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Abstract The charge exchange (CE) reaction is an effective
probe to study the structure of atomic nuclei in the isospin
dimension, which has been studied for decades. To expand
the range of nuclei studied by CE reactions to a wider range
and research the structure characteristics of unstable nuclei,
including the isospin symmetry, spin-isospin excitation, and
nuclear symmetry energy, a semi-cylindrical time projection
chamber (scTPC) prototype was designed and constructed to
probe (3He,t) CE reactions in inverse kinematics. The 266
nm UV laser was used to achieve electron-drift-velocity cal-
ibration. The scTPC has an energy resolution (FWHM) of
5.6% for « particles emitted by >*! Am radioactive source.
The position resolution of scTPC is described by the resid-
ual method. The spatial resolution on the pad plane is 409
pm. And the position resolution in the drift direction is
326 pwm, equivalent to an angular resolution of 0.4°. These
performances suggest that the scTPC can measure A Fand
particle tracks precisely. The successful development of the
scTPC prototype provides better conditions for the next step
of experimental data analysis and processing.

1 Introduction

The charge exchange (CE) reaction offers the possibility to
explore the formation of the intrinsic structure of the nucleus,
related to the excitation inducing isospin flip (with possibly
also spin flip) [1-3]. CE reactions, e.g., (p.n), (®He,t), and
(t,3He), with hadronic probes, are able to map the Gamow—
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Teller (G-T) response which is beyond the energy window
accessible by 8 decay and difficult to achieve by direct mea-
surements with neutrinos [2]. Besides, the CE scattering to
the isobaric analog state (IAS) mediated by the Fermi transi-
tion, which is considered as the ‘elastic’ scattering, can serve
as a probe for studying the neutron skin and symmetry energy
of nuclear matter [4].

Theoretical and experimental research on the CE reac-
tion has advanced significantly since the last century. Sev-
eral CE reactions experiments involving (*He,r) and (z,>He)
reactions have been conducted at the Indiana University
Cyclotron Facility (IUCF) [5], National Superconducting
Cyclotron Laboratory (NSCL) at Michigan State University,
and Research Center for Nuclear Physics (RCNP) at Osaka
University [3,6-10] using the 3He or triton beam to bombard
targets (e.g., '>13C, 160, 2426Mg, 285i, 40Ca, 38-90Nj, 27r,
136X e 76Ge, 128-130T¢ etc.). The structure of the nucleus and
the process of nuclear reaction, including the giant dipole
resonance (GDR), double-B-decay nucleus, weak interac-
tion strength, etc. are intensively studied by these groups.
It is important for further study such calculations by compar-
ing G-T transition and Fermi transition strength up to high
excitation energies and expanding the range of nuclei stud-
ied to a wider range, such as the halo nuclei and nuclear drip
lines, CE reactions in inverse kinematics are excellent tools
for those purposes. For CE reactions in inverse kinematics,
the detection with high efficiency and acceptance is a daunt-
ing technical challenge but also presents exciting opportu-
nities for scientific breakthroughs [11,12]. The development
of CE reaction experiments in inverse kinematics will facili-
tate a deeper understanding of the structure and properties of
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unstable nuclei, especially with respect to the halo and shell
structure of nuclei.

We presented a (*He,r) Charge Exchange Reaction Detec-
tor (CERD) prototype (see Fig. 1) to validate the feasibility
of measuring the (®He,r) CE reaction in inverse kinematics
with the heavy-ion beam of the Heavy Ion Research Facility
in Lanzhou (HIRFL) at the Institute of Modern Physics (IMP)
[13]. In order to achieve this type of (*He,r) experiment, it is
necessary to operate the TPC as a tracking medium to recon-
struct the missing mass energy and the scattering angle of the
triton. The design of the CERD allows for an expanded range
of nuclei studied via CE reactions, particularly for unstable
nuclei close to the neutron drip line, which are less explored
in previous work. The prototype detector is based on AE—E
telescope with both good energy and angular resolution to
investigate particles with different emission angles, consist-
ing of a semi-cylindrical time projection chamber (scTPC,
see the green volume in Fig. 1), an array of CsI(TI) scintil-
lators (the gray array in Fig. 1), front-end electronics, and
data acquisition system. The particular design consideration
with a semi-cylindrical shape was given to realize an efficient
detection of the large-scale CE reaction in inverse kinematics
for the polarized->He experiment. The space on the top of the
detector is needed for the installation of the future polariza-
tion devices (similar to schematic view of the >He glass cell
in Ref. [14]). It is difficult to design a chamber with a semi-
cylindrical structure because the electric field uniformity in
the sensitive region significantly determines energy resolu-
tion and the three-dimensional position resolution of the time
projection chamber (TPC). A special external structural brac-
ing frame was designed to ensure structural stability. The fea-
sibility of the scheme was confirmed through measurements
with the laser and 2*! Am radioactive source. The 266 nm UV
laser was used to achieve electron-drift-velocity calibration.
And the o source was used to measure the energy and spatial
resolutions of the detector. In general, the scTPC has good
performance and can support the development of CE reaction
experiments.

This article focuses on the design, assembly, and per-
formance testing of the scTPC. The design and setup of
the scTPC are described in Sect.2. The performance test
and result are discussed in Sect. 3. The discussion about the
simulation and beam experiment related to the CE reaction
are described in Sect.4. The conclusion and perspectives of
future experiments are pointed out in Sect. 5.

2 Design and setup of scTPC
The CE reaction product of interest is triton (). And the
byproducts proton (p), deuteron (d), He, and « particles

may be generated during the bombardment. The A E—F tele-
scope, where the scTPC is the AE detector and the CsI(TI)
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*He gas target

CsI(T1) array

Fig. 1 Design schematic view of the CERD prototype detector. The
blue line is the heavy-ion beam. The white tube is the >He gas target, the
green volume is the scTPC, and the gray array is the CsI(T1) scintillators

array serves as the E detector, can achieve particle identifi-
cation (PID).

For effective measurement of CE reactions, the energy
dynamic range and size of the detector were determined
through the calculation and simulation firstly. The TPC was
chosen as our A E detector, because the TPC is widely used
in nuclear and particle physics experiments, allowing for the
reconstruction of the charged particle’s three-dimensional
track and measure of the deposited energy precisely [15—
22]. Our scTPC is based on the thick gas electron multiplier
(THGEM) due to its advantages, such as durability, afford-
ability, and versatility in terms of shape and size [23-27].

2.1 Kinematic estimation and Monte Carlo simulation

Complete kinematics measurements help to provide a strong
selectivity of the reaction mechanism and also reduce sig-
nificantly the background in the experimental data. As the
first step, we must consider the kinematic range for (®He,r)
charge exchange reactions in inverse kinematics. Neglecting
the excitation energy, the CE reaction can be regarded as the
elastic scattering [28,29]. The energy and scattering angle
(0) of the recoiled ¢ are closely related, at an energy of 500
MeV/nucleon !7C and 3He target, as shown in Fig. 2, calcu-
lated with the Kinematic calculator (relativistic) of LISE++
[30,31]. We focus on the large angle scattering region of the
laboratory frame in inverse kinematics, that is, the small angle
region in the center-of-mass frame, which has rich physical
information, and the angular-momentum transfer ¢ is small
and tends to zero [2,3]. In this angle region, the kinetic energy
of the recoiled ¢ is in the range of tens of MeV to hundreds
of MeV. And the triton with high kinetic energies requires a
thick layer of CsI(T1) scintillator for complete deposition.
We developed a Monte Carlo simulation package utilizing
the Geant4 [32-34] to determine the structure of the detec-
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Fig. 2 Calculated energy versus scattering angle of triton

tion system (see Sect. 2.2 for detailed dimensions and design
of the detector). The model constructed by Geant4 is shown
as Fig. 1. The white cylinder in the center is the 3He gas at 3
atmospheres with a diameter of 3 cm. The *He gas is encap-
sulated by a stainless-steel chamber with a 200 pwm thick
sidewall. The centers of the >He target and the TPC coincide
on the same axis. The TPC sensitive volume with an external
radius of 20cm and CsI(TI) scintillator with a thickness of
2 cm were determined after we weighed the kinematic range
studied and cost. The TPC consists of two parts: the sensi-
tive gas and field cage. The sensitive gas is located inside
the field cage. The field cage substrate is FR4 material with
a thickness of 0.66 mm and both sides of the substrate were
covered with 0.02 mm thick copper. The green space inside
the field cage is filled with the Ar (95%) + iC4H19 (5%) gas
at one atmosphere. The outermost gray volume is CsI(TI),
which is covered with a 0.135 mm thick Teflon reflective
layer. The triton and other byproducts were generated directly
to observe the energy range limited by the detector’s size.
To keep things simple, various particles follow the corre-
lation between the energy and ejection angle of the triton
as shown in Fig.2. Assuming a typical energy resolution of
10% for the scTPC and 8% for the scintillator, the simu-
lated AE-FE distribution is shown in Fig.3(a). The triton
can be distinguished from other byproducts clearly. The tri-
ton emitted at low kinetic energies (no more than 20 MeV)
is often absorbed completely by the target, target’s container
and inner field cage, shown as Fig. 3(b). The maximal energy
of triton that can be probed is about 140 MeV, decided by
the thickness of 2cm thick CsI(TI). The energy loss for
the triton in the gas volume of the scTPC is about 0.2 ~
1.0 MeV. Therefore, we believe that the detector is suitable
for measuring ¢ with the scattering angle of about 76° ~

85°, in which the kinetic energy is about 20 ~ 140 MeV,
according to Fig.2. Furthermore, this simulation result can
be applied to achieve PID in the data analysis after the beam
experiment.

2.2 General design of scTPC

In outline, the scTPC consists of a hollow semi-cylinder
whose axis is aligned with the beam from the radioactive ion
beam line. The scTPC is designed to cover up to 27 sr solid
angle at most, with the upper part reserved for a polariza-
tion equipment system for the future >He target. The scTPC
consists of four main components: a cathode, a field cage,
two layers of THGEM foils, and a readout board, shown
as Fig.4(a). The length of the scTPC, from the lower sur-
face of the cathode to the upper surface of the THGEM, is
200 mm. The inner and outer radii of the scTPC are 25 mm
and 197 mm, respectively, shown as Fig.4(b). The cathode
is an FR4 copper clad board. The drift region length of the
scTPC is 198 mm, while the transfer gap between the double
THGEM foils is 2 mm. Additionally, the depth of the induc-
tion region is also 2 mm, shown as Fig. 4(c).

The charged particle passes through the gas volume and
produces a series of primary ionization along the particle’s
track. The primary ionization electrons drift towards the
THGEM driven by the electric field in the cage. The electron
signals are amplified by THGEM foils, which are collected by
the two-dimensional readout pads. The response of the read-
out pads to signals can reconstruct the projection in the plane
of the readout board (x—y plane) of the three-dimensional
track. The projection in the drift direction (z direction) of
the track can be inferred from the ionized electrons’ drift
time and velocity, which is closely related to the ejection
angles of the reaction products. In addition to the three-
dimensional track, the energy loss of the charged particle in
the gas volume, which will be utilized to achieve PID by the
A E-FE telescope, can be measured by the scTPC precisely as
well.

The scTPC is housed in a dedicated vacuum chamber,
which was designed to provide mechanical support and elec-
tromagnetic shielding of the detector, shown as Fig.4(d).
The gas mixture is Ar (95%) + iC4Hjo (5%). This gas mix-
ture can achieve high gain with the lower applied voltage
between the electrodes of THGEM. In practice, due to physi-
cal constraints, only about a 70° range in the circumferential
direction is utilized as an effective sensitive region in this
prototype (see Sect.?2.5).

2.3 THGEM
The scTPC employs two layers of THGEM foils that were

designed by us and manufactured by the University of Sci-
ence and Technology of China (USTC) [35], shown as Fig. 5.
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Fig. 3 Simulated AE — E distribution of the detection system (a) and energy loss in >He gas, stainless steel sidewall and inner field cage versus

initial kinetic energy of triton (b)
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Fig. 4 Design schematic view of the scTPC structure (a). The shape
and configuration of the field cage (b). Schematic view and HV dis-
tribution scheme for the scTPC detector module (c). The drift region

The THGEM is composed of a double-sided copper-clad FR4
substrate that is perforated with densely spaced holes of 300
pm in diameter and 800 pwm in pitch. The FR4 substrate has
a thickness of 800 wm, while the copper is 17 pm thick.
The active region of the THGEM is semicircular in shape,
matching the geometry of the scTPC.

@ Springer
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2.4 Field cage

The field cage of the scTPC is a semi-cylindrical structure,
as illustrated in Fig.4(b). The ion beam traverses through
the center of the field cage along the axial direction and col-
lides with the *He gas enclosed within the target chamber. To
accommodate the ion beam and He gas target chamber, the
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Fig. 6 Microstructure of the field cage. Our field cage is a ‘mirror’
electrode structure, where the size and pitch of the copper strips on the
inner and outer surfaces are the same

inner field cage vessel adjacent to the >He gas target chamber
has a small half-cylindrical shape with a 25 mm radius and
is concentric with the larger outer semi-cylindrical field cage
with a 197 mm radius. The length of the field cage is 200 mm.
There is a groove left in the gasket between the THGEM and
the field cage for gas exchange.

To achieve a homogeneous electric field inside the field
cage, 1.5 mm wide and 2 mm pitch parallel copper strips are
etched on both sides of the FR4 substrate [36,37]. The cop-
per strips on opposite sides are half-pitch staggered as shown
in Fig.6. The neighboring strips are connected with 1 M2
resistors, which provide a gradual potential decrease across
the strip gap through voltage division of the resistor chain.
We performed a simulation to estimate the three-dimensional
electric field using COMSOL [38] to evaluate the electric
field uniformity of the active area, as shown in Fig.7. The
inhomogeneity of the electric field can reach 0.5%o at a dis-
tance of 10 mm from lowest edge of the inner field cage arc
and 0.3%o at a distance of 15mm from lowest edge of the
inner field cage arc.

Manufacturing and maintaining a highly homogeneous
electric field in the special-shaped field cage is challenging,
shown as Fig. 8(a). To address this issue, the printed circuit
board (PCB) was chosen due to its flexibility in bending to
curved surfaces. A 0.3 mm thick PCB was used as it offers

easy bending, sufficient mechanical strength, and is not easily
breakable. The copper layer was kept as thin as possible at 10
pm to reduce resistance to the reaction products. The outer
field cage vessel, two corners, and two planes are manufac-
tured from a single PCB, shown as Fig. 8(b). The corner of
the field cage was bent into a 20 mm radius curved face from a
3D-printed Polymethyl methacrylate (PMMA) fixed support
and shaped with UV-curable adhesive, shown as Fig. 8(c).
The semi-cylindrical outer field cage vessel was supported
by 2 mm diameter fiberglass rods. Under the action of tension
and with the support of fiberglass rods, the PCB will natu-
rally form a complete semicircular surface. The inner field
cage vessel is semi-cylindrical as well, shown as Fig. 8(d).
A semi-cylindrical aluminum mold was used to fabricate the
inner field cage vessel [39]. The PCB was shaped into a semi-
cylindrical surface under pressure. On the upper plane of
the field cage, the welding pads at the junction of the inner
and outer field cage vessels were connected with solder. The
dimensions of the inner field cage are the same as those of
the outer field cage.

2.5 Readout board

The scTPC’s readout board (see Fig.9) is a 3 mm thick PCB
with conductive pads on the upper surface. The total number
of readout channels is 1014. The board is divided into two
parts. The sector in the middle is the test zone, including
886 zigzag-shaped pads and the rest sector is the non-test
zone including 128 square pads with 18 mm sides. The pads
in the non-test zone are grounded. Readout electrodes with
zigzag patterns have been used widely for improving position
resolution and reducing the number of pads [40-43]. The
zigzag-shaped pads utilized in the scTPC have a height of
7.29 mm and a width of 3.43 mm. The distance between two
adjacent pads in the same row is 4 mm. The distance between
two adjacent rows of pads is 7.5 mm. At the backside of the
board, 14 connectors connected to the front-end electronics
via customized data transmission cables are welded.

2.6 Readout electronics and data acquisition system

The readout electronics for the scTPC (see Fig. 10) is based
on the ASIC for General Electronics for TPC (AGET) chips
[44,45]. Several front-end cards (FECs) and one data col-
lection module (DCM) are contained in this system. There
are 64 channels for signals and 4 fixed pattern noise (FPN)
channels in an AGET chip, and one FEC comprises 4 pieces
of chips. Each channel is integrated with the charge sensi-
tive amplifier (CSA), analogue filter, and switched capacitor
array (SCA). The CSA has 4 adjustable gains, corresponding
to 4 dynamic ranges of 120 fC, 240 fC, 1 pC, and 10 pC. The
peaking time of the analogue filter can be selected from 50
ns to 1 pus. The SCA can continuously sample and memorize

@ Springer
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Fig. 7 Electric field simulation:
Three-dimensional view (a),
side view of XY plane (b), and
side view of YZ plane (c)

(b)

analogue signals, with 512 time buckets (namely 512 sample
cells) and a selectable sampling frequency varying from 1
to 100 MHz. After being processed by the AGET chip, the
signal is digitized by the 12-bit analog-to-digital converter
(ADC) and packaged by a field programmable gate array
(FPGA) chip. The two-way connection and communication
between the DCM and FECs are set up with optical fibers. The
DCM collects data from FECs and sends the control signal
and global trigger to FECs. After gathering data from FECs,
the DCM transmits the data to the computer via Ethernet. 4
pieces of FECs, installing 16 AGET chips and providing 1024
channels, are used in the experiment. The connector of the
readout board to electronics is the Samtec ERM8-040-05.0-
L-DV-TR 80-pin connector and ERM8-070-05.0-L-DV-TR
140-pin connector (see Fig. 10).

3 Performance test and data analysis
3.1 Optimal operational state for the scTPC

The operational state of the scTPC was determined using the
5.9 keV X-ray of a > Fe radioactive source. The operating
voltages of the upper and lower THGEM foils are 650 V
and 600 V, respectively. The electric fields in the drift region
and induction region are 2 kV/(cm- atm) and 3 kV/(cm- atm),
respectively. The operating gas is Ar (95%) +iC4Hjo (5%) at
local atmospheric pressure (850 mbar). The variation in the
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effective gain and energy resolution (FWHM) of the two-
layer THGEM foils was tested over a long term of continu-
ous operation for a total of 120h (see Fig. 11). Because the
relative change in gain can characterize the THGEM'’s per-
formance, the position of the full energy peak in the > Fe’s
X-ray energy spectrum, i.e., the “Mean” in Fig. 11(a), can
serve as the relative effective gain. The energy resolution is
equal to the ratio of the FWHM to the peak position of the
full energy peak (Sigma- 2.36/Mean). The gain of the double-
layer THGEM foils initially decreased with time, and stabi-
lized after 24 h, shown as Fig. 11(b). The energy resolution
exhibited no significant fluctuation throughout the period.
Therefore, the data acquisition should be started after the
scTPC has been powered for about 24 h when the gain of the
THGEM has been stabilized.

3.2 Data analysis

The typical signals of « particles from 2*! Am are shown as
Fig. 12. The test is detailed in Sect.3.4. The indexes of FPN
channels are 11, 22, 45, 56 of each AGET if 68 channels
are named from channel O to channel 67, which can be used
to determine the noise level introduced by the electronics
and the baseline shape to improve resolution [44]. For one
trigger event, the average of 4 FPN channels is calculated
and subtracted from the original signals. And then, the first
50 and last 200 time buckets of signals after the FPN cor-
rection, averaged and regarded as the overall baseline, are
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Fig. 8 Physical view of field
cage: The completed field cage
(a), outer field cage vessel PCB
(b), corner fixed support (c), and
inner field cage vessel (d)

Fig. 9 Layout diagram of the
readout board

7.29 mm

" 6.86 mm '
subtracted further to obtain the FPN-baseline corrected sig-
nals for the next steps in processing the data, e.g., waveform
fitting, extracting amplitude, etc.

The output waveform from the AGET has an asymmetric
shape, and therefore a special fitting function is constructed
to fit the waveform to extract the information contained in
the signal waveform. Generally, the asymmetric generalized

Gaussian distribution (AGGD) [46] was used for fitting (see

(b)

(a)

Non-test zone Non-test zone

Test zone

Fig. 13) by constructing two asymmetric Gaussian functions
to fit the rising edge and falling edge respectively, with the
maximum value as the boundary. The probability density
function of the AGGD is defined as:

%e_(ﬂgu)a ifx <
f(x’ o, ﬁl’ ﬂr) = (ﬁl""ﬂr) (E) _(—,;;+[L)Dl f (1)
Br+BIT(D) hx=u
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Fig. 10 Schematic view of

readout electronics for the
scTPC. In the red box are scTPC
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Fig. 11 Energy spectrum of the >°Fe source at Oth hour (a) and curves of the effective gain and energy resolution of double-layer THGEM foils
under long-time operation (b). In figure (a), the red line is the Gauss fitting curve

where the o« (AmpValue) represents the waveform ampli-
tude, and the u (peakTime) is the time corresponding to the
highest peak position. The B; (LeftBeta) represents the ris-
ing time of the waveform defined as the time it takes for the
rising edge to go from 10% to 90% of its amplitude, and the
B (RightBeta) represents the falling time of the waveform
defined as the time it takes for the falling edge to go from
90% to 10% of its amplitude. I" is the gamma function.

3.3 Dirift velocity measurement using UV laser

The drift velocity of electrons in the TPC is the key to recon-
structing the three-dimensional track of the charged particle.
The 266 nm UV laser was used for drift velocity measure-
ment in the scTPC, which is a common method [17,47,48].

@ Springer

The laser is generated by the Q-SMART 450 [49], which
is capable of delivering laser beam with a maximum power
of 45 mJ. The laser beam power is reduced with the beam
splitters and attenuators so that the signal generated by the
laser beam can be acquired by the AGET system, where the
power is about 4 pJ. The laser beam in the vacuum cham-
ber was split into two beams using a semi-transmissive mir-
ror (50% transmission and 50% reflection). These two laser
beams would enter the gas volume of the scTPC through two
collimator holes (diameter about 1 mm) on the inner wall of
the field cage, shown as Fig. 14, parallel to the readout plane.
According to the position of the collimator holes in the inner
field cage, corresponding holes were left in the outer field
cage, and two Si-photodiodes (Si-PDs) were placed outside
the holes in the outer field cage. Two lasers were observed to
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Fig. 12 The typical waves for the signals of « particles from 2*! Am
radioactive source. a Shows the original signals and b shows the signals
corrected by the FPN channels and baselines. Different colors represent
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Fig. 13 AGGD fitting of the waveform. The sampling frequency and
gain of AGET is 25 MHz and 240 fC, respectively

be aligned with the collimator holes of the inner field cage
and the two Si-PDs had signals at the same time, then it meant
that the two laser beams were parallel. The holes A, B and C
drilled during the manufacturing process of the field cage are
shown in the Fig. 14(c), with hole A 2 cm from the THGEM.
The distance between adjacent holes is 8cm. The distance
between two collimator holes (holes B and C) in the test is
8cm.

The long track of the laser is shown in Fig. 15. In the x—
y plane, there is no obvious bending, indicating a uniform
electric field in the middle part of the scTPC. When the pro-
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O 1000~

2 [
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5001~

0 —:__;I = \"‘ s
0 100 200 300 400 500
Time bucket [40 ns/bin]
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waves of different channels. The sampling frequency and gain of AGET
is 25 MHz and 240 fC, respectively

jections in the x—y plane of the two laser beams overlap,
shown as Fig. 15, the two laser beams have different electron
drift times in the z direction (i.e., the electron drift direction)
due to the different distances from the readout board. The
difference in distance (8 cm) results in a time difference of
about 2 jus (50 bins). The sampling window width is 512 - 40
ns = 20.48 s, and the 2 s time difference allows the signals
of two laser beams display together in one sampling window
resulting in the double-peak waveform in Fig. 16. The dif-
ference between the two peaks is the difference between the
electron drift times produced by the two laser beams. The
right peak position corresponds to the track further away
from the readout board and the left peak corresponds to the
track closer to the readout board. The drift time difference
between two lasers’ tracks can be exploited to calculate the
drift velocity of the ionized electron under a certain electric
field and operating gas in the drift region. Figure 17 shows
the drift time difference when the electric field is 200 V/(cm-
atm) in Ar (95%) + iC4H1o (5%). We measured and sim-
ulated the electron drift velocity under several drift electric
fields in Ar (95%) + iC4Hjo (5%), as shown in Fig. 18. The
tests were all performed at local atmospheric pressure (850
mbar), and then the electric field was converted to reduced
field strength. When the electric field is 200 V/(cm- atm), the
deduced drift speed is 4.19 £ 0.29 cm/ps from the experi-
ment from Fig. 16. This result is in good agreement with the
calculated value of 4.11 cm/js based on the MediumMag-
boltz of Garfield++ [50], which provides an interface to the
Magboltz program [51]. It should be noted that the existence
of the double-peak waveform makes the peak positions from
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& .cl i c2

Laser 1 Laser 2

Gas volume

Readout Board

Outer field cage

a: Semi-transmissive mirror
b: Completely reflecting mirror
cl, ¢2: Collimator

(a)

Fig. 14 Laser mapping system. Figure (a) is the schematic of the laser
light path. Figure (b) is the physical view of the mirror holders and field
cage. Figure (b) is not the assembly during the test because the scTPC
was placed in the chamber during the test. The two white holders, i.e.,

the fitting deviate, which we consider to be the main source
for the uncertainty of the drift velocity. As the electric field
increases, the time difference between two laser beams is
smaller, and two peak positions are gradually closer to each
other, leading to an increase in the probability of deviation in
the fitting, which is reflected in the error of the drift velocity.
Increasing the distance between the collimator holes is a good
way to increase the separation between the two peaks and thus
avoid influencing each other. But there is not enough space
to place a mirror holder at hole A. In fact, in our future beam
experiments, the probability that projections of two tracks in
the x—y plane overlap is very low, so the uncertainty of the
time extraction described above will be reduced. In addition,
due to the width of the laser beam (i.e., the 1 mm diameter
of the collimator holes), the laser’s track is not suitable for
measuring position resolution in this work.

@ Springer

the mirror holder, are made by 3D printing and the material is resin,
which can avoid interference with the electric field. Figure (c¢) shows
holes A, B and C drilled during the manufacturing process of the field
cage

3.4 Performance test utilizing >*! Am « radioactive source

To measure the ability of the scTPC to detect charged par-
ticles, we tested the performance utilizing the 5.486 MeV «
particle of 2*! Am radioactive source. The radioactive source
is attached to the outer side of the inner field cage vessel, fac-
ing the 1 mm diameter pinhole acting as a collimator in the
inner field cage vessel, shown as Fig. 19(a). The field cage is
capable of completely shielding 5 MeV « particles. The gas
pressure was set to 850 mbar (local atmospheric pressure),
and the particle could deposit completely in the scTPC, and
create a short track (see Figs. 19, 20). The color of the pad
represents the different charge deposition. All fired pads in
each row are regarded as a cluster. The weighted charge cen-
ter coordinate of the cluster, (X, c.c., Yn.c.c.), in the nth row
is

X _ 2 X, i Amp,, ;
n,c.c. — Zi Ampn,i , (2)
yn,c.c. = Yn.i

B
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Fig. 15 Projection of a laser’s track on the readout plate. The pads (in
the red box) close to the field cage were ignored due to electric field
distortion, about 69 pads (about 8% of the total). This rejection has little
effect on the CE experiments because of the presence of a non-sensitive
region outside the scTPC sensitive region
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Fig. 16 Double-peak signal generated by the laser. The sampling fre-
quency and gain of AGET is 25 MHz and 240 fC, respectively

where (x, ;, yn,;) and Amp,; are the center position and
charge deposition of the fired pad in the nth row and ith
column, respectively. In the y direction, the geometric center
of the readout pad is adopted as the charge center of the
cluster. Thus, a series of clusters’ coordinates are obtained,
and the projected « particle track can be reconstructed by
fitting the positions of clusters on the x—y plane with a linear
function, shown as Fig. 20(a) It can be seen from Fig. 20 that
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L [ Mean 1: 201.02+0.0169 Mean 2 : 247.05+0.0122
| Sigma 1: 2.987+0.00943 Sigma 2: 1.672+0.00521
8000—
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= 6000 L
o L
O L
40001
2000
0_ L ‘ Ll | 1 H}l I 1 k I ik 1 ILA L | | |

160 180 200 220 240 260 280 300
Drift time [40 ns/bin]

Fig. 17 Dirift time distribution of two lasers’ tracks at 200 V/(cm- atm)
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Fig. 18 Electron drift velocity measured in Ar (95%) + iC4Hjo (5%).
The red line is the result of the Garfield++ simulation and the blue
triangle is the experimentally measured value

the charge deposition increases significantly at the end of the
range, showing a clear Bragg peak distribution.

The signal led from the lower surface of the THGEM 2
is amplified, discriminated and converted into a TTL signal,
which is then used as an external trigger for the AGET. By
accumulating amplitudes of all signals under one track and
then counting all effective tracks, the energy spectrum of the
a particle can be obtained. The angle of the reconstructed
track with the x-axis is defined as ¢. Note that, effective
events are limited to incident events within = 1.5° of the col-
limator direction, ¢ = 69.5° ~ 72.5°. The energy spectrum
is shown in Fig. 21, with an energy resolution (FWHM) of
5.6%. In fact, the energy resolution of the « particle could
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Fig. 19 Schematic diagram of the « test (a) and the three-dimensional view of a typical « track (b). The black point is the charge center of the
cluster in the x—y plane and the red line is to lead the eye instead of the real « track in (b)
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Fig. 20 Projection of an « particle’s track on the readout plate. The red triangle marker is the charge center for each cluster, and the red line is the
fitted line. The distance from the red triangle to the red line is the residual of a cluster

be further improved, since the source was placed on the out-
side of the field cage and some of the energy was lost in the
non-sensitive region of the gas.

The track resolution has little relation to the energy, so the
chosen azimuthal angle range can be larger (¢ = 65° ~ 90°
). The position resolution is the residual obtained from the
linear fitting of the « particle track on the x—y plane [52,53].
The distance from the cluster center position to the fitted line
was defined as the x—y direction residual, and its standard
deviation was equivalent to the x—y resolution. For all clus-
ters for a number of effective tracks, the residual distribution
is fitted by Gaussian, and the Sigma is the resolution. The
position resolution in the x—y plane of the scTPC was 409
pm (shown in Fig.22). The response of the pad to charged

@ Springer

particles depends on the azimuthal angle ¢. The position res-
olution is expected to be proportional to tan(190° — ¢l) [52].
For the readout electrode in the scTPC, | 90° — ¢l varies from
approximately 0° to 35°, resulting in a slight degradation
in position resolution. However, for the position resolution
extraction, we considered ¢ = 65° ~ 90°, an average value
across various azimuthal angles. This choice yielded a sat-
isfactory position resolution, indicating a limited impact of
the azimuthal angle on position resolution.

In the z direction, x—y coordinate values were converted
to the distance r from the vertex (first cluster’s center) of
the two-dimensional track. The z-directional drift distance is
represented by the rising time of the signal waveform (i.e.,
LeftBeta in Fig. 13). Similar to the x—y direction, the z posi-
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Fig. 21 Energy spectrum of 24! Am source acquired by the scTPC. The
energy resolution (n = 2.36- Sigma /Mean) is given as 5.6% by using
a Gaussian fit to the energy spectrum

tion resolution was deduced based on the linear fitting of
the « particle tracks on the r-z plane. The distance from the
reconstructed cluster position to the fitted line was defined
as the r—z direction residual, and its standard deviation was
equivalent to the z resolution (shown in Fig.23). The z time
resolution was 7.79x 107> ps. Based on the electron drift
velocity of 4.19 cm/ps measured in the previous section, the
z position resolution of the scTPC is approximately 326 pm.
Considering a Scm long « particle track, a position reso-
lution of 326 mm corresponds to an angular resolution of
about 0.4°. These energy and position resolutions provide
better conditions for the next step of experimental data anal-
ysis and processing.

While the residual method is commonly used to assess
the spatial resolution of gaseous detectors, it may not fully
consider systematic errors arising from factors like the abso-
lute positioning of readout pads and electric field distortions.
Since the residual analysis is a relative measurement, some
errors may offset each other; e.g., electric field distortions
can cause an overall shift of the track, which may not be
reflected in the residual. As a result, some effects that are
significant in absolute measurements may be neglected in
relative measurements. Therefore, we refined our position
resolution extraction process by excluding edge pads (see
Fig. 15) and selecting tracks within regions characterized by
uniform electric fields. The residual can reflect the recon-
structed track’s accuracy to some extent by minimizing sys-
tematic errors. In addition, the vertex of the track was tried
to be reconstructed to measure the positioning accuracy of
the scTPC from another perspective. Based on the linear fit
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Fig. 22 Residual distribution of linear fitting of track in the x—y plane.
Fitting with Gaussian, the position resolution (Sigma) in the x—y plane
is obtained as 409 pm
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Fig. 23 Residual distribution obtained by linear fitting of track pro-
jected in the z direction. Fitting with Gaussian, the time resolution
(Sigma) in the z direction is 7.79x 1073 us

to the serial cluster coordinates of the track in the x—y plane,
the vertex coordinate (Vertex_x, Vertex_y) can be obtained
by extrapolating along the line to the pinhole. The actual
collimated hole location is approximately (12.8, —4.1) (in
mm) on the curved surface of the inner field cage. The vertex
derived from the track is (13.0, —3.8) (in mm), as shown in
Figs.24 and 25, which is closely matches the actual vertex.
Using the width oy (yy (with width referring to the standard
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Fig. 24 Distribution of the reconstructed vertex coordinate in the x—y
direction from the track of the « particle. The black lines represent the
edges of the pinhole

deviation throughout the paper) of the reconstructed vertex in
the x and y directions (see Fig.25), the positioning accuracy
of the vertex is obtained as ¢ = (o2 + o)z,)l/ 2 = 1.6 mm,
including the width of the 1 mm pinhole.
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Fig. 25 Distributions of the track vertices in the x (a) and y (b) direc-
tions. The vertex coordinate, determined using Mean, is (13.0, —3.8)
(in mm) with widths (standard deviation) of 0.71 mm and 1.42 mm in
the x and y directions, respectively. Because the center coordinate of
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4 Simulation of beam experiment

In order to simulate the operation of the detector in a
beam experiment of 17C (®He,r)!"N CE reaction, we set
up a model according to the experimental setup in Geant4,
the same as the model in Sect.2.1 and shown in Fig.26.
The non-elastic scattering process was simulated using the
FTFP_BERT_ATL physics list of Geant4 [54]. According to
the reconstructed kinematic plot for 17C(3 He,t)”N CE reac-
tion (see Fig. 27), it can be seen that various charged particles
can be clearly distinguished within the ejection angle of 76°
~ 85°. The simulation results show that the most produc-
tive product is the proton, whereas the product of the elastic
scattering, 3He, is quite small. Therefore, we believe that
3He is highly likely to be decomposed by a heavy ion beam
of 500 MeV/nucleon, leading to the dominance of proton
and deuteron counts. Although the yield of the CE reaction
is relatively smaller compared to other scattering processes,
especially protons, it is still measurable and can be discrim-
inated. The rationality of our concept and the setup of the
detector is validated.

A further estimation of the cross section and count rate for
17C(3He,t)17N was performed based on cross section data
from a similar CE reaction experiment, 13 C(3He,t) 3N with
the 3He energy of 450 MeV [1]. Considering the major reac-
tion channels (ground state and 3.502 MeV excited state), the
total cross section for a 47 sr solid angle is about 0.48 mb
calculated from the differential cross section versus the scat-
tering angle in the center-of-mass system. If the gas pressure

= Mean  -3.827 £ 0.0465
L Std Dev  1.42 +0.03288
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30—
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10—
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the cluster in the y-direction is adopted from the geometric center of
the pad, the positioning accuracy in the y-direction is worse than that
in the x-direction
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Fig. 26 Simulated
17C(3He,r)!"N CE reaction at a
beam energy of 500
MeV/nucleon and 3He gas
target at 3 atmospheres.
Three-dimensional view of the
track (a) and its projection on
the readout pad plane (b). The
blue line represents the track of
17C and the purple line
represents the track of the triton
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Fig. 27 Simulated A E—E distribution of products from the bombard-
ment of the 3He target by the 500 MeV/nucleon !7C beam

of the 3He target is 3 atm, the target length is 20 cm, and the
beam intensity is 10° pps (particles per second), the count rate
is calculated to be about 1 pps. If only the kinematical range
of our interest is taken into account, the scattering angle in the
center-of-mass system 6., = 7.5° ~ 17°, the circumferen-
tial angle ¢ covers about 70°, and the total cross section and
count rate are about 0.01 mb and 0.02 pps. This calculation,
although not including cross sections for all reaction chan-
nels of the 1E'C(3He,t)13N CE reaction, not even the cross
section of 17C(3He,t)17N, gives arough estimate of the cross
section and count rate for the 17C(3He,t)17N reaction at the
order-of-magnitude level. This estimation provides us with a
reference for the time duration of the beam experiments.

5 Summary and outlook

Charge exchange reactions at intermediate energies have
been applied to study the structure of nuclei from the perspec-

tive of spin-isospin excitation widely. Traditionally, experi-
ments have been carried out using >He or triton beam from
accelerators to study a series of CE reactions involving sta-
ble nuclei via (He,t) or (¢,°He). We propose to exploit the
radioactive isotope beam of HIRFL to perform (*He,r) CE
reactions in inverse kinematics, which can extract the char-
acteristics of neutron-rich or neutron-drip-line nuclei.

Consequently, we are constructing a A E-E detection sys-
tem to detect (*He,r) CE reactions in inverse kinematics, with
the scTPC playing a crucial role in measuring A E and recon-
structing particle tracks. This paper focuses on the design,
construction, performance testing, and data processing of the
scTPC prototype.

The scTPC is semi-cylindrical with alength of 20cm and a
radius of around 20 cm, based on THGEM technology using
886 zigzag-shaped pads. In order to provide a uniform elec-
tric field, a semi-cylindrical field cage was specially designed
and manufactured. The scTPC prototype was operated in the
Ar/iC4Hjo (95/5) gas mixture and the AGET is utilized as
readout electronics.

The basic performance of the scTPC was tested using the
laser and ?*! Am radioactive source. When the electric field is
200 V/(cm- atm), the deduced electron drift velocity is 4.19
£ 0.29 cm/ps from the experiment. This result is in good
agreement with the calculated value of 4.11 cm/jus based on
Garfield++. The energy resolution for 5.486 MeV « parti-
cles is 5.6%. The spatial resolutions on the pad plane and
along the drift direction are measured at 409 pm and 326
pm, respectively. The z position resolution determines the
precision of angle measurement for the ejected ¢, where dif-
ferent angles correspond to different energies and reaction
channels. The position resolution of 326 pm corresponds to
an angular resolution of about 0.4°. Therefore, this z position
resolution is of great significance. The vertex reconstructed
from the track is in conformity with the actual vertex posi-
tion. The energy and position resolutions (especially in the
z-direction) provide better conditions for the next step of
experimental data analysis and processing.
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The construction of the prototype detector is almost com-
plete, and the experimental measurement of CE reactions will
be carried out at the accelerator. With the A E—E telescope,
we can select the ejected triton and calculate their differen-
tial reaction cross sections at different angles and energies,
thereby exploring the internal structure of the atomic nucleus.
At the same time, theoretical research on CE reactions in
inverse kinematics is also underway. The success of the pro-
totype experiment will lay the foundation for the polarized
3He CE reaction experiment and the large-scale CE reaction
detector.
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