNL) in
1988 for fast neutrons with energies from 0.1 MeV up to 80
MeV [11]]. Organic scintillators primarily consist of hydrogen
and carbon atoms. SCINFUL distinguishes itself from other
neutron simulation codes through the care of the SCINFUL de-
velopers in evaluating their database for many neutron induced
carbon reactions. KSCIN follows the same philosophy. The
list of 11 neutron induced reactions in KSCIN is shown in the
top panel of Fig.[2| More details about these reactions can be
found in Table[T] The elastic scattering of neutrons on protons,
"H(n,n)'H and carbon '2C(n,n)'?C, are represented by the black
solid and black dotted lines in the bottom left panel of Fig.
These two channels have the largest cross-sections. However
"H(n,n)'H decreases sharply with energy such that above 10
MeV, neutron induced reactions on '2C become the dominant
reaction channel.

For the inelastic scattering of '>C(n,n”)'?C, the scattered 12C
nucleus with excitation energy below 8 MeV deexcites mainly
by emitting gamma rays. For fragments with excitation energy
above the particle emission thresholds, light charged particles
such as p, d, t, 3He and “He can be emitted (see Table . The
probabilities of each of the neutron induced reactions listed
in Table [I] are determined using the compiled cross-sections
shown in Fig. 2| and incorporated into KSCIN. The code then
proceeds to calculate the excitation energy of the residual frag-
ments. This is estimated by finding the energy difference be-
tween the initial and final states of the reaction as described
in [L1]. If the residual nucleus has sufficient excitation energy,
it will either decay further into a daughter nucleus or decay to
its ground state by emitting gamma rays. Detailed descriptions
on how the deposited energy is converted to light are given in

Sec.

2.2. NxOMD

For neutrons with energy above 110 MeV, data from indi-
vidual neutron induced '>C reactions does not exist. Only the
total cross-sections of n+H [26] and n+'2C [27] reactions are
available. These are shown in the right side of Fig. [2] red stars
for n+!2C and black stars for n+H. Note that the low energy
and high energy data overlap at energy around 100 MeV. At
high energy, the n+!2C cross-section is ten times higher than
that for the n+H reaction.

To calculate the n+'2C reaction channels, a reaction model
is needed. We implement a quantum molecular model, NxQMD,
as the high neutron energy physics model in GEANT4. NxQMD
extends the validity of simulated neutron energy up to 3 GeV [16|
17].

In QMD models, single nucleon particle states are repre-
sented by Gaussian wave functions, and a nucleus (many-body
particle state) is represented by the product of these single parti-
cle wave functions for the nucleons within it. The QMD model
numerically simulates the motions of these wave functions in
nucleus-nucleus collisions. In NxQMD [18]], a freeze-out time
is set to 100 fm/c, which is equivalent to 3.33 X 10~ seconds
after the start of the collisions. At freeze-out, the calculation
is stopped and the evolution of the positions and momenta of
individual nucleons from the start of each simulated collision
to its freeze-out time are then determined. Using a fragment
recognition algorithm, which imposes a radius of 4 fm to chain
any two nucleons to be part of a fragment as described in [18].
At the end of the chain, the composition of the final fragments
and their excitation energies are then determined. The decays
of these excited primary fragments are calculated with a Statis-
tical Decay Model (SDM). The final emitted particles from the
SDM mainly consist of protons, neutrons, deuterons, tritons,
and the helium isotopes *He and “He [I8]. The conversion of
light charged particle energy into light output is described in the
next section.

3. Response function of the detector

To construct the response function of the detector, for every
scattered incident neutron, the charged particles generated by
the neutron induced reactions propagate in the scintillator ma-
terial and keep depositing their energies in each step along the
track. Then, the deposited energy is converted into light in units
of MeV,. using the empirical formulas developed in [16}[17, 28]
for different particles. In the case that the light charged particle
may have a large enough kinetic energy to escape the detector,
the light nuclei (including protons) make less light than the fully
stopped particles. To account for this effect, the light output L,
was calculated for the nth step, using the following equation:

L.(E,) = L(E,) — L(E, — EoP), (1

where L, (E,) is the light output of the charged particle at the nth
step, L(E),) is the empirical light output formula as a function of
kinetic energy of the charged particle introduced in [[16 17} 28],
E, is the kinetic energy of the charged particle in the beginning
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Figure 2: Neutron induced reaction cross-sections as a function of neutron en-
ergy included in neuSIM4. The bottom panels show the cross-sections of vari-
ous reaction channels from [[16}[17]. The evaluated total cross-sections for n+C
and n+H from Ref. [26 [27] are plotted as red open stars and black solid stars
respectively. The top panel contains the legend for different reactions which are
listed in Table[T]and plotted in the bottom left panel. The database for individ-
ual C induced reactions are compiled and evaluated by the JAEA with neutron
energy up to 110 MeV. This figure is modified from Figs. 4 and 11 in [17].

of the nth step and E,‘fep is the energy deposited in the detector
in the same step.

Finally, the response function which depends on the neutron
energy as well as the geometry of the detector, was constructed
with the total light output L,,,, for which L,(E,) was summed
up from n=1 to the index number corresponding to the moment
either the particle is fully stopped in the detector or escapes
the detector. In the last stage of the simulation, all the light out-
put values produced by the neutron induced reactions are stored
event by event and normalized by the incident number of neu-
trons. The corresponding neutron efficiency is determined by
integrating the full response function from a given light output
threshold to infinity (in practice up to 200 MeV,.). Accurate
comparisons require that the light output thresholds must be set
to be identical for both simulation and the data.

4. Comparison of the performance of physics models on
neutron scattering in GEANT4

The recent update of the physics model G4ParticleHP in
GEANT}4, using the evaluated neutron data library G4NDL [30]
31] coupled with NRESP mode [32], improves greatly the accu-
racy of the simulations for neutron energy below 20 MeV. The
introduction of the KSCIN physics model into GEANT4 repre-
sents a major advancement in neutron detector simulations that
simulations of neutron interactions can now be performed ac-
curately up to 110 MeV.

In GEANT4, a range of cascade models are available, in-
cluding Liege Intranuclear Cascade (INCL) [19133]134], Binary

Cascade (BIC) [35]], and Bertini intranuclear cascade (Bertini) [36].

In addition, another QMD model called G4QMD [37] is also
available as a physics model. Comparison of INCL to Bertini,
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Figure 3: Response functions for 30 and 65 MeV neutrons produced by dif-
ferent cascade, QMD and KSCIN physics models. Symbols are experimental
data from Ref [29]]. The 2C(n,d) peak can only be reproduced by KSCIN. The
detector is modeled as a cylinder with a diameter of 12.7 cm and length of 12.7
cm.

BIC and G4QMD have been studied in [19] to describe the frag-
ment and light particle cross-sections as well as angular dis-
tributions from light charged particle induced reactions. The
results from these models differ widely. In general INCL per-
forms better than the other codes.

For verification of the new code, and comparison of the
results from GEANT4 physics models to that of SCINFUL-
NxQMD (which only supports cylindrical detector geometry),
we adopt a cylindrical NE213 detector with both a diameter
and length of 12.7 cm as modeled in [16} [17]]. A point source
is located 4.5 m away from the detector endcap center, and the
neutrons are uniformly sent to the detector in a cone.

Since cascade and QMD models are constructed mainly to
describe reactions at high energy, without consideration of nu-
clear structures, their deficiencies at low energy can be clearly
demonstrated by comparing their results to data in Fig.[3] As
they don’t include the cross-sections of the different inelastic
channels listed in Fig. 2] they cannot reproduce the peak from
the '2C(n,d) reaction in the experimental data. In contrast, KSCIN
reproduces the peak and the fall-off of the response function.

In Fig. ] we compare the light response functions from
different cascade and QMD codes with neutron energy from
200 to 800 MeV where experimental data are available [38]].
As expected, the NxQMD results fit the data very well [16,
17]]. On the other hand, G4QMD, fits the data the worst. The
cascade model INCL (red solid curves) also does a good job
in describing the data, especially at 200 MeV neutron energy
where the performance of INCL is better than NxQMD. How-
ever the performance of those two reverses at 300 MeV. Be-
low 500 MeV (lower panel), results from Bertini (dark green
solid lines) are similar to those from G4QMD (green dotted
curves), and both of their results are lower than BIC, INCL and
NxQMD. The comparison results are consistent with previous
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Figure 4: Response functions for high-energy neutrons with different physics
models. The detector is modeled as a cylinder with a diameter of 12.7 cm and
length of 12.7 cm. Symbols are experimental data from Ref. [28]

study [19]. Compared to QMD models which describe time
evolution of many-body dynamics, cascade models mainly de-
scribe nucleon-nucleon collisions and neglect detailed many-
body correlations. The simplified and approximate treatments
undertaken by cascade codes result in computation speeds that
are about 100 times faster than QMD codes. Based on our com-
parisons, INCL is as good as NxQMD. As described earlier,
NxQMD is developed to specifically describe nucleon induced
reactions on nucleus [18] while INCL is originally developed to
describe nucleon induced reactions. During development, both
codes were applied to describe similar proton induced reaction
data [18,133.134]. This might explain why the calculations of the
light output from neutron induced reactions from both codes are
similar.

By integrating the response function from light output thresh-
old values of 1.07 and 4.33 MeV,, to infinity, neutron detection
efficiencies for the cylindrical detector from neuSIM4(NxQMD),
neuSIM4(INCL), and the original SCINFUL-NxQMD are shown
in Fig. [5] as a function of neutron energy E,. The experimen-
tal data taken from [20] are compared to simulation results.
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Figure 5: Neutron detection efficiencies as a function of the neutron energy.
The experimental data are taken from Ref. [20] and [38]]. Light output threshold
values of 1.07 and 4.33 MeVee have been applied in the top and bottom panels,
respectively. The reference results from SCINFUL-NxQMD are represented by
blue dotted lines. The discontinuity at 150 MeV neutron energy (E,) is due to
switching from SCINFUL to NxQMD at that energy. Similarly, we also note
the discontinuities in neuSIM4(INCL) (red solid lines) or neuSIM4(NxQMD)
(black dot-dashed line) at 110 MeV which is the limit of the reaction database
shown in Fig.[2} The green dot-dashed line indicates the transition from 80 to
110 MeV for neuSIM4(INCL).

The discontinuity in the efficiency curve at 150 MeV from the
original SCINFUL-NxQMD code (blue dotted lines) is due to
abruptly switching from SCINFUL to “NxQMD” at E,=150
MeV [17]. By design, we switch from low energy code to high
energy code at 110 MeV. Fig. [§] shows the effect of the discon-
tinuity at 110 MeV for neuSIM4(INCL) (red solid curve) or
neuSIM4(NxQMD) (black dot-dashed curve). The green dot-
dashed line shows the result when the transition occurs smoothly
from 80 to 110 MeV as described earlier and in [20]. The un-
certainties using different regions for transition are small espe-
cially when very low energy light output thresholds are applied
as shown in the upper panel of Fig.

5. Application of the new code to a neutron wall

To verify the simulation results of our codes in real exper-
imental configuration, we used the data obtained from a large



area neutron wall array, LANA, located at FRIB. LANA has
been used to detect neutrons with energies up to 200 MeV from
nuclear collisions [[15, 21} 39} 40]. By measuring time of flight,
it provides kinetic energy information for detected neutrons with
high resolution.

5.1. Configuration of LANA

LANA consists of two large neutron walls and one veto
wall. Each neutron wall has cross-sectional dimensions of 2
x 2 m?, and consists of 25 cuboids encapsulated by a Pyrex
glass wall with thickness of 3.18 mm. Each 2-m long cuboid
has cross-sectional dimensions of 7.62(height) x 6.35(depth)
cm? filled with NE213 liquid scintillator. Two photo multipli-
ers (PMT) are coupled to the two ends of each bar for light
collection from the scintillator. NE213 is chosen for its good
separation of neutrons from gammas using the pulse-shape dis-
crimination (PSD) method [41]]. The upstream faces of the two
neutron walls for LANA are located at 441.6 and 517.5 cm,
respectively, from the nominal target position. The center of
LANA is placed at a polar angle of 39.4° with respect to the
beam direction to avoid direct exposure to the beam.

Since neutron detectors cannot distinguish charged particles
and neutrons, a charged particle veto wall was constructed and
placed in front of the neutron walls to improve neutron detec-
tion by eliminating the abundant charged particle background.
To completely cover LANA, the veto wall consists of 25 plastic
scintillator bars each with area 250(height) x 9.4(width) cm?
and thickness of 1 cm. Like the neutron wall bars, a PMT
is coupled at each end of every veto wall bar to collect light.
Neighboring bars overlap by 3 mm to eliminate any charged
particles escaping through gaps. The veto wall modules are ar-
ranged vertically so that they form a 2D grid with the horizontal
neutron wall bars. The hit position in an individual neutron/veto
wall bar is determined by using the time difference between the
light signals measured at each end.

5.2. Simulated light output response for the Large Area Neu-
tron Array, LANA

The procedure described in Sec. d]is repeated for the geom-
etry of LANA. In this work, only the front LANA wall is used.
The point neutron source is located at the nominal target posi-
tion, and neutrons at different energies uniformly distributed in
a cone are sent to LANA. When the neutrons hit the scintilla-
tion material, light is produced by secondary charged particles.
The lights are reflected on the boundary between scintillator
and Pyrex container, and, finally reach the PMTs attached at
both ends of each cuboid. The creation and the propagation
of the lights can be simulated by utilizing optical photon pro-
cesses in GEANT4 toolkit. However, because of large number
of optical photons produced in NE213 scintillator, 12,000 per
MeV,. and the length of the scintillor bar, the calculation time
increases enormously and is not sustainable. Instead of imple-
menting optical photon processes, we incorporate a resolution
function of the scintillation lights [42] taking into account the
detector geometry, the statistical uncertainty for the creation of
photoelectrons on the PMT photocathode and electrical noise.
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Figure 6: Response functions of neutrons from experimental data (open cir-
cles) and neuSIM4 simulations (lines) at different energies. The experimen-
tal data are for *8Ca + %Ni reactions at 140 MeV/u [41] using the LANA
Wall. The red solid and blue dotted lines represent the response functions from
neuSIM4(INCL) with and without the finite resolution effect given by Eq. 2}
respectively. The black dot-dashed lines represent the response function from
neuSIM4(NxQMD) with the resolution effect included.

As a result, the resolution of the scintillation light is consid-
ered as a Gaussian distribution with full width at half maximum
(FWHM) given by

dLy, B C?
= A2 — —, )
Ltot Ltot L

tot

where the first term with coeflicient A represents the resolution
effect for a given detector geometry, the second term with coef-
ficient B is from statistical uncertainty due to fluctuation in the
number of created photoelectrons, and the last term with coef-
ficient C reflects the electrical noise [42]. For this work A, B,
and C are treated as free fitting parameters. We run simulations
with various combinations of A, B, and C and compared to data
shown in Fig. @ The best fit values from the least y? fitting for
these parameters are A = 0.15+0.03, B = 0.15+0.04, and C =
0.02+0.01.

Figure 6] shows the response functions of neutrons from the
experimental data compared with simulations by neuSIM4(INCL)



(red solid lines) and neuSIM4(NxQMD) (black dash-dotted lines)
at several energies from 30 to 200 MeV. The experimental data
in Fig. [6] are obtained from the reaction of “*Ca + ®Ni at 140
MeV/u by the HiRA collaboration [21]]. This experiment is de-
signed to detect neutrons from heavy-ion collisions and does
not have the ability to count the number of emitted neutrons
from the reactions to the detector. Thus, the experimental data
alone do not provide absolute efficiency measurements. Nonethe-
less, one can compare the shapes of the response functions us-
ing a normalization constant obtained by integrating a flat re-
gion of the response function typically from 25 MeV,, to 60
MeV,. for high energy neutrons with E, > 100 MeV, and from
3 MeV,. to below the '2C(n,d) peak for low energy neutrons.
For neutron energies up to 80 MeV, only the low energy physics

model KSCIN is used in the simulations. Thus, the neuSIM4(INCL)

and neuSIM4(NxQMD) results shown in Fig. [6]are exactly the
same. The calculations agree with the experimental data rea-
sonably well, especially when resolution effects (as described
in Eq. [2)) are included. Without the resolution effects (blue dot-
ted lines), the peaks are slightly sharper and the fall-off at high
light output is steeper. The y?/ndf decreases from 7.8 to 4.5
when the effect of the resolution is included in the simulations.
For neutron energy above 80 MeV the agreement with data is
poor, especially at high light output where there is no data and
statistics from simulations are sparse due to sharp drop in the
response. The effect of including noise resolution is minimal
at high energy. Nonetheless, the noise resolution correction is
included regardless of the incident neutron energy. For neutron
energies above 120 MeV, the neuSIM4(INCL) simulations pro-
vide surprisingly better agreement with the experimental data
than the results from neuSIM4(NxQMD) as seen in Figs. and
[l We do not understand the reason. It could be that the data in
Fig. @] and [5] were obtained with small cylindrical neutron de-
tectors. In Fig.[f] we compare calculations to data from a large
neutron wall array.

5.3. Simulated neutron detection efficiency for LANA

Neutron detection efficiency is obtained by integrating the
response functions, presented in Fig. [6] from the light output
threshold value of L" to infinity for a given neutron energy
and normalizing it by the number of incident neutrons. Figure[7]
shows the neutron detection efficiency of the LANA wall as a
function of neutron energy. Experimentally, neutrons from a
source or a special accelerator are used to determine the neutron
detection efficiency of a detector. In such a setup, the number of
neutrons incident on the detector can be determined. However,
in the experiment that provided the light output response in Fig-
ure @ the detected neutrons came from heavy ion collisions,
and we could not determine the exact number of incident neu-
trons. Thus, we are not able to determine the absolute neutron
efficiencies and their associated uncertainties. We note that the
accuracy of the neutron efliciency determination does not de-
pend on the complete agreement in the simulation of the light
response function to data, especially at high light output region
where the response drops exponentially. We adopt uncertain-
ties on the simulation efficiencies of 15% above 80 MeV and
10% for neutron energy below 80 MeV from Refs. [16}[38]143]].
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Figure 7: Neutron detection efficiencies of LANA as a function of energy, de-
termined by simulations using neuSIM4(INCL) (red solid and red dotted lines)
and neuSIM4(NxQMD) (black solid and black dotted lines). The solid and
dotted lines are obtained with light output thresholds, L;g; of 3 and 5 MeVee,
respectively.

As will be discussed in the next section, uncertainties in the
efficiencies also depend on the number of neutrons hitting the
detectors simultaneously. More study on the uncertainties will
be needed when the efficiency is applied to experimental data.

In Fig. [/} the red curves depict the results obtained from
neuSIM4(INCL), while the black curves represent results from
neuSIM4(NxQMD). The efficiencies from the two options start
to deviate around 80 MeV when calculations from the high en-
ergy physics model start to contribute. Efficiencies obtained
from NxQMD are smaller than those from INCL but are within
the uncertainties of the simulation efficiencies. The solid curves
and dotted curves correspond to L values of 3 and 5 MeVee,
respectively. Detection efficiencies are larger with lower light
output threshold values. The largest difference between results
from the two different light output thresholds occurs when the
neutron energy is around 20 MeV. After that, the differences
start to decrease with neutron energy. It is reduced to less than
~0.5% around 100 MeV and becomes even smaller at higher
energies.

To validate the determined detection efficiency for LANA,
we conducted a closure test using two transport model event
generators. A closure test is a procedure used in statistical anal-
ysis to verify the consistency and accuracy of our simulation
by comparing the corrected spectra with the true spectra from
the event generator. For a closure test, it is not important that
an accurate simulation code is used. For this test, the data are
generated with different QMD codes mainly due to availabil-
ity of events from existing simulations or existing codes avail-
able to the authors. In this study, we used the events from two
collision systems: '7Au + !°7Au at 250 MeV/u generated by
the Isospin-dependent Quantum Molecular Dynamics (IQMD)
model, and **Ca + ®Ni at 140 MeV/u using NxQMD which
is at our disposal. The former collision system is selected as a
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Figure 8: Comparison of the true neutron spectra (T) with the efficiency corrected neutron spectra (C) from the physics event generators using the LANA Wall setup.
The left and right panels show the simulation results for '*7 Au + '*7 Au at 250 MeV/u by IQMD and **Ca + %Ni at 140 MeV/u by NxQMD, respectively. The light

output threshold for the simulation is set to 3 MeVc.

representative of events with high-neutron-multiplicity and the
latter system is chosen because experimental data exist. In the
simulations, LANA has the same configuration as the experi-
mental setup.

Neutrons incident on LANA interact with the detector ac-
cording to the same neutron scattering physics we describe ear-
lier including folding in the electronic resolution of the light
outputs in accordance with Eq. 2] The resulting neutron spec-
tra is labeled as “detected” (blue dotted lines) in Figure[§] Then
the neutron efficiency described in this work is applied to obtain
the ”corrected” spectra (blue inverted triangles) which are com-
pared to the true neutron spectra (red solid lines) obtained di-
rectly from the physics event generators for both systems. The
corrected spectra practically overlap with the true spectra indi-
cating our correction procedure has been applied correctly. For
the simulation L/" is set to 3 MeVe.. Increasing L™ to 5 Me Ve,
gives the same results as long as the same condition applied to
the data is also applied to the simulation. The bottom panels
of Fig. [§] show the ratios of the corrected to the true distribu-
tions, C/T, of neutrons from the simulation. The black dashed
horizontal line is the unity line at C/T=1. Deviations of C/T
from unity for the low energy reactions in the right panel are
much less than the high energy reactions. The larger uncertain-
ties may be due to higher multiplicity neutrons emitted from

the the higher energy reactions with heavier nuclei. The uncer-
tainties are less than 3% for neutrons below 200 MeV. This is
very good for the experiment 8Ca + %Ni at 140 MeV/u where
emitted neutron energies have been measured up to around 200
MeV. For higher energies, one needs to employ more sophisti-
cated methods to correct for multiple neutrons hitting LANA.

6. Summary

We developed and implemented two new physics models
in GEANT-4 to simulate low- and high-energy neutron inter-
actions with organic scintillators. The core-code, ‘neuSIM4’,
features flexible detector geometry including complicated se-
tups with multiple neutron detectors. It can simulate the perfor-
mance of neutrons with energy up to 110 MeV using the KSCIN
physics model. Previously, only one low energy physics model
in GEANT4 was accurate up to 20 MeV, partly due to the lack
of extensive databases of n+C reaction channels in other codes.
In contrast, databases of neutron induced reaction cross-sections
on H and C nuclei are incorporated in neuSIM4 to ensure accu-
racy of the simulations. For neutron energies greater than 110
MeV, a quantum molecular dynamic model, NxQMD, is used
to successfully describe high energy neutron interactions. No-
tably, we find that an existing cascade physics model (INCL) in



GEANT4 performs similarly to NxQMD but with significantly
reduced computing time. Our program provides two options:
neuSIM4(NxQMD) and neuSIM4(INCL). After validation with
data, both new codes are applied to calculate the performance
of a 2 x 2 m? neutron detector array with 25 scintillation bars
(LANA). Differences between efficiencies from the two options
are small. The maximum value of the neutron efficiency for
LANA is predicted to be around 10% at neutron energy of 20
MeV and decreases to about 3% for 300 MeV neutrons. Us-
ing the calculated efficiency for LANA, the experimental neu-
tron energy spectrum from “8Ca + %Ni collisions at 140 MeV/u
can be reconstructed. This will be used to investigate the sym-
metry energy and in-medium properties of isospin asymmet-
ric nuclear matter. The current codes, neuSIM4(NxQMD) and
neuSIM4(INCL) will play important roles in analyzing neutron
data measured by modern detectors with a variety of geome-
tries [[7].

Code availability

Eventually the code will be available for download at Github.

In the meantime, it is available upon request to the correspond-
ing author.
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