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Abstract

Accurate fission cross-sectional data for actinide nuclides are critical for nuclear energy, astrophysics, and defense applica-
tions. Traditional detectors, such as fission chambers, face limitations in achieving sub-3% uncertainty owing to particle
identification challenges and dynamic range constraints. The time projection chamber (TPC) can record both the energy
deposition dE/dx and the three-dimensional track of an event, providing the ability to identify particles and fission fragments.
Based on this characteristic, we developed a novel TPC, INPC-TPC, featuring a symmetrical dual-chamber structure and gas
electron multiplier (GEM)-based readout technology. The dual-chamber design isolates fission fragments and recoils protons,
thereby reducing the dynamic range requirements of a single chamber, whereas the GEM ensures high spatial resolution
and stable gain. Experiments conducted at the Chinese Spallation Neutron Source (CSNS) Back-n white neutron beamline
validated the performance of the proposed detector. The INPC-TPC demonstrated effective fission fragment identification
through particle energy-length correlation measurements and accurately measured the neutron beam spot size with a diameter
relative error of < 2%. The results highlight the capability of the system to achieve high-precision measurements of neutron-
induced fission cross sections, particularly for 2**U and 2*U.

Keywords Time projection chamber - Fission cross section - Particle track reconstruction - Particle identification - Neutron
beam spot

1 Introduction

With the widespread application of nuclear fission in new
energy, national defense, astrophysics, and other fields,
researchers have proposed higher requirements for the
accuracy of fission cross-sectional data than before. Higher
accuracy requirements have also driven the development of
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detectors. Traditional measurement methods, such as fission
chambers, are limited by their own structure and measure-
ment principles, and the accuracy of measuring the fission
cross sections of major actinide nuclides is always between
3% and 5% [1]. Previous methods have struggled to achieve
high levels of measurement accuracy. At present, the evalu-
ation of fission cross sections based on a large number of
experimental datasets can achieve a highly accurate level,
and in some cases, can even reach an uncertainty of 1% [1].
However, in the fast neutron region (where the incident neu-
tron energy ranges from 100 keV to 14 MeV), the measure-
ment accuracy of the fission cross section for major fission
nuclides such as 2*3U and ?*®U is usually between 3% and
5%. Higher requirements have been proposed for the meas-
urement accuracy of fission cross sections in applications
such as reactors, national defense, and nuclide synthesis
calculations. Through extensive research on the impact of
uncertainty, it has been concluded that a precision of 1%
or higher is required [2]. In addition, as mentioned earlier,
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the uncertainty of the system constrains the measurement
accuracy. Consequently, to further enhance the measurement
accuracy of fission cross sections, new measurement meth-
ods and detectors are urgently required.

The time projection chamber (TPC) was first proposed
and invented by Nygren et al. in 1974 and was soon applied
to PEP-4 experimental detection in the SLAC electron—posi-
tron collider [3]. TPC is a type of gas drift detector. It con-
sists of drift areas of different shapes, readout detectors with
positions (X-Y plane), and time measurement functions. The
electron drift time can provide information in the Z-direc-
tion. A magnetic field can be applied parallel to the electric
field to measure the momentum of the incident particles.
Magnetic fields can also suppress transverse diffusion dur-
ing electron drift, thereby improving the spatial resolution
of the tracks. In contrast to other detectors, TPC detectors
possess a sensitive volume that is sufficiently large to detect
and reconstruct the three-dimensional track of the incident
charged particles. It can record the energy deposition process
of particles, thus measuring the ionization capacity dE/dx
of the particles [4, 5].

Based on these two characteristics, the TPC exhibits
excellent performance in identifying particle types. Conse-
quently, in numerous large-scale high-energy particle experi-
ments, TPC has been used as central track detectors. Nota-
ble among these are ALEPH [6] and DELPHI [7] in LEP
experiments, STAR [8] in BNL, and ALICE [9] in LHC.
The European Organization for Nuclear Research (CERN)
extensively deploys TPC detectors in experiments related to
the Large Hadron Collider (LHC) [10]. In the ALICE experi-
ment, TPC is responsible for detecting the massive charged
particles generated in heavy-ion collisions. Researchers have
combined advanced micro-pattern gas detectors (MPGDs)
technology with TPC to achieve extremely high spatial reso-
lution, reaching submillimeter levels.

The TPC detection technology has a very broad appli-
cation prospect in the fission cross-sectional measurement.
Traditional fission chambers record only the total energy
deposited by fission events in the fission chambers. However,
different types of particles, such as fission fragments, alpha
particles, and protons scattered out of the target chamber,
may generate events with similar energies, which leads to
the inability of fission chambers to identify these types of
particles. By incorporating the entire ionization process
of charged particles within their effective volume, fission
TPC can provide more effective particle identification capa-
bilities. The fission TPC can record the deposited energy
and length of the ionization tracks, which depend on the
mass and charge of each particle. Heavy fission fragments
lose energy rapidly, thus leaving shorter ionization tracks,
whereas alpha particles have longer tracks. When the ioni-
zation tracks are plotted as a function of distance, there is
a distinct peak (Bragg peak) in the ionization track of the
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alpha particles, indicating the maximum energy loss. By
employing the ionization information of each particle, with
the Bragg peak data included, the fission TPC can effectively
identify the particle types.

The neutron-induced fission fragment tracking experi-
ment (NIFFTE) collaboration is at the forefront of apply-
ing TPC to fission cross-sectional measurements [11, 12].
This fission TPC uses MICRO Mesh Gaseous Structure
(MICROMEGAS) as the readout detector and has 5952
readout pads. It does not require a magnetic field to control
diffusion because the drift distance is short (approximately
54 mm). The working gas was an argon-isobutane mixture at
a pressure of 550 Torr. Recently, they measured the *’Pu(n,
£)/*3U(n, f) cross-sectional ratio (0.2—100 MeV) using this
TPC, and the uncertainty of the results reached approxi-
mately 1%. They also used the NIFFTE TPC to measure the
alpha/SF branching ratio of >>°Cf and obtained experimental
results that were very close to the reference value [13].

A research team from Tsinghua University developed a
time projection chamber prototype (fTPC) for conducting
high-precision fission cross-sectional measurements [14].
They conducted discrimination experiments on fission frag-
ments and alpha particles using a 2>2Cf source, validated
the fTPC’s capability to distinguish between the two types
of particles, and estimated the cross-sectional uncertainty
introduced by the discrimination process in combination
with simulation results. The fMeta-TPC, developed by
Fudan University, focuses on low-energy nuclear experi-
ments, such as cross-sectional measurements of photonu-
clear reactions [15]. This TPC employs a MICROMEGAS
readout system. The experimental results demonstrate that
this detector exhibits good energy and angular resolutions.

The Chinese Spallation Neutron Source (CSNS) team has
also performed good work on fission TPC. One of the main
purposes of the multipurpose TPC (MTPC) developed by
the CSNS is to accurately measure the fission cross sec-
tion [16—18]. The MTPC also uses MICROMEGAS as the
readout detector, with a total of 1519 readout pads. The
MTPC team has measured the cross section of >?Th(n, f)
at multiple energy points (4.50-5.40 MeV), and the results
are consistent with the evaluation data [19, 20]. The relevant
research team has also developed an open-source program
framework called BLUET for simulation and data analy-
sis based on MTPC, providing a convenient and efficient
sharing platform for TPC data analysis by different research
teams.

The INPC-TPC, independently developed by the Insti-
tute of Nuclear Physics and Chemistry of the Chinese
Academy of Engineering Physics, is the third TPC detec-
tion system in the world specifically designed for neu-
tron-induced cross-sectional measurements, following the
NIFFTE TPC and MTPC. Its main purpose is to perform
high-precision fission cross-sectional measurements (100
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keV to 14 MeV) on actinide nuclides such as 2>U and
239puy, with the expectation of reducing the measurement
uncertainty to 1% or less. To achieve such a high measure-
ment accuracy, the selection of the reference cross section
is crucial. As is known, most neutron-induced reaction
cross sections are measured relative to the standard cross
section, and few reaction cross sections can be directly
measured. Therefore, the measurement accuracy of the fis-
sion cross section also depends to some extent on the accu-
racy of the standard cross section. At present, the fission
cross-sectional measurements of commonly used actinide
elements are usually based on the B3U(n, f) cross section
as the reference cross section for relative measurements;
therefore, the uncertainty of the measurement results is
difficult to reduce to a lower level. We designed the H(n,
n) cross section as the reference cross section because the
uncertainty of the H(n, n) cross section is currently the
lowest among all standard cross sections (approximately
0.2%) [21]. This makes the goal we have set theoretically
feasible. We completed the design and development of the
entire system and conducted testing experiments on the
white-light neutron source of the CSNS. The main body
of the CSNS includes a 1.6 GeV fast-cycle proton syn-
chrotron, an 80 MeV negative hydrogen linear accelerator,
a central target station, and different neutron beam line
pipelines [22-24]. After protons bombard the tungsten tar-
gets, some of the produced neutrons rebound. The CSNS
separately leads to the neutrons flowing back along the
target channel, creating a back-streaming white neutron
beam (Back-n), which leads to two experimental termi-
nals [25]. Back-n has the characteristics of high flight time
resolution and high flux (up to 2x10” cm™'s™"), and has a
wide energy range (0.5 eV to 200 MeV) and high-energy
resolution.

This paper introduces the measurement principle and
structural design of the INPC-TPC. As the third dedicated
TPC worldwide for such measurements, following the
NIFFTE and MTPC systems, the INPC-TPC introduces
a pioneering symmetrical dual-chamber architecture and
state-of-the-art gas electron multiplier (GEM)-based read-
out technology, addressing critical challenges in particle
discrimination and dynamic range limitations. A defining
feature of this design is the strategic use of the H(n, n)
cross section as the reference cross section, leveraging its
exceptionally low uncertainty to anchor absolute meas-
urement precision. This choice, combined with the dual-
chamber design that spatially isolates fission fragments
and recoil protons to reduce single-chamber dynamic
range requirements, and GEM’s submillimeter spatial
resolution and stable gain, establishes a robust framework
for pushing the measurement uncertainty below 1%. By
analyzing the experimental results obtained using back-
n, it can be seen that INPC-TPC can effectively identify

fission fragments and perform high-precision measure-
ments on neutron beam spots.

2 Structure of the main chamber

The structure of the main chamber of the INPC-TPC is
shown in Fig. 1. It mainly consists of a gas distribution sys-
tem, field cage, gas electron multiplier (GEM), readout PCB,
and preamplifier array. The detector housing was constructed
from aluminum, providing sufficient mechanical strength
and maintaining excellent gas tightness even when operat-
ing at 5 atm. Conversely, the metal housing serves as the
detector’s common ground while also providing electromag-
netic shielding for the internal environment, thereby reduc-
ing noise in the readout signals. Both the housing body and
end cover were tightly fastened to the readout PCB board,
with silicone gaskets sealing all joints to ensure excellent
gas tightness. Additionally, the housing features a hermetic
high-voltage connector that maintains gas tightness while
supplying a high voltage to the drift electrode. To enhance
the uniformity of the electric field distribution within the
TPC, the system is typically equipped with an electric field
cage. The field cage consisted of two layers of copper rings
arranged in a crossed pattern with equal spacing between
adjacent rings. By applying a uniformly decreasing voltage
across the copper rings, the uniformity of the electric field in
the TPC was significantly improved. This uniformly decreas-
ing electric field can be achieved through a series voltage
division using identical resistors.

Gas supply system

High voltage power

- Cathode
Target f E
Gom Field cage
GEMl High voltage power
4mm GEMZ i > Su:ply of :‘e ZEM

5
Readout PCB

Preamplifier array |

Fig.1 (Color online) The structure of the main chamber and readout
PCB

@ Springer



80 Page4of11

J-).Zhang et al.

The INPC-TPC employs GEMs for the readout, in con-
trast to the NIFFTE and MTPC detectors, which utilize
MICROMEGAS technology. GEMs demonstrate superior
gain stability and reduced sparking risk owing to their cas-
caded amplification architecture, which distributes electric
fields across multiple low-strength layers, mitigating local-
ized charge accumulation [26, 27]. In contrast, MICROME-
GAS relies on a single high-voltage gap, which concentrates
the electric field and increases the discharge susceptibility
under equivalent gain conditions. Studies further indicate
the integrating GEM preamplification stages into MICRO-
MEGAS systems significantly suppresses sparking rates [28,
29].

GEMs achieve enhanced spatial resolution via narrow
electronic signal widths (~ 20 ns) and minimized lateral elec-
tron diffusion through multilayer hole compression [30]. A
standard GEM consists of a 50—70 pm copper-clad polyim-
ide foil, perforated with 30—50 pm diameter pores fabricated
via photolithography and chemical etching techniques [31].
Voltages of hundreds of volts induce avalanche amplification
within these microstructures. The INPC-TPC adopts GEM
foils with 50 pm thickness, 70 pm pore diameter, and 140
pm pitch. To address the electric field non-uniformity at the
foil edges, which is attributed to their smaller dimensions
relative to the field cage components, guard rings are imple-
mented alongside field cage supports, minimizing distortion
and ensuring signal fidelity at high counting rates.

The particles generated by the target continuously ion-
ize the working gas in a uniform electric field provided by
the field cage, thus producing drift electrons. The GEM
performs avalanche amplification on drifting electrons.
Finally, the two-dimensional readout PCB collects elec-
trons and provides signals with amplitude and time. The
readout PCB (diameter 560 mm) consists of 4608 readout
pads, as shown in Fig. 1. The size of the pad significantly
affected the particle identification performance. During the
early development process, we simulated the identification
effects of four pad sizes: hexagons with diameters of 1, 2,
3, and 4 mm. The simulation results show that the smaller
the pad size, the better the identification effect. However,
when the pad size is too small, it also causes difficulties in
engineering implementation. For a detailed analysis, please
refer to reference [32]. After comprehensive consideration,
we chose a pad diameter of 2 mm, with a spacing of 125 pm
between each pad. Each pad was connected individually to
a preamplifier, and a total of 4608 channels formed a pre-
amplifier array. We can obtain the position information of
the electron cluster in the X-Y plane based on the position
of the pad that generates the signal. In addition, the position
information of the electron cluster in the Z-direction can be
determined by multiplying the drift time by the drift veloc-
ity. The drift velocity of the electrons was obtained through
a Garfield++ simulation. Using the position distribution
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and signal amplitude of drift electrons in three-dimensional
space, we can reconstruct the particle tracks and energy loss
processes, thereby achieving particle identification. Previ-
ously, we used alpha particles emitted from the 2*' Am source
to measure the position resolution of the system. When the
voltage of the GEM was 1300 V, the position resolution in
the X-Y plane was 122 pm, which was obtained by perform-
ing Gaussian fitting on the residual distribution curve (¢ =
122 pm) within the X-Y plane.

3 Design of the symmetrical dual-chamber
structure

We use of the H(n, n) elastic scattering cross section as the
reference cross section, and the calculation formula for the
fission cross section is shown below:

where x is the nuclide to be measured, o is the fission cross
section, € is the detection efficiency, @ is the neutron flux. B,
and n, represent the number of target nuclei and neutron flux
at position { in discretized space, respectively. o is the dead
time correction coefficient, and C is the number of particles
produced by the reaction. According to Eq. (1), the main
physical parameters that we need to be measured include
neutron flux and distribution ®, the number and distribu-
tion of target nuclei B;, and the number of reaction events
C. The number of target nuclei can be calculated by measur-
ing the spontaneous decay of alpha particles, as detailed in
reference [33]. Owing to the significant differences in the
energy loss among fission fragments, alpha particles, and
recoil protons, there are certain variations in the settings of
the electron gain values. If a single chamber is used to detect
various particles, a larger dynamic range is required. Tak-
ing the '**Ce source as an example, under 1 atm pressure,
in P10 working gas (10% CH, + 90% Ar), the minimum
energy loss is 3.4 keV/mm for 14 MeV protons, and the
maximum energy loss is approximately 14 MeV/mm for 90
MeV !#4Ce fission fragments. The dynamic range between
the two differed by approximately 4000 times. Therefore, we
adopted a symmetrical dual-chamber structure to achieve
separate measurements of protons and fission fragments,
thus reducing the high requirements for the dynamic range
of a single chamber. In this experiment, the electron gain
value of Chamber 1 (for detecting fission fragments and
alpha particles) was approximately 30. Because of the need
to detect lower-energy recoil protons, Chamber 2 requires a
higher gain value. The dual-chamber structure and internal
configuration of the main chamber are shown in Fig. 2.
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Fig.2 (Color online) The structure of the dual-chamber system (left)
and the main chamber (right)

The two chambers are filled with working gas, and the
target to be measured (such as >*>U) is placed on the cathode
plate in Chamber 1. Then, we placed the reference target
(such as polyethylene) in a position corresponding to the tar-
get to be measured in Chamber 2. The neutron beam enters
Chamber 1 and hits the target, producing fission fragments
and alpha particles. Polyethylene targets serve as radiating
bodies for neutron measurements. After hitting the target,
the neutrons undergo elastic collisions with hydrogen atoms,
resulting in the emission of recoil protons. The neutron flux
on the target can be calculated based on the number of recoil
protons. The fission cross-sectional ratio can then be calcu-
lated based on the elastic scattering cross section of hydro-
gen, the number of fission events, and the number of target
nuclei.

4 Target and electronics systems

We used a partitioned target composed of 2*3U and 2*®U for
fission cross-sectional measurement experiments, as shown
in Fig. 3a, to achieve simultaneous measurement of 2*U
and 2*8U. The substrate of the target was 80 um thick alu-
minum with a diameter of approximately 32 mm. We used
a full electroplating process to deposit multiple elements
onto the same substrate. The entire target was divided into
four regions, each with a quarter-circle shape and a radius of
approximately 15 mm. The distance between the target area
and the edge of the substrate was approximately 1 mm. 233U
and 233U are deposited on the diagonal areas of the substrate,
respectively. The thickness unevenness and purity of the tar-
get were 8% and 99.9%, respectively. Polyethylene will be
deposited in the area corresponding to 23U and 2*U on the
back of the substrate, which will be prepared for measuring
the recoil protons.

To cover the complete particle tracks, the INPC-TPC
has 4608 readout pads in a single chamber, totaling over
9000 channels. This poses a significant challenge to the

Back to back

ﬁ U-238
lmml
& 15mm

(b)

Fig.3 (Color online) The structure of the partitioned target a and the
electronics system b

performance of electronic systems. After the detector signals
undergo front-end amplification, they are sent to the ADC
sampling circuit boards for real-time sampling, and the data
are finally transmitted to the DAQ system via optical fibers.
The front-end circuit board adopts multichannel ASICs to
achieve charge-sensitive preamplification and signal filter-
ing and shaping. We conducted performance testing on the
ASIC preamplifier of the TPC detector in the early stage, and
its noise level was approximately 0.15 fC/1 pC (noise volt-
age 0.3 mV), with a dynamic range of approximately 6000:1.
After connecting the data acquisition circuit, the noise of
the system was approximately 0.6 mV, and the dynamic
range was approximately 3000:1. The power consumption
is approximately 10 mW/Ch. The sampling frequency of the
system was 50 MS/s with 14 sampling bits. We used an RVD
circuit to ensure that the voltages inside each GEM, between
GEMs, and between GEMs and the readout PCB were con-
sistent [26]. The INPC-TPC collects electrons through the
pad and convolves the distribution of electrons in the pad in
the preamplifier to obtain the output waveform. This differs
from the collection of induction signals in traditional fission
chambers.

The electronic system can be divided into two parts from
a hardware perspective: the front-end data acquisition sys-
tem and the back-end control and reception system [33], as
shown in Fig. 3b. Front-end data acquisition uses a stand-
ard 6U chassis, and the data transmission card serves as the
input of synchronous trigger signals and the output of data.
Each data acquisition card contained 128 pairs of differential
signal inputs. The data acquisition card communicates with
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the transmission card using a high-speed backplane to real-
ize data exchange and command control. Furthermore, the
data transmission card also receives and distributes external
triggers, clock, and synchronization signals [33].

On the control side, we developed a data acquisition sys-
tem control software based on LabVIEW. The software’s
functions include controlling the system’s on/off, configur-
ing parameters, monitoring the operating status of the chas-
sis, selecting working modes, and more. We built a real-time
data monitoring and display platform based on LabVIEW.
Through this platform, we can also decode and segment the
collected binary files into actual physical information, such
as the channel number, arrival time, signal amplitude, and
pulse width. The data acquisition system of the INPC-TPC
stores the data of each chassis separately in the form of a
binary file. The sampling frequency was one point per 20 ns.
The content of the file is the waveform data after packaging
and assembly, and each data packet contains 128 pieces of
16-bit data. When using the packaged data, ROOT software
was used for decoding. We then used the TTree function in
ROOT for data classification, storage, and retrieval.

5 White-light neutron source experiment

The main purpose of this neutron beam experiment was to
test the fission fragment identification ability of the INPC-
TPC; therefore, only Chamber 1 was installed, as shown in
Fig. 4. The partition target was fixed on the PCB center hole
at the connection between the two chambers using insula-
tion tape. The layout of the experimental site is illustrated in
Fig. 4. The neutron beam passes through different aperture
neutron switches and collimator 1 and 2 to obtain beam spots
of different sizes, which are then bombarded onto the target
and ultimately captured by the neutron trap. We placed a 6

Neutron trap Neutron switch

Collimator 1

I: j Collimator 2
D TPC Neutron beam I I Leaﬁnck

100.5cm

Fig.4 The layout of the experimental site
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cm thick lead brick between the neutron switch and collima-
tor 1 to reduce the beam intensity.

The working gas used in the experiment was 90%
Ar+10% CF,. Electrons exhibit a high drift velocity in Ar
(approximately 5 cm/ps), which reduces the signal time
delay. With the addition of 10% CF,, the diffusion coefficient
of the gas mixture was lower, further reducing the lateral dif-
fusion of the electron cloud during drift and thus enhancing
the spatial resolution. The combination of Ar’s low ioniza-
tion energy (approximately 15.8 eV) and CF,’s electronega-
tive properties enables the formation of a uniform electric
field within the detector, optimizing electron transport paths
and reducing signal distortion [34, 35]. The gas pressure was
100 kPa, and the flow rate was 50 SCCM. The cathode volt-
age was —2950V, GEM voltage was —1280V, and anode PCB
voltage was 0 V. We used a resistor voltage divider circuit to
ensure that the voltage across each gap was consistent (the
voltage within the GEM, between GEMs, and between the
GEM and the PCB was uniformly 320 V) in Chamber 1. The
data collection threshold was 30 mV. The size of the neutron
beam spot selected in the experiment was ®30, correspond-
ing to a neutron flux of approximately 6.1x10° cm?/s. The
proton pulse operation mode is a dual-beam cluster mode.
The experiment was conducted in double-bunch mode. In
the normal operation mode of the CSNS, two proton bunches
with a time interval of 410 ns are present in each pulse, and
the repetition frequency of the pulse is 25 Hz [36].

6 Processing methods for multitrack events

Owing to the wide energy range of white-light neutrons,
some high-energy neutrons bombard the target, substrate,
or GEMs, producing various types of particles. Therefore,
in the white-light neutron mode, there may be more than
one particle track in a single event. In the case where mul-
tiple particle tracks are superimposed in the same event,
each track in the event must be separated and analyzed
individually.

First, we reconstructed all tracks in all events. In this
study, the reconstruction algorithm used was the 3D itera-
tive Hough transform proposed by Dalitz et al. [37]. This
algorithm uses spherical tessellation to discretize the param-
eter spaces. Compared with the direct discretization of the
parameter space, this method can achieve better line-recon-
struction results. The main steps for using this algorithm to
perform line detection in point clouds are as follows:

1) Input point clouds X = {x],...,x,};

2) Discretize all lines passing through the three-dimen-
sional space of the point cloud in the parameter space;

3) Perform Hough transform on point cloud X;
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4) Find the line parameter corresponding to the accumula-
tor unit with the highest number of votes;

5) Count all the points whose distances to the line are less
than the width of the cell (or the threshold);

6) Fit the optimal line using the orthogonal least square
method;

7) Remove the points that have been used for least squares
fitting from the accumulator;

8) Repeat steps 3 to 7 until either there are too few points
within X or the predetermined number of lines has been
found.

For the discretization of the parameter space, this algo-
rithm adopts the tessellation of platonic solids proposed
by Jeltsch et al. [38]. The number of vertices of a platonic
solid is limited. The solid with the most vertices is an ico-
sahedron, which has 12 vertices. If we inlay a point at the
center between the vertices, we can obtain more vertices,
and the discretized space will be more detailed. After mul-
tiple inlays, the polyhedron approaches a sphere, and at this
time, the degree of discretization fineness is also the high-
est. However, it also requires higher computational memory
and significantly reduces the computing speed. Therefore, an
appropriate number of inlays must be selected to discretize
the parameter space. In this experimental calculation, the
number of inlays we adopt is 4.

One drawback of this reconstruction algorithm is that it
treats all the input points as equivalent. However, in reality,
the amplitude of each point is different, and particle tracks
tend to be more biased toward points with larger amplitudes.
Weight correction must be incorporated into the reconstruc-
tion algorithm. We used the signal amplitude of each point
as a weight and used weighted least squares (WLS) to mod-
ify the Hough transform results [33].

After reconstruction, we obtained a line equation for each
track. For a certain line L in the event,

X a, b,
L:y=ay+tby, )
Z aZ bZ

we use the following formula to calculate the distance
between each point in the event and the line L,

d= \/Ax2+Ay2+Az2—(Ax-bx+Ay-by+Az-bz)2,
3)

Ax =a, —xp, Ay =a, —yp, Az =a, -z, )

where d is the distance from a point to the line L, and
(%9, ¥9» 29) 1s the coordinate of the point. For points close
to the line, their distance from the line is smaller than that
of other points. Taking the first image in Fig. 5 as an exam-
ple, we calculated the distance from each point to each line.

Then, we set a threshold and considered points with a dis-
tance less than the threshold as points on the line. We used
the diameter of two and a half pads as the distance thresh-
old (5 mm). The reconstruction and splitting results of the
tracks in an event are shown in Fig. 5. The coordinates of the
Z-axis in the figure represent the relative positions.

After obtaining the linear equation for each track, we
calculated the starting and ending positions of the track to
calculate its length. In INPC-TPC, incident neutrons interact
with the target under test, generating particles that move
from the cathode (within the target area) to the anode plate.
As these particles travel, they continuously ionize the work-
ing gas and generate electrons. Electrons ionized at the point
where the particles exit are the farthest from the anode plate,
thus experiencing the longest drift time. Consequently, these
electrons arrive at the readout PCB the latest possible time.
This pattern was observed for most of the particles. The
electronic cluster that reaches the readout plate at the latest
(with the maximum arrival time) is the electron that was
ionized from the particle at the beginning, and its corre-
sponding coordinate is the starting point of the track. The
opposite site is the endpoint of the track. We find the coor-
dinates of the point with the maximum arrival time in the
track and then draw a perpendicular line to the reconstructed
line. The intersection point of the perpendicular and recon-
structed lines is approximately considered the starting point
of the track, which is the initial ionization position. The ter-
mination position of ionization can also be obtained using
this method. With the coordinates of the starting and ending
points of the track, the length of the track can be calculated.

7 Detection of fission fragments

After using the method in the previous section for track
reconstruction and splitting, we obtained all the particle
tracks in Chamber 1. We calculated the starting point, end-
ing point, and length of each track based on the track line
equation. “Starting point” represents the point closest to the
target in the track, while “ending point” represents the point
closest to the upper GEM. We summed the integral ampli-
tude of all points in each track to obtain the energy (repre-
sented by the number of channels) of that track, and thereby
drew a 2D statistical graph of energy and length, as shown
in Fig. 6a. This result is similar to that measured by the
NIFFTE TPC [39]. We can clearly identify the fission frag-
ments from the graph. In Fig. 6a, “p” represents the proton
that may originate from the reaction between the neutrons
and the detector materials or GEMs. The track length of p*
is concentrated at approximately 70 mm, which is close to
the length of our chamber. We speculate that some high-
energy protons have longer tracks, even exceeding the length
of the chamber, and are thus truncated. The X part may be
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Fig.5 (Color online) The result of track processing. The first image shows the original reconstruction result, and the following ones are the
results after splitting. The circles in the figure represent the original points, and the blue lines represent the reconstructed lines

some lightweight charged particles, and we will conduct
further experiments and analyze the specific components

in the future.

We remove the part marked as frag in Fig. 6a and plot-
ted the starting points of their tracks into a 2D distribution

@ Springer

statistical map, as shown in Fig. 6b. The distribution of
points in the figure precisely corresponds to the shape and
position of the partitioned target, further confirming that
this part is the fission fragments emitted from the target.
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Fig.6 (Color online) Measure-
ment results: a the 2D statistical
graph of energy and length; b
the 2D distribution statistical
map of the starting points (frag
area)

8 Measurement of neutron beam spot

The large number of protons appearing in Chamber 1 was
generated by collisions between neutrons hitting the GEM
or readout PCB and the organic materials within them.
These protons are emitted from the side near the GEM,
and the 2D statistical distribution of their true track start-
ing point, which is the “ending point” mentioned earlier,
will be the shape of the neutron beam spot. By analyzing
the 2D statistical distribution of the ending points of these

Fig.7 (Color online) Meas-
urement results of neutron
beam spot: a the 2D and 3D
distribution statistical map of
the incident neutron beam spot;
b the projection curve of the
2D distribution map toward the
X-axis and Y-axis, where the
red line represents the Gaussian
fitting result
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tracks, the shape, size, and center position of the incident
neutron beam spot can be calculated, as shown in Fig. 7a.

We projected the 2D distribution statistical map onto
the X- and Y-axis, and performed Gaussian fitting on the
statistical curve, as shown in Fig. 7b. By calculating the
FWHM of the fitted curve, the diameter of the neutron beam
spot was obtained as 30.52 mm (X-axis projection curve)
and 29.43 mm (Y-axis projection curve). Compared with
the standard diameter of 30 mm, the relative errors were
1.73% and 1.89%. The measurement accuracy was superior
to that of the results measured by other research teams previ-
ously [40]. According to the fitting curve, the center position
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was calculated to be approximately (-2.52mm, 2.04 mm).
Perhaps the placement of the detector was not accurately
calibrated, resulting in a deviation from the center position.

9 Conclusion and outlook

This study introduces a new type of TPC detector, INPC-
TPC, for fission cross-sectional measurements. Its core goal
is to improve the accuracy of fission cross-sectional meas-
urements for major actinide elements to 1% or higher. The
characteristic of this TPC is the use of a larger readout detec-
tor and the clever design of a symmetrical dual-chamber
structure, which enables the simultaneous measurement of
protons and fragments. This study is an important test of
the performance of the INPC-TPC. Within the wide energy
range of white-light neutrons, we can still efficiently iden-
tify fission fragments, demonstrating the powerful parti-
cle identification ability of the INPC-TPC. In addition, we
used this detector to measure the neutron beam spot, and
the experimental results were very close to the reference
values. Next, we will assemble Chamber 2 and conduct a
neutron energy calibration experiment in the single-beam
cluster mode. Another team will measure the number of tar-
get nuclei in the reference target. We expect that an accurate
measurement of the cross-sectional ratio of 2°*U(n,f)/H(n,n)
and 2*%U(n,f)/H(n,n) will be achieved.
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