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Abstract: To fulfill the needs of neutron capture reaction cross-section measurement in the
keV energy region in the field of nuclear astrophysics and advanced nuclear energy system
development, the 47t BaF_2 Gamma-Ray Total Absorption Facility (GTAF) developed by
the Key Laboratory of Nuclear Data of the China Institute of Atomic Energy (CIAE) was
transplanted and installed at the Back-streaming White Neutron Source (Back-n) of the
China Spallation Neutron Source (CSNS) in 2019. A series of results has been achieved
and published based on the GTAF since then, and it has been identified that the need of
reducing backgrounds is becoming increasingly urgent. In order to understand the origins
of backgrounds and to optimize the facilities, a detailed simulation program using GEANT4
toolkits was established and is presented in this paper. The symmetry in the geometric
arrangement of the 47t BaF, detector array plays a critical role in ensuring uniform detection
efficiency and accurate reconstruction of gamma-ray spectra, which is essential for neutron
capture studies. To demonstrate the availability of the proven codes, several practical
examples of assisting the process of experimental data and helping verify the optimization
proposition are also shown in this paper.

Keywords: Monte Carlo simulation; gamma-ray total absorption facility; neutron capture
cross section; GEANT4; geometry optimization; white neutron source

1. Introduction

The Gamma-Ray Total Absorption Facility (GTAF) shown in Figure 1 is a sophisticated
detector providing a critical consideration in the keV energy region with respect to neutron
capture cross-section measurements [1,2]. These measurements are vital for the progress of
nuclear astrophysics and the design of advanced nuclear reactors [3]. The GTAF proves
especially useful for studying the neutron capture process in the stellar environment, which
is most important for the understanding of nucleosynthesis within stars and also of great
importance in improving precision in the designs of nuclear reactors, where neutron capture
plays an important role in energy generation and waste management [4,5].
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Figure 1. GTAF detector array and associated facilities installed in the Hall-2 of Back-n CSNS [6].

The GTAF was installed for the first time in 2019 at the Back-streaming White Neutron
Source (Back-n) at the China Spallation Neutron Source (CSNS) [7]. It provides an advanced
platform for detecting neutron-induced gamma-ray emissions, a key signature of neutron
capture events [8]. The facility has large solid angular coverage and high detection effi-
ciency, which are vital in performing gamma-ray emission measurements precisely [9,10].
Developing advanced optical techniques employing resonance-based techniques to enhance
the sensitivity and suppress background noise would provide an excellent opportunity to
optimize efficiency and spectral resolution in GTAF setups [10]. Developments in detector
technology and materials and studies on the gamma radiation effects on superconductors,
especially in superconducting tapes, as well as advances in avalanche photodiodes for accu-
rate optical measurement, greatly add to the performance of a detector [11,12]. Innovations
in energy-efficient designs and structural optimization techniques further align with the
need for robust detection systems in high-radiation environments [13-15].

The Time-of-Flight (ToF) technique is crucial for distinguishing different neutron
interactions and for measuring the neutron energy spectrum,; it is well-suited for studies
of neutron capture reactions in the low energy range [16,17]. The working principle of
ToF is incorporated into some specific subdetectors within the GTAF facility, including
scintillation detectors and neutron time-of-flight counters [18]. Those sub-detectors work
as a team to provide high-precision temporal measurements, which in turn serve as a basis
to evaluate the energy and properties of the captured neutrons [19].

The detector arrangement consists of a number of layers together engaged in capturing
and measuring gamma rays from neutron capture reactions. The symmetric geometry
configuration of the detector arrangement guarantees uniform solid-angle coverage and de-
tection efficiency for all directions, which is vital to minimize systematic errors and achieve
satisfactory accuracy in cross-section measurements. Advanced 3D modeling and recon-
struction techniques, such as those used for complex geometries in lunar crater analysis,
can inspire further refinements in simulating and optimizing detector configurations [20].
The GTAF accepts a design that makes it possible to accurately measure neutron capture
cross-sections as well as to study neutron interactions at lower energies.

To facilitate the experimental data analysis, a detailed Monte Carlo simulation grid
was built using the GEANT4 toolkit. This simulation modeled the interactions of neutrons
and gamma rays through the GTAF to optimize the design of a detector and the data
analysis procedure. Section 2 presents the setup and methodology of the simulations.
Sections 4 and 5 present a comparison of the simulation results against standard libraries
and against experimental data for verification purposes. In addition, Section 6 shows
practical examples of how simulation can actually be used for both data analysis and for
the optimization of the GTAF geometry against background interference.
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2. Basis of GTAF Detector
2.1. Time-of-Flight Method

The Time-of-Flight (ToF) method is a commonly used method in measuring particles.
It relies on the principle that the time it takes for a neutron to travel a known distance is
inversely proportional to the square root of the neutron energy at low energies, which can
be approximately calculated by Equation (1) [21].

2
E, (72.3t>< L) 1)

where £ refers to the flight time, L to the flight distance, and E;, to the primary neutron energy.

The measurement of neutron flight time is designed for great accuracy using specific
timing hardware and a software system, since it is crucial to determine the neutron’s energy
and to reconstruct the spectrum at the GTAF [22,23].

2.2. Multiplicities of (n,y) Reactions

The multiplicity considered in the simulation mainly includes two sources, namely
reaction multiplicity and response multiplicity.

It plays a key role in benchmarking valuable information about reaction channels
and underlying physics process, such as elastic scattering, inelastic scattering, radioactive
capture, etc., since each event has a distinctive multiplicity signature [24,25].

The reaction multiplicity is defined as the number of different de-excitation processes
of the compound nucleus, which is produced after capture reactions occur between the
neutron beam and the sample, as shown in Figure 2a. In simulations, it can be easily
resolved, since all information can be recorded if appropriate simulated physical processes
are designed.

Excited state

Captured ) > 3
Neutron — 2
+n .

ZA A 4

Z. A+1 Grond State
(a) (b)

Figure 2. (a) Principle of isotope de-excitation: A captured neutron excites the nucleus, which de-
excites through multiple gamma-ray emissions. (b) Schema of response multiplicity: gamma rays
may be fully absorbed by one detector crystal (process 1) or undergo Compton scattering, triggering
multiple crystals (processes 2,3).

The response multiplicity is defined as the number of detector crystals that respond
and record the 7y particles generated. Under ideal circumstances, the 7y particles generated
after the capture reaction occurs may respond and be absorbed on a single BaF, crystal, as
seen in process 1 in Figure 2b. However, Compton scatterings might occur, causing the
reaction signals to appear on multiple crystals, as shown in processes 2,3 in Figure 2b. In
the simulations, this might be resolved by discriminating different geometric volumes with
the help of the embedded interface of GEANT4, which is described in detail in Section 4.3.
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2.3. Pile-Up Energy

For GTAF, the neutron capture reaction is of the most concern. To distinguish the neutron
capture reaction, one of the most practical ways is to find the value of pile-up gamma-ray
energy E,y, since no matter how many reaction channels have been experienced, E,y remains
constant if all data can be detected and restored ideally, as shown in Equation (2).

Eex =E,+Q (2)

where E,, refers to the neutron energy and Q to the reaction Q value.

As mentioned in Section 2.2, there could be multiple de-excitation reaction channels
where capture reactions can occur in actual experiments, and two or more photons may hit
the same BaF, crystal almost simultaneously. Since there is a limit of time resolution in the
nuclear electronics of GTAF, the energy signals generated might be accumulated together,
which appears as a high-energy peak in the spectrum (Figure 3). Problems are much easier
to solve in the simulations since all event information can be recorded and the summation
energy under different reaction channel conditions can be distinguished, as described in
Section 4.3.
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Figure 3. Principle of pile-up energy [6].

3. Monte Carlo Simulation

3.1. General Idea
3.1.1. General Design

As discussed in Section 1, a reliable Monte Carlo Simulation is needed to be established
in order to fulfill the needs of the amelioration of facilities and to help in the analysis of the
experimental data.

The reliability of the Monte Carlo simulation depends on the details of reconstruction
in various parts, i.e., (1) detailed geometry reconstruction; (2) accurate physics configura-
tions; (3) reasonable calibration and neutron beam sources; (4) a capable event reconstruc-
tion algorithm; and (5) a suitable digitization process.

The GEANT4 simulation toolkits package is chosen, as it has been widely used and
verified in nuclear physics and high energy physics, with strong abilities of extensive
physics configurations and mutual geometric reconstruction methods [26]. The kernel
version of GEANT4 in use in the simulation of this paper is 11.1.2. The general working
flow of the simulation is shown in Figure 4.
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Figure 4. General data flow of simulation codes.
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3.1.2. Simulation Modes

To adapt to different needs of geometry simulation under certain experimental condi-
tions, different Boolean variables are offered to users in order to switch between different
modes of simulation, including geometric constructions, physics models, and information
digitization processes.

3.2. Geometry Reconstruction
3.2.1. Construction Methods

The geometry is reconstructed to have the most reasonable details. Apart from the me-
chanical fabrication errors, the geometric parameters and related materials of the facilities
are set as the same as the ones measured directly from the actual arrangements [6] in the
Back-n of CSNS.

In addition to using the Constructed Solid Geometry (CSG) method or the CSG-
like methods embedded in GEANT4 toolkits, the subassemblies of the facilities are also
reconstructed using the CADMesh method as a back-up and an agile option. The two
mentioned methods are designed to be able to switch between one another via a Boolean
variable switch [27].

The CADMesh is a valuable tool in reconstructing detector constructions in GEANT4
simulations. It allows importing complex geometries created in Computer-Aided Design
(CAD) software version 2.0.3, with a support of various common ACSII format files, into
the GEANT4 simulation program directly.

Although both CSG and CADMesh methods are based on computer graphics geo-
metric logics, more preset basic graphics and logical calculation operations are provided
by commercial CAD software version 2.0.3 when constructing elements, which offer the
CADMesh method’s possibility of rapidly building high-level accurate geometric volumes,
ensuring that the simulation of the detector’s physical characteristics can fulfill the cru-
cial need for obtaining results in particle tracking. It is especially advantageous that the
CADMesh method can easily excel at handling complex 3D shapes and curved surfaces
when simulating detectors, such as for the GTAF series detectors, which contain quite a lot
of intricate and irregular geometric elements.

According to the topologic definition of different fields in ACSII format CAD files,
such as vertex positions, normals, mappings, etc., as created by CAD version 2.0.3, an
interface program is used to read and translate parameters to ensure the core program of
GEANT4 completes the corresponding geometric construction whereas the corresponding
materials are defined subsequently in the same way as the CSG method in GEANT4 [28].

3.2.2. Geometry by Categories

The geometric simulation and some of the typical subassemblies are shown in Figure 5.

Figure 5. Cont.
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(®) (b)

Figure 5. Typical simulation reconstruction. (a) Mass plan of the Hall-2 geometry using CSG + CAD
method; (b) central zone for the detector and its associated geometry using CSG + CAD method;
(c) BaF, crystal geometry using CSG/CAD method; (d) sample tray/support geometry using
CSG/CAD method; (e) bellow geometry using CSG + CAD method; (f) cage support geometry
using CAD method; (g) BaF, pentagonal pyramid; (h) BaF, hexagonal pyramid.

In order to facilitate simulation and analysis, geometric structures are constructed
according to regions, as described below.

a. Walls

The wall category includes three major subcategories: side walls, ceiling, and floor.
The geometric dimensions of the structure are completed based on the design drawings,
with local details adjusted according to the actual layout conditions.

Considering that particles may be partially scattered after passing through the particle
dump and re-enter the experiment hall, and that the structure at the rear of the beam line
(open stairwell, etc.) might affect the trajectory of the particles, special consideration was
given to structuring the stairwell and other parts behind the experimental hall.

b. Pipes and Dump

The particles complete the transportation in the vacuum pipeline. The pipeline and its
support legs should be reconstructed as much as possible according to the drawings in the
simulation, since they are the parts with direct contact with the primary particles. In order
to facilitate the research of different environment effects (under vacuum and air conditions),
the inner volume of the pipeline is specially constructed as a separate geometry. A Boolean
switch to change the material (vacuum or air) is preset, as shown in Section 3.1.2.

Meanwhile, considering that under the calibration mode, the upstream vacuum
pipeline that penetrates the wall has little impact on the simulation results, this very
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pipeline as well as other wall-piercing structures would be no longer constructed when the
calibration mode is selected by the user in order to improve the efficiency.

For relatively complex geometries such as bellows, quick-release flanges, and pipeline
support legs, the CSG method is mainly constructed by volume-equal geometric conversion
coefficients (more details in Section 3.2.3), while in the CADMesh mode, it is completely
reproduced according to the design drawings, as shown in Figure 5e.

C. Detector and Accessories

The simulation of the detector and its accessories is based on the geometry of the
actual detector, as shown in Figure 5b.

The BaF; crystal is constructed based on the pentagonal pyramid and hexagonal pyramid
structure, which is established with cylinders and plates, as shown in Figure 5g and 5h, respec-
tively. An assembled array is shown in Figure 5c. Outer covering layers, including the black tape
light-shielding layer (Kapton material) and the aluminum shell were also simulated and were
consistent with the actual manufacturing size and layout. In order to avoid the floating-point
number overflow that may occur when constructing geometry in GEANT4, a slight gap of 0.01
mm is placed between the two layers.

While constructing some of the complex geometries, such as the detector support
legs, detector gantry, and sample support/tray, the geometric construction is reconstructed
through volume-equal geometric conversion coefficients (more details in Section 3.2.3), as
shown in Figure 5df.

However, as for the moving mechanism of the support platform of the detector, no
detailed simulation was performed, since it is considered that the entire structure is located
below the support platform, which has a certain local effect on particle scattering but has
little impact on the overall effect.

d. Functional Virtual Geometric Area

Considering the need to verify the simulated geometric cross-section and energy
spectrum of the incident neutron beam, a functional virtual geometry is set up in the
through-wall vacuum pipe. The designed size of the set virtual geometric area is the full
pipeline inner cross-section with its material vacuum.

3.2.3. Construction Parameter Design
As mentioned above, volume-equal geometric conversion coefficients and material
composition conversion coefficients are used in order to ensure the efficiency of the simulation.

a. Volume-equal Geometric Conversion Coefficient

For certain elements whose local geometric effect is no need to be detailed considered,
the related parameters are calculated and set by volume-equal geometric conversion coeffi-
cients under the CSG mode. The simulated converted geometric coefficients of each main
structure in CSG mode are shown in Table 1.

Table 1. Typical volume-equal geometric conversion coefficients in CSG mode.

Category Volume Sub-Assemblies Geometry Coefficients
Environment Door LM1822 Concrete Inside Cube 0.97
Door
Environment Door LM1822 Cover of Door Cube (ngm 0.03
Subtraction)
Pipeline Bellow Type BP300 Bellow Outside Cylinder (Logic 1.47

Subtraction)
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Table 1. Cont.
Category Volume Sub-Assemblies Geometry Coefficients
. . Cylinder (Logic
Pipeline Bellow Type BP300 Bellow Inside Subtraction) 0.96
L Quick-Release Cylinder (Logic
Pipeline Flange Type KF100 Flange Subtraction) 1.24
Lo Quick-Release . Cylinder (Logic
Pipeline Flange Type KF100 Flange Inside Subtraction) 0-96
Lo Support Leg for Support Leg for Cube (Logic
Pipeline Pipe Pipe Type P100 Addition) 082
Detector Support Detector Support Cylinder (Logic
Detector Legs Legs Addition) 112
Support Platform Support Platform Cube (Logic
Detector of o 1.14
of Detector Addition)
Detector
Detector Light-Shielding Light-Shielding Volume (Logic 112
Layer Layer Subtraction)
Cylinder (Logic
Detector Sample Support Sample Support Addition) 1.06
Absorber Inside Cylinder (Logic
Dump Absorber Dump Addition) 0.71

b.  Material Composition Conversion Coefficients

Simulated materials are reconstructed according to the test results provided by the
manufacturer or the average composition values of the corresponding National Fabrication

Standards, as shown in the Table 2.

Table 2. Typical material composition conversion coefficients.

Category Volume Description Material
Environment Walls Concrete Standard Concrete
Mean Value
Pipeline Stainless Steel High-Carbon Steel GB 1220-92 and
GB/T 11253-2019
Mean Value
Pipeline Stainless Steel Stainless Steel Type Q235 GB 1220-92 and
GB/T 20878-2007
Mean Value
Pipeline Stainless Steel Stainless Steel Type 304 GB 1220-92 and
GB/T 20878-2007
Mean Value
Pipeline Aluminum Aluminum Alloy Type 6061 GB/T 3191-2019 and
GB/T 3880.2-2012
Dump Absorber Layer Inside Material B4C
Dump
Customized
Dum Absorber Layer Inside Polyethylene (Boron Reconstructed Due to
P Dump Carbide) Different Percentage of
Boron Carbide
Detector BaF, Crystal BaF, Crystal BaF,
Detector Light-Shielding Layer Black Tap Kapton
Detector Boron Glass Boron Glass Pyrex Glass
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3.3. Physics Models
3.3.1. Physics Model Selection

It is crucial to select appropriate physical models. Two different physical packages are
designed in order to fulfill the needs of two different simulation modes selected by users,
e.g., the Calibration mode and the Neutron Beam mode.

a. Calibration Mode

The simulation process of the Calibration mode is mainly to verify the reliability of
the geometric reconstruction. Three y sources are simulated as calibration sources as in
the experiment, where elastic scattering, inelastic scattering, and the decay process us-
ing G4DecayPhysics, G4RadioactiveDecayPhysics, G4lonElasticPhysics, G4lonPhysics,
G4EmStandardPhysics, and G4EmExtraPhysics (GEANT4 Simulation Toolkit, CERN,
Geneva, Switzerland) are considered in the simulation.

b. Neutron Beam Mode

Compared to the Calibration mode, greater consideration is given to the response in
low energy range in the Neutron Beam mode.

Since different physical packages concern different ranges of energy, basic hadron physics
packages, including QGSP, BIC, BERT, FTFP, and QBBC, are tested, some of which are shown in
Figure 6. Neutron elastic scattering, inelastic scattering, fission, decay, and neutron capture physical
processes using G4lonElasticPhysics, G4lonPhysicsXS, G4StoppingPhysics, and G4DecayPhycics
and neutron physics models including G4NeutronHPElastic, G4NeutronHPinelastic,
G4NeutronHPFission, and G4NeutronHPCapture models are designed to be used in the
physical models. The interactions between y particles and particles are well defined and
processed by the G4EmStandardPhysics (option 4).

x10° Deposited Energy Spectrum for '’ Au Sample
100

Entries Parameters — QGSP-BIC
90 Entries 5,000,000 ——FTFP
Mean  4.32 — QBBC

80 Std Dev 1.827 —— BERT

70 |

Counts

50

30

20 |

Energy/MeV

Figure 6. Deposited energy spectrum under different basic physical models.

Among different physics packages, it can be seen that the QGSP_BIC preset physics
package responds with more accurate peaks, including peaks of the Q values of different
isotopes, several slight escape peaks, and the neutron capture characteristic peak of 1%/ Au.
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This was chosen because, with high-quality cross-section data, this model is efficient
for neutron capture reactions at low energies (<20 MeV). As shown in Figure 6, it closely
fits the gamma-ray peaks for isotopes like 17 Au.

Electromagnetic processes, e.g., Compton scattering and photoelectric effects, were
accomplished with the EMV_option4 application to give realistic gamma-ray interactions
and pile-up energy spectra.

Neutron capture and pawing interactions were simulated using G4NeutronHP and
G4lonPhysicsXS, which are crucial for calculating the background and for slow neutron
transport. Comparison with other models verified QGSP_BIC_HP as the most accurate for
studies related to low-energy neutron capture.

In addition, in order to deal with the cross-section parameters in the low energy range,
an interface that references LEND (for energy under 20 MeV) and a specific “HP” package
and option 4 of the electromagnetic interaction package are used, with some of the cascade
parameters and reaction parameters adjusted [29]. The refinement and customization of the
physical simulation process of GTAF continues to be studied and developed. The current
results are shown in Section 5 in this paper.

3.3.2. Physics Process Design

The preliminary applied physics processes and models are shown in Table 3. They
will be continued to be refined in subsequent work due to the different needs of simulation.

Table 3. Applied physics processes and models.

Mode
Calib Neutron
|

Physics Model

QGSP_BIC_HP
EMV_option4
DecayPhysics

BiasedRDPhysics
HardronElasticPhysicsHP
IonElasticPhysics
IonPhysics
GammaNuclearPhysics
GammaNuclearPhysicsLEND
NeutronHPPhysics

During the simulation process, different cut and kill threshold parameters were set for
different simulation conditions.

For the Calibration mode, the default step length for gamma, e—, and e+, at 1 mm, is
preset, since it is only used to verify the validity of the geometric model.

Considering the Neutron Beam mode, different kill and cut thresholds are set according
to different simulation modes, such as the discriminating reaction channel mode and
debugging mode, and according to the different conditions in which different physical
processes occurred. In the overall settings, the lower limit of energy is set to 0.9 eV, and the
upper limit is set to a sufficiently high one, namely 20 GeV in this simulation. Meanwhile,
the lower limit threshold is set to 0.99 times the default HP models when it comes to
the neutron capture physics process. The QGSP_Model 1 is registered with parameters
referenced to the experimental data for the hadron inelastic physics model.

In addition, since the cross-sections of most nuclides in the library that comes with
GEANT4 are only average values, a program based on the DiceBox is used to define the
reaction cross-sections of the specific isotopes concerned [30].
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3.4. Primary Sources

Two types of sources, i.e., (1) calibration sources of 60Co, 137Cs, and #Na; and
(2) neutron beams, including (a) neutron beams output from Back-n and (b) 4.9 eV mono-
energetic neutron beams, are reconstructed using specific macro files, which contain a
histogram of spectral and spatial parameters and related normalized weighting coefficients
to provide the required information for the simulation of primary sources.

The initial particles are designed and implemented by the General Particle Sources
(GPS) method in GEANT4. Basic information of the initial particles, such as energy
spectrum and geometric spatial distribution, in different calibration sources and neu-
tron beams are designed in an independent macro file, which can be called through the
interface program that comes with GEANT4 to assign parameters to the initial particles in
the simulation.

3.4.1. Source Simulation

a. Calibration Sources

The three Calibration Sources of ®°Co, 137Cs, and ?2Na are reconstructed in the simu-
lation, with the geometric parameters the same as in real experiments [31]. In the called
macro files, geometric parameters of the calibration sources are set to ¢ 32 x 4 mm,
¢ 32 x 4 mm, and 25 x 25 mm, respectively, with an initial kinetic energy equal to 0 and a
two-dimensional geometric isotropic distribution.

b. Neutron Sources

Two neutron beam sources, mono—energetic neutron beams and spectral neutron
beams, are simulated.

Due to the time-resolution limit of hardware in real experiments, the Time-of-Flight
(ToF) spectrum of beams with an initial energy over 1 MeV cannot be well resolved.
Therefore, in the first stage of simulation, an upper energy limit of 1 MeV is set for both of
the options [31].

In the called macro files, the spectral distribution of initial particles is simulated with
the same spectral and spatial characteristics from the Back-n beamline [32,33]. The z-axis
coordinate of the neutron starting point is set to be —75.83 m. The starting x-axis and y-axis
coordinates of each Event are sampled from the CMOS-measured Back-n beam profile
distribution according to the x-axis position-weight and y-axis position-weight tables in
the macro file by sampling with a weighted coefficient calculated using the clock pointer as
the initial value of the pseudo-random number generator (PRNG). The simulated beam
spot obtained at the entrance of the incident pipe in Hall 2 is shown in Figure 7.

x distribution y distribution x-y distribution

=20

-10

30

6000

5000

4000

Counts
y (mm)

3000

2000

1000

0 =30

=20 -10 0 10 20 -30 -20 -10 (1] 10 20 30
y (mm) x {(mm)

0 10 20

x (mm)

Figure 7. Simulation of neutron beam spot at Back-n of CSNS.
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a.  The mono-energetic neutron beams are simulated with parameters of a 4.9 eV mono-
energy and a spatial beam spot obtained as mentioned above. This is used for
obtaining a clear image of the largest resonant cross-section of the standard ¥’ Au
sample, which leads us to verify the reliability of the codes and is used to help
calculate the theoretical efficiency or other required information.

b.  With a similar method, the initial kinetic energy emitted from the spectral neutron
beams of each event is determined to be selected from the measured Back-n beam
line source energy distribution table in the called macro file sampling, with the
same weighted coefficient as used to obtain the spectral parameters. This kind of
simulating beam is used for the analysis of backgrounds and for the calculation of
the theoretical neutron capture cross-section of samples.

3.4.2. Pseudo-Random Number Generator

The statistical properties of PRNGs have a great impact on the reliability of Monte
Carlo simulation results. There are several popular candidate PRNGs for nuclear physics,
such as the James Random, Mersenne Twister, and Ranlux64.

The MTWistEngine pseudo-random number generator is chosen as the PRNG used in
the simulation due to two main reasons, as follows:

(1) A big enough pool of valid pseudo-random number of 2!°°%” — 1 can be generated in
one single operation, which can support the needs of an upper limit of about 2 x 10°
events in each run in GEANT4 toolkits and can also fulfill the potential needs for
further study using the accumulated simulation data [34].

(2) A high reliability is achieved, since it has passed almost all the rigorous random
number tests referred to the analysis thesis in reference [35].

In order to obtain the system beepers via an I/O data channel as initial seeds feeding
the pseudo-random generator, a time seed interface program is designed, programmed,
and linked to the EventAction class of the simulation program.

3.5. Simulation Run and Action Classes

Whether using the Calibration mode or the Neutron Beam mode, the simulation can
be started by emitting the primary particles by calling up the detail parameters of the
initial particles in the macro file (including the initial energy, initial momentum, and initial
position) and the specific operation mode defined in the RunMessenger interface, via the
GPS function embedded in GEANT4, as mentioned in Section 3.4.

After emission, the behavior of particles depends on the different physical models and
definitions of the physical processes while travelling through various spatial volumes in
the geometry described in Section 3.2, and they act to cut off or truncate the information
according to the demands in the various action classes.

As mentioned in Section 3.1, different Boolean variable switches are coded to fulfill the
needs of different simulations, based on which, two information acquisition modes are provided
to users: the Stepping Acquisition Mode and Sensitive Detector Acquisition Mode.

For simulations with a clear focus on certain geometric regions, the Sensitive Detector
Acquisition Mode can be used to record the response. For instance, when we aim to analyze
the pile-up energy in the detectors, an AssemblyLogicVolum, including all crystals and
accessories, is defined as the SensitiveDetector; whenever the deposited energy is not equal
to 0 in the Sensitive Detector, there is a Hit, with all required information recorded.

For simulations aimed at more broad research, the basic Stepping Acquisition Mode is
activated, since all information happening in the world of simulation needs to be recorded
for further analysis.
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4. Primary Data Analysis Program

In order to meet the basic pre-processing requirements of the simulation data, a general
data processing program with a set of Qt-based GUI interfaces is designed and tested.

4.1. GUI Interface

In order to facilitate the implementation of commonly used data preliminary process-
ing functions, a visual human-machine GUI interface through Qt version 5.9.7 is designed,
as shown in Figure 8.

GTAF Detector Calibrate data

Chn=1,1735, sigmas= -3217.0205
Chn=1,3325, sigma= -2593.8487
| Chn= 0.6085, sigma=7126.4387
140,000 Chn= 0.6615, sigma= ~223.1230
— Chn= 0.5105, sigma=5695.3413
Chn=1.2745, sigma= -3593.1363
120,000 - Co60 Calibrate
Cs137 Calibrate
Na22 Co60 Calibrate

100,000

80,000

Counts

60,000

40,000

20,000

0 {1 e——<— — =1

0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Energy (MeV)

Figure 8. GUI interface of GTAF simulation pre-processing program.

Through Python Qt Version 5.15.11 and Py Root version 6.34.00, the commonly used
functions are realized by transporting the data flow via various interfaces, including the
import and export of files in various basic formats, switching between neutron beam mode
and calibration mode as well as the display and fitting functions of the energy spectrum
and ToF spectrum.

The visualization program uses the control of Qt and realizes the data interface re-
quired to call the above functions, realizing the basic data preliminary processing,

4.2. Event Cascade Algorithm

The simulation can be performed for each event or each run, as required. Consistent
with the process of experimental data processing, two general and basic event recon-
struction algorithm subprograms in the data processing program are designed: energy
reconstruction and position reconstruction.

The reconstruction is relatively simpler in the simulation, since it is possible to retrieve
the target data directly from GEANT4 built-in functions. Particles are transported and
tracked via the functions of Action Classes in the framework of GEANT4 toolkits until they
are absorbed in certain volumes or escape the set cut-off areas.

The essential values, such as the deposition energy, the time of flight, the multiplicities,
the geometric volumes, the material, the reaction channel, and other relevant information,
can be observed and recorded after each step or event. Meanwhile, the corresponding data
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of each reaction channel can be distinguished by calling up the physics model or physics
process of each track.

4.2.1. Pile-Up Energy Simulation

The deposited energy can be traced in each step of particle transportation with the
help of the built-in algorithms of GEANT4, which is one of the privileges of processing
simulation data compared to experimental data, with the pile-up energy peaks and event
cascade reconstructions being much easier to complete.

The particles are designed to be transported via the functions of action class in each
step until they are absorbed in certain volumes or exceed the preset cut-off areas. While the
simulation runs, each particle will be labeled by each generation, and the associated infor-
mation of particles is transferred via a user-set personalized function to the TrackingAction
class in order to be further processed.

Considering that the simulation results of interest are those with responses in the
detector array, the geometric volume information is of more importance. Therefore, a label
for each volume number (the CopylD) is recorded at the same time.

For situations where further processing of energy deposition is not required, the above-
extracted data can be directly transferred from the SteppingAction class to the EventAction
class so as to be accumulated and stored directly, after which the data is finally passed to
the Analyzer for saving in a certain format according to the designed dataflow as shown in
Figure 4.

On the other hand, where there is a need for further processing, a TrackingAction
class retains interface functions for users to filter the specific required deposition energy.
According to the needs of the user’s simulation objectives, data can be transferred to the
Analyzer after preliminary processing in the TrackingAction class, where more prepro-
grammed reorganization tools, such as different reaction channels, different multiplicities,
and different areas to store and construct the required energy spectrum, are set as described
in Section 4.3.

The original simulation data output from the dataflow above are saved by separate
detector crystals. The reconstructed energy spectrum can be output directly in the form of
divided crystals, or according to the user’s needs, a deposited energy spectrum reconstruc-
tion output in the unit of the total detector can be achieved in the form of the sum of the
total deposition data of each crystal in the same Event.

The above functions can be implemented in the RunMessenger by adjusting relative
Boolean variables or through GUI tabs. Thus, after each Run, the energy spectrum of
particles can be reconstructed.

4.2.2. Time-of-Flight Spectrum Simulation

In order to verify the results with experimental data, the flight time of particles is
designed to be recorded in the simulation.

The start time point TO is preset in the EventAction class at the beginning of the Event,
when the primary particles begin to emit in every loop. When triggered in each Step
(under SteppingAction mode) or in each Sensitive Detector zone (under SensitiveDetector
mode), the corresponding time is recorded and saved in a tuple or histogram predeclared
in the RunAction class. Note that the recorded time mentioned above is a Global Time in
the entire Event, since TO is the beginning of each Event. Right at the end of each Event,
the corresponding time data are recorded in different tuples or trees in the ROOT files
through the pre-selection conditions in the action classes of each Step, Track, Stack, or
Event. Therefore, a ToF Spectrum can be generated at the end of the whole Run, e.g., the
end of the final Event.



Symmetry 2025, 17, 92

16 of 26

In addition, similar to the processing of experimental data, the corresponding simu-
lated energy spectrum (E-ToF) can be calculated using the flight length of particles, and the
simulated ToF spectrum by using Equation (1). The flight length of particles is obtained by
adding the flight distance in each Step. It is calculated in the geometric simulation program
and transferred to the analysis functions by the two following ways, which can be switched
by users through a Boolean variable.

(1) Calculation by extracting the geometric length of the corresponding passing geomet-
ric elements in the Detector Construction source file; the geometric parameters are
transferred to the Analyzer source file through the transfer function.

(2) Calculation directly in the Step action class through the built-in variable function of
the GEANT4 toolkit, whereafter the step length is passed to the function in the Event
action class in order to store and generate the E-ToF spectrum directly.

4.2.3. Position Reconstruction

Similar to the reconstruction of the ToF spectrum, the position information (three-
dimensional vector tuple) of each step can be traced and recorded, while the deposited
energy (the difference between the pre-step and post-step energy) in dedicated geometric
volumes is not equal to zero in the SteppingAction class.

4.3. Reorganization Tools
4.3.1. Discrimination of Multiplicity

As discussed in Section 2.2, a proper design should be considered for the processing
and identification of the multiplicities.

For the reaction multiplicity, the embedded interfaces, which offer a method to obtain
the physics process in each step, can help to discriminate and record the multiplicities for
further study via data processing tools; the ROOT program is used in this paper.

An algorithm is designed to simulate and record the response multiplicities, where,
technically, the number of different CopylDs of geometric volumes where the deposited
energy is not equal to zero before the particle is fully absorbed or escapes from the sensible
arrays is seen as the theoretical response multiplicities, since there is a unique CopyID
tagged to each of the geometric volumes reconstructed in the simulation. Depending
on whether two successive responses occur on adjacent crystals, response multiplicity is
defined as cluster multiplicities or crystal multiplicities.

Examples of tools for discriminating and recording multiplicities and the use of
multiplicities obtained as tools for further analysis of the data are presented in Section 5.1.

4.3.2. Reaction Channels

In experimental data processing, distinguishing data from different reaction channels
is the core algorithm of data processing, which is realized through different gates in order
to help understand the experimental data and phenomena.

In simulation, the physical process occurring at each step can be traced before or after
each step. In order to avoid the null Pointer error in the C++ coding environment, apart
from the usual protection by a judgement function, the post step physics model filter is used
in this program. A string value, with a preset in GEANT4 or by a user-set dedicated physics
model or physics process due to the Boolean value switch as chosen in the RunManager,
would be returned. After transfer to the Stack and Track classes of the simulation program,
the string values of the relevant physics processes or physics models are passed to the
Analyzer and stored in the corresponding tuple or other format in a ROOT file.
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After the simulation is completed, the value of the physics processes or physics models
could be called in the Primary Data Analysis Program, and the ToF spectrum or energy
spectrum involved in different reaction channels can be classified and plotted.

4.4. Spectrum Smearing and Semi-Automatic Peak Finding
4.4.1. Energy Spectrum Smearing

Since GEANT4 cannot simulate the nuclear electronic effect in the preset physical
process, the ratio of electronic response is obviously 100%. Thus, the simulated data need
to be broadened before supporting the experimental data analysis.

In the preliminary analysis program, the Gaussian function is used as the broadening
algorithm. The specific process of the broadening algorithm is as follows:

(1) Determine the total normalized bin number and the corresponding coordinate value
of the corresponding spectrum (or the corresponding segment of the spectrum);

(2) Determine an energy resolution that is set according to the experiment or set by the user;

(3) Determine the width of the error limit;

(4) Determine the constant of Gaussian broadening by ensuring that the integral of Gaussian
broadening with the above parameters is the same as the original count value.

Plot and record the parameters.

4.4.2. Semi-Automatic Fitting and Peak Finding

Spectrum fitting and peak finding are generally performed in the range of interest
when processing data. The semi-automatic spectrum fitting and peak finding process can
be implemented in the primary data analysis program.

The algorithm of spectrum fitting and peak finding is similar to their counterpart of
energy spectrum broadening, which is also achieved by fitting with the Gaussian function
a series of basic initial parameters, including the approximate region of the peak position,
basic fitting adjustment parameters, etc., that can be modified and fitted directly in the GUI
interface mentioned in Section 4.1.

The peak position and the final coefficient of the fitting iteration will be displayed in
the display area of the GUI interface or be printed in the Terminal, which will be stored
and be used for subsequent data analysis.

5. Validation of Reliability
5.1. Responses to Calibration Source

The three calibration sources mentioned in Section 3.4 are designed to validate the reliability
of the geometric simulations and the algorithm of reconstruction. The results are shown in
Figure 9, in which the peaks of piled-up deposit energy are all in good agreement with the
expected data, which demonstrates the reliability of the geometry and physics configurations.

In addition, the preliminary processing of multiplicities and reunited-BaF, crystals event
plotting is performed for the simulation data. Taking the simulation data of ®Co source calibra-
tion as an example, two gamma rays, with an energy of 1.17 MeV and 1.33 MeV, respectively,
emit spontaneously. The pile-up energy of 2.5 MeV can be a benchmark to evaluate the efficiency
of the detector array, as discussed in Section 2.2 and shown in Figure 10.
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Figure 9. Simulated calibration energy spectrum (pile-up energy) for different sources. The blue line
represents 137Cs, the black line represents 60Co, and the red line represents 22Na.
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Figure 10. Demonstration of multiplicity identification for ®*Co source simulated calibration experiment.

It can preliminarily be proven that the geometric reconstruction of the simulation
program is effective, with the basic reconstruction algorithm available. At present, the
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experimental data processing of GTAF is still ongoing, and the results from the experiment
will be published in the future.

5.2. Response to Neutron Capture Reaction

Considering that there is a very large resonant neutron capture cross-section at
4.9 eV of the isotope 7 Au, which is several orders of magnitude larger than other cross-
sections, such as elastic scattering, the very specific monoenergetic neutron beam is used
for verifying the physics configurations of the simulation.

To this end, a 4.9 eV monoenergetic neutron beam with the same geometric spatial
distribution as the Back-n neutron source starts from the vacuum tube, 72.7 m away from
the sample tray, and a standard thin cylindrical '’ Au Sample with the same geomet-
ric dimensions as the experiment, i.e., a thickness of 0.2 mm and a diameter of 40 mm,
is simulated.

In this simulation, a lower energy threshold of 102 eV is preset for each simulated
crystal unit to facilitate preliminary data processing. The response information of parti-
cles on the BaF; crystal was recorded as described in Section 4.2, after which the energy
spectrum and ToF spectrum were output through event reconstruction.

As shown in Figure 11, a peak of deposited energy around 6.51 MeV and a typical
time peak of 2.478 x 10° ns are clearly shown in the Energy Spectrum and in the ToF
Spectrum, respectively, which are consistent with the expected values and demonstrate
well the validation of the simulation codes.
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Figure 11. Simulation results of 1%/ Au sample response to the 4.9 eV monoenergetic neutron beam.
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6. Practical Examples

6.1. Assistant Processing and Understanding Experimental Data
6.1.1. Leveraging GEANT4 Simulations for Experimental Data Analysis

The Monte Carlo simulation tool built around GEANT4 assists in analyzing and
understanding experimental data. On one hand, the Monta Carlo tool can provide the
experimental spectra of other neutron energies to assist in understanding neutron energy
and reaction cross-section relationships. On the other hand, simulated results can help to
understand the response of different components of the detection system to the reaction,
to propose and verify the optimization proposition for facilities and to develop specific
processes for data processing.

Background sources, such as scattered gamma rays and environmental neutrons, were
identified by simulation so that specific alterations could be done, such as optimizing
shielding placement and tweaking detector geometry as appropriate. These changes
worked to reduce the background noise that hindered the performance of the GTAF
experiment, thus enhancing its measurement quality.

6.1.2. Impact of Different Neutron Beam Energies

In order to speed up the simulation and considering the (11, ) cross-section in real experi-
ments, a Back-n neutron energy below 1MeV is often used as the input neutron source.

However, neutron beams in different energy regions may have different effects on the
background. To confirm the influence of the high-energy part on the interested energy re-
gion, four different initial input neutron sources are simulated, with the Effect-Background
Ratio results shown in Table 4.

Table 4. Theoretical Effect-Background ratio under different simulation beam conditions.

Number of Neutron Beam Condition Effect-Background
Simulations Energy Spectrum Spatial Structure Ratio
Back-n Energy Spectrum . o
N_04 (filter under 1 MeV) Back-n Spatial Structure 7.26%
N_29 Back-n Energy Spectrum  Back-n Spatial Structure 7.11%

As can be seen from the above table, although the high-energy neutrons have a certain
influence on the spectral structure, they have little effect on the key data, such as the
back-ground-effect ratio. Therefore, when using simulation for rough analysis, a simplified
neutron source term, with a filter of under 1MeV of energy, can be used to improve the
computational efficiency.

6.1.3. Discrimination Data by Different Reaction Channels

The discrimination of different reaction channels is one of the benefits of using the
simulation codes, since it can provide an ideal panorama of all the reactions occurring. A
demonstration of this function is shown in Figure 12.

These simulations can help to estimate the detection efficiency of neutron capture
reaction measurement. In addition, it is an important analysis tool to provide possibilities
to help better understand the phenomena of experimental data and optimize the structure
to reduce the background impact.
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Figure 12. Demonstrations of reaction channel discrimination.

6.2. Assistance in Evaluation of Preliminary Geometric Optimization
6.2.1. Analysis of Background

In order to support the upgrade of facilities, backgrounds can be estimated with the

help of the simulation codes while comparing with the experimental results obtained. The

backgrounds are defined as the differences between the total data and the effect data. With

entire experimental facilities installed in the ES#2 simulation, since part of the background

is produced by the interactions of scattering neutrons with the surroundings, as seen in

Figure 11, a series of abnormal resonant peaks is displayed in the ToF spectrum that range

from 8 x 10° ns to 1.1 x 10° ns. The preceding geometric volumes and related materials of
the abnormal data are traced by the simulation codes, as shown in Figure 13.
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Figure 13. Demonstration of primary analysis of background.

Considering that most of the precursor origins of the background are concrete volumes
(walls, ceilings, and floors), a preliminary optimization proposal could thus be made as
the proposition to reduce the impact of abnormal backgrounds to isolate the scattering
sub-particles caused by the wall, the ceiling, and the floor from the neutron beamline,
especially in the central area where the crystal array lies.

6.2.2. Comparison of Simulation and Experimental Results

In order to verify the validity of the simulation backgrounds, two conditions are simu-
lated: (1) under vacuum conditions, with only the BaF, crystals and sample reconstructed;
and (2) under normal air conditions, with all geometric structures reconstructed. Theoreti-
cally, the subtraction of the two conditions could be seen as the simulated backgrounds,
which are compared with the processed experimental results, as shown in Figure 14.

The simulated backgrounds compare quite favorably with the behavior of the experi-
mental backgrounds, though the experimental backgrounds show a higher count due to
either scattering due to geometrical features not included in the simulation or inaccurate
cross-section values for the isotopes in the GEANT4 library. Additionally, variations in
detector noise, cross-section errors, and modeling inaccuracies might contribute to the
discrepancies observed. These are certainly influences affecting simulation accuracy and
should be considered during the final analysis.
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Figure 14. Background analysis and comparison.

6.2.3. Evaluation of Geometric Optimization Proposition

One potential structural optimization option is to add a vacuum tube in the central
area (i.e., the area through the center of the detector array) with a ball-shaped neutron
absorber outside the sample tray/support, as shown in Figure 15.

(b) Detail simulation of the optimization structure

Figure 15. Mass plan with the optimized structure.
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The simulation results for the combination of different pipe diameters and materials
are summarized in Table 5, which shows that the addition of the central vacuum pipe and
the absorber outside the sample tray can significantly help to reduce the influence of the
anomalous background.

Table 5. Theoretical Effect-Background ratio of simulation under different optimization conditions.

Number of Central Pipe Absorber Outside Sample Tray Effect—
. . - - - N ; ; Background
Simulations Material Dimension Material Dimension Ratio
N_04 N/A N/A N/A N/A 7.26%
N_08 Smméeos: Stell $51 Polyethylene 51 15.87%
N_09 Aluminum $52 (SCO A °t')3.‘ér‘;n $52 15.31%
N_10 Alloy 6061 $55 arbide $55 16%

Obviously, the final optimization of the structure would be decided after considering
more details and analysis, including the effects of in-beam 7y rays at Back-n sources. Valida-
tion experiments of absorbing layers are being planned, after which all the simulated and
experimental data will be verified in the very near future.

7. Summary

A Monte Carlo simulation program for GTAF based on GEANT4 toolkits is established
and verified in this paper, which allows us to use it assisting the analysis of experimental
data and the optimization of facilities.

The geometry of the facilities is reconstructed in great detail according to the as-built
drawings and the actual layout conditions on site. Together with reasonable physics
configurations and event reconstruction algorithms, the codes are tested and validated by
comparing simulated with experimental data for the three types of calibration sources and
two types of neutron beam sources. All of the comparison results show positive agreements,
which demonstrate the reliability of the codes created.

Two types of typical application examples are presented at the end of this paper to
show some common scenarios where the above codes can be applied.

More work will be done to ensure the performance of the codes and more applicable
scenarios will be executed to help in data analysis and other elements of the simulation
codes. While the current simulation demonstrates reliability, there is room for further
improvements, such as refining background estimation for complex environments and
enhancing geometric modeling to account for minor structural details.
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