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A prototype Dual Gain Multilayer Thick Gas Electron Multiplier (DG-M-THGEM) with 

an acti v e area of 10 cm × 10 cm was manufactured aiming at the production of a large- 
volume acti v e-target time projection chamber which can work under the condition of high- 
intensity heavy-ion beam injections. The DG-M-THGEM has an alternating structure of 
electrodes and insula tors. Ef fecti v e gas gains of two r egions, which ar e called beam and 

r ecoil r egions, ar e separately contr olled. Performance of the pr ototype DG-M-THGEM in 

hydrogen gas at a pr essur e of 40 kPa was evalua ted. Irradia ting a 

132 Xe beam, an effecti v e 
gas gain lower than 100 with a charge resolution of 3% was achie v ed in the beam region 

while an effecti v e gas gain of 2000 was maintained in the r ecoil r egion. Position distribu- 
tions of measured charges along the beam axis were investigated in order to evaluate gain 

uniformity in the high-intensity beam injection. The gain shift was estimated by simulations 
considering space charges in the drift region. The gain shift was suppressed within 3% e v en 

at the beam intensity of 2.5 × 10 

6 particles per second. 
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1. Introduction 

Gaseous acti v e targets based on time projection chambers (TPCs) [ 1–6 ] as 3D tracking de-
tectors have been widely developed to perform experimental studies in inverse kinematics in
various accelerator facilities. The gaseous acti v e target plays an important role to measure
© The Author(s) 2023. Published by Oxford University Press on behalf of the Physical Society of Japan. This is an Open Access article distributed under the 
terms of the Creati v e Commons Attribution License ( https://creativecommons.org/licenses/by/4.0/ ), which permits unrestricted reuse, distribution, and 
reproduction in any medium, provided the original work is properly cited. 
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forward-angle inelastic scattering of medium-heavy, especially unstable, nuclei in inverse kine- 
matics. The reaction v erte x can be determined by reconstructing trajectories of both beam and
recoil particles sim ultaneousl y measured by the acti v e target. Inelastic scattering measurements
involving light nuclei such as pr oton, deuter on, and α particles at incident energies of 100–
300 MeV/nucleon are well-known methods to determine the transition strength of isovector- 
dipole and isoscalar-monopole states [ 7–16 ]. As radioacti v e isotope (RI) beams of medium-
heavy nuclei, such as the 132 Sn region, with higher intensity over 1 × 10 

5 particles per second
(pps) are becoming available at the energies for inverse-kinematics measurements of inelas- 
tic scatterings, the needs for acti v e targets that can work under the conditions of such high-
intensity beam irradiation are increasing. 

Strong ionization induced by heavy-ion and high-intensity beams is discussed in Ref. [ 17 ],
where the risks of sparks and malfunctioning of the detector are pointed out. The large num-
ber of ionized electrons also increase backflow ions from the multiplication part. The backflow
ions distort the electric field in the drift region and reduce the accur acy of the tr ajectory de-
duction. In order to reduce these effects, the electrons and ions emerging inside an acti v e area
have to be controlled, especially along the beam trajectories. For example, the electrons and
ions created by the beam particles are isolated from the drift region of MAYA [ 17 , 18 ] by plac-
ing plates, and that of TACTIC [ 19 ] by surrounding the beam axis with wire rings. They can
accept high-intensity beams up to 5 × 10 

7 pps, but they are not sensiti v e to the beam tracks.
In our acti v e target CAT-S [ 20 ], the number of the primary electrons was reduced by inserting
a mesh grid in the amplification part but the gain itself was fixed [ 21 ] to get sensitivity for the
beam tracks. The CAT-S with the mesh grid could detect beam trajectories, but the charge res-
olution was not better than 10%, which was r equir ed to achie v e the aiming position resolution
of 1 mm. 

For improving the charge resolution of the CAT-S, we de v eloped a Dual-Gain Thick Gas
Electron Multiplier (DG-THGEM) [ 20 ]. The electrodes of the DG-THGEM at both sides are
segmented to have individual gas gains for beam and r ecoil r egions. Independent gas gains of 
1 × 10 

2 and 5 × 10 

3 were realized for beam and recoil regions, respecti v ely. A charge reso-
lution better than 10% for the beam region was achie v ed. CAT-S with DG-THGEM could
work under the condition of irradiation of RI beams including 

132 Sn at the high intensity of 
3.5 × 10 

5 pps. 
Now, we are de v eloping a new active target TPC, named CAT-M, which has an active area of 

30 cm × 30 cm, larger than CAT-S with its acti v e area of 10 cm × 10 cm, to increase the target
thickness and the acceptance for reaction e v ents. It is necessary to employ sufficient thickness
of GEMs for enlarging the acti v e area in CAT-M, because its self-weight and Coulomb force
acting between electrodes ma y def orm itself. A Multila yer THGEM (M-THGEM) de v eloped
by Cortesi et al. [ 22 ] has an alternating structure of electrodes and insulators. This has sufficient
thickness to resist deformation. 

We designed a new multilayer THGEM with the capability of dual gain. We call it Dual
Gain Multilayer Thick GEM (DG-M-THGEM). In the present work, the prototype DG-M- 
THGEM with the same acti v e area as CAT-S of 10 cm × 10 cm was used to investigate the
gain stability and charge responses with high-intensity heavy-ion beam injection. The struc- 
ture of the prototype DG-M-THGEM is described in Sect. 2 . The measured effecti v e gas gain
and charge resolution of the DG-M-THGEM using a heavy-ion beam and the gain shift as a
function of the beam intensity are shown in Sect. 3 . A summary is gi v en in Sect. 4 . 
2/16 
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Fig. 1. (a) Schematic views of prototype DG-M-THGEM. Hatched r egions ar e copper electrodes. Plain 

r egions ar e FR4 insulators. Dimensional values ar e in mm. Solid cir cles in the view from the drift r egion 

side indicate positions where the thickness of the DG-M-THGEM was measured. Each number corre- 
sponds to a measured point listed in Table 1 . The four electrodes are denoted by L 1 , L 2 , L 3 , and L 4 in 

the cross sectional view. Electrodes L 2 , L 3 , and L 4 are divided into one beam region at the center and 

two recoil regions at both sides as shown in the view from the induction region side. (b) Photo gra phs of 
the prototype DG-M-THGEM. 
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2. Structure of prototype DG-M-THGEM 

Figure 1 shows schematic drawings and photo gra phs of the prototype DG-M-THGEM. It was
designed by ourselves and produced by REPIC Co. Ltd, Japan. The prototype DG-M-THGEM
has an alternating structure of four sheets of electrodes and three plates of insulators. Hereafter,
the four electrodes are denoted by L 1 , L 2 , L 3 , and L 4 . The present pr oduction pr ocess is as
follows: first, two substrates with electrode copper layers on both sides were produced, i.e. one
has electrodes L 1 and L 2 , and the other has electrodes L 3 and L 4 . The thicknesses of the copper
electrode and FR4 insulator are 0.032 mm and 0.40 mm, respecti v ely. Then a 0.3-mm-thick
FR4 plate was sandwiched by these two substrates and bonded with 0.04-mm-thick epoxy-resin
glue. The actual thickness of the middle substrate is 0.38 mm including the glue thickness. And
3/16 
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Fig. 2. Photo gra ph of DG-M-THGEM hole array pattern. The diameter and pitch of the holes are 
0.3 mm and 0.7 mm, respecti v ely. 

Table 1. Measured thicknesses of prototype DG-M-THGEM at positions indicated in Fig. 1 . Each value 
is an average of the three measurements. 

measured position actual thickness [mm] 

1 1.301 ± 0.001 

2 1.290 ± 0.002 

3 1.294 ± 0.002 

4 1.303 ± 0.001 

5 1.302 ± 0.001 

6 1.297 ± 0.002 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/ptep/article/2023/8/083H

01/7223477 by EM
BL user on 17 D

ecem
ber 2024
finally, GEM holes were drilled piercing from L 1 to L 4 . The geometry pattern of the GEM
holes is shown in Fig. 2 . The diameter and the pitch of the hole are 0.3 mm and 0.7 mm,
respecti v ely. The nominal total thickness of the prototype DG-M-THGEM is 1.312 mm. The
actual thickness was measured at six points which are indicated in the view of the drift region
side in Fig. 1 (a). Table 1 shows the thickness of each point as measured with a caliper. The value
of each point is an average of three measurements. The average thickness at the six measured
points is 1.298 mm and the maximum difference among the measured points is 0.002 mm. The
size of the substrate is 124 mm × 160 mm, and the area of the acti v e region is a pproximatel y
100 mm × 100 mm. Electrodes L 1 and L 4 are closest to the drift and the induction regions,
respecti v ely. Electrodes L 2 , L 3 , and L 4 are divided into three parts. The center one is called the
“beam region”, and the two side ones are called the “recoil region”. The beam region is 20 mm
wide to cover the envelope of the beam, and each recoil region is 40 mm wide. There are 2.12-
mm width gaps between the beam and r ecoil r egions. Electrode L 1 is not segmented in order
to avoid the charge-up of the insulator. As shown in the photo gra ph of Fig. 1 (b), protecti v e
resistors and stabilization capacitors are soldered on the insulator board. 
4/16 
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Fig. 3. Schematic view of the configuration in a test chamber and data acquisition system for effecti v e 
gas gain measurement with α source 241 Am. Position relations of the DG-M-THGEM to the cathode, 
the α source, and the readout board are shown. Note that the dimensions of each component and each 

distance are not scaled. Rectangles on the Printed Circuit Board (PCB) are segmented electrodes. The 
filled rectangle indicates the readout pad whereas unfilled rectangles indicate the grounded electrodes. 
The readout pad was located below the recoil region of the DG-M-THGEM and the distance from the α
source was 60.5 mm. Signals from the pad were measured by a multichannel analyzer after amplification 

by a preamplifier and shaping amplifier. 
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3. Performance of prototype DG-M-THGEM 

For performance evaluations of the prototype DG-M-THGEM, two experiments were carried
out. First, effecti v e gas gain of the prototype DG-M-THGEM was measured with various bias
settings using an α source of 241 Am in a test bench chamber. Second, the prototype DG-M-
THGEM was installed in the CAT-S chamber. The effecti v e-gas-gain stabilities and charge
resolutions in the beam region were evaluated using a heavy-ion beam. In both case, hydrogen
gas with a purity of 99.99% at a pr essur e of 40 kPa was filled. 

3.1. Effective gas gain evaluated using 

241 Am α source 

A schematic view of the experimental setup to measure the effecti v e gas gain using the 241 Am
α source (0.98 kBq at the time of this experiment) is shown in Fig. 3 . The test bench was in-
stalled in a cylindrical chamber with an inner diameter of 24 cm and a height of 12 cm. In the
chamber, the hydrogen gas flowed at the rate of a pproximatel y 100 cm 

3 /min. The gas pr essur e
was monitored at the inlet and the outlet position of the chamber with differential pressure
gauges with an accuracy of 0.1 kPa. Oxygen concentration in the chamber was also monitored
periodically at the outlet position and the oxygen concentration was kept at the 0.01% lower
limit of the monitor or less. A cathode plate was placed above L 1 with a distance of 20 mm
from the surface of L 1 . The drift field for electrons was formed by L 1 and the cathode plate.
The α particles, which were collimated by a polytetrafluoroethylene (PTFE) collimator with a
length of 50 mm and an inner diameter of 4 mm, were injected to the drift field. The α parti-
cles were injected to the r ecoil r egion and passed through 10 mm above L 1 . A readout board
was placed 2 mm below the surface of L 4 . On the readout board, 36 square-shaped copper
pads, each of which has a 15 mm × 15 mm ar ea, wer e arranged in 6 rows and 6 columns with
5/16 
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Fig. 4. Resistor configuration to supply biases to the cathode plate, and electrodes L 1 , L 2 , L 3 , and L 4 . 
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interval gaps of 1 mm. One pad, hereafter called the readout pad, shown as a filled rectangle
in Fig. 3 (a), was connected to a r eadout cir cuit. The other pads were all grounded. The dis-
tance between the center of the readout pad and the surface of the α source was 60.5 mm. The
energy deposit of α particles passing through the area corresponding to the readout pad was
calculated to be 115 keV by LISE ++ [ 23 ]. The collected electrons on the readout pad were inte-
grated with a charge-sensiti v e preamplifier, a REPIC RPA-211. Conversion gain was modified
to be 400 mV/pC with a time-constant of 80 ns. The output signal from the preamplifier was
pulse-shaped by a shaping amplifier, an ORTEC 572A, and its pulse height was recorded by a
m ultichannel anal yzer, a Kromek 102, a pr oduct of Kr omek Gr oup plc. In order to convert the
pulse height to the absolute charge value, the circuit system was calibrated by a pulser module
and charge injector (capacitance). 

Figure 4 shows the resistor chain to supply biases for the cathode plate and the electrodes
of the prototype DG-M-THGEM. The bias V C 

is for the cathode. The bias to each electrode
of the prototype DG-M-THGEM was supplied by V GEM 

through a resistor divider. It should
be noticed that the beam and r ecoil r egions had the same bias in the present test. The field
strength in the drift region, which was determined by the biases of the cathode plate and L 1 ,
was controlled by a combination of V C 

and V GEM 

in order to keep to 1 kV/cm/atm, i.e. V GEM 

and V C 

were sim ultaneousl y changed from −1725 V to −1975 V and −2525 V to −2775 V in
25-V steps, respecti v ely. The drift v elocity of electrons is estimated to be 1 μs/cm at the present
field strength by a sim ulation pro gram, Garfield ++ [ 24 ]. As shown in Fig. 1 , the distances
between L 1 −L 2 and L 3 −L 4 are the same, but that of L 2 −L 3 is different from them; ther efor e,
the resistor chain was adjusted so that the electric fields of L 1 −L 2 , L 2 −L 3 , and L 3 −L 4 have the
same strength. 

The effecti v e gas gain G eff is defined as a ratio of Q meas to Q in , 

G eff = 

Q meas 

Q in 
, (1) 
6/16 
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Fig. 5. Effecti v e gas gain of prototype DG-M-THGEM as a function of reduced bias between L 1 and 

L 4 . The reduced bias is calculated using the gas pressure monitored in each measurement. 
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where Q meas is the measured charge from the readout pad and Q in is the initial charge. Q in is
calculated by the elementary charge, e ; stopping power of an α particle in the gas, dE / dx ; mean
energy for ion–electron pair creation, W ; and path length of an α particle, dX . Q in is described
as follows: 

Q in = 

e 
W 

· dE 

dx 

· dX , (2) 

where we used W = 36.5 eV [ 25 ] for hydrogen gas, and dX = 15 mm was the length of the
readout pad. The ambiguity of dX is estimated to be within 0.01 mm, because the α particles
were collimated, and the angular dispersion is up to 2.3 degr ees. Ther efor e, the dX is assumed
to be same as the length of the readout pad. 

Figure 5 shows the effecti v e gas gain as a function of reduced bias. The reduced bias is deri v ed
by dividing the electric field strength between L 1 and L 4 with the distance between these elec-
trodes of 0.12 cm and the gas pr essur e. The gas pr essur e was monitored in each measurement
and it varied between 39.80 kPa and 40.19 kPa. Our required effecti v e gas gain for the recoil
region is more than 2 × 10 

3 , which was achie v ed with the reduced bias above 360 kV/cm/kPa.
In the present condition, we could not obtain the effecti v e gas gain over 5.31 × 10 

3 due to
discharges. 

3.2. Effective gas gain and char g e r esolution using heavy-ion beam 

Measurement of effecti v e gas gain and charge resolution using a heavy-ion beam (program
number 15H307) was performed at a synchr otr on accelerator facility, Heavy Ion Medical Ac-
celerator in Chiba (HIMAC), National Institutes for Quantum Science and Technology (QST).
A 

132 Xe beam with the energy of 185 MeV/nucleon from the synchr otr on accelerator was in-
tr oduced fr om the end of the beam transport line to the experimental setup and injected into
the CAT-S. The repetition time of the synchr otr on was 3.3 seconds. A so-called slow-extraction
mode was applied to have a moderate and uniform intensity for a certain duration. The typical
extr action dur ation was 1.5 seconds. The number of the 132 Xe particles in each beam pulse was
monitored with a diamond detector [ 26 ] located 1077 mm upstream of the CAT-S. The posi-
tion distribution of the beam was measured with two low-pressure multi-wire drift chambers
(MWDCs) [ 27 ] which were installed Z = 672 mm and Z = 1034 mm downstream of the CAT-S.
7/16 
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Fig. 6. Schematic view of the configuration in the CAT-S chamber for an experiment using a 

132 Xe beam 

from upstream. It shows the positions of the DG-M-THGEM, anode mesh, and readout board relative 
to the beam axis. The origin is the center of the acti v e area of the CAT-S on the beam trajectory. 
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Here we define the beam axis as Z , the horizontal axis as X , and the vertical axis as Y . Their
origins are set to the center of the CAT-S acti v e area. 

The configuration of the CAT-S with the prototype DG-M-THGEM is shown in Fig. 6 . It
should be noticed that the configuration is upside down relati v e to Fig. 3 . The ca thode pla te of 
the drift field is not drawn in Fig. 6 . The gas pr essur e and flow rate were 40 kPa and 100 cm 

3 /min,
respecti v ely. The oxygen concentration was kept at the 0.01% lower limit of the monitor or less.
The drift field formed by the CAT-S field cage was set to be 1 kV/cm/atm. Thus, the estimated
drift velocity of the electron was 1 μs/cm, as was the case with the test bench experiment. The
electrons drift toward the + Y direction. An anode mesh was installed at 16.2 mm below L 1 . The
anode mesh is made of SUS304. The diameter and the pitch of the wires of the anode mesh are
30 μm and 254 μm, respecti v ely. The electric field strength between the anode mesh and L 1 was
2.39 kV/cm/atm. The readout electrode was mounted at 2 mm above L 4 . There are 416 readout
pads, which have an equilateral triangle shape of 7-mm side formed on the Printed Circuit
Board (PCB). The beam was injected at 66.2 mm below L 1 in the beam region. Each readout
pad was connected to the preamplifier RPA-211. The output signals of the preamplifier were
digitized by a V1740 flash Analog-to-Digital converter (FADC), from CAEN Co. Ltd. The
sampling rate was 50 MHz. The total charge read by the pad was obtained by summing up
the samples. The obtained total charge was calibrated using the pulser module and the charge
injector. 

Figure 7 shows the resistor configuration to supply biases to the electrodes of the prototype
DG-M-THGEM. The biases to L 1 and L 2 of the recoil region were supplied by V 1 through the
resistor chains. The biases to other electrodes, L 3 and L 4 of the recoil region, and L 2 , L 3 , L 4 

of the beam r egion, wer e supplied by V 3R 

, V 4R 

, V 2B 

, V 3B 

, and V 4B 

, respecti v el y. Consequentl y,
the gas gain of the beam region and the recoil region can be controlled independently. 

The definition of the effecti v e gas gain is the same as Eq. ( 1 ). The Q in induced by the
132 Xe beam was estimated similarily from the stopping power dE / dx which was calculated with
LISE ++ but calso onsidering the escape energy carried by delta rays. If the delta rays escape
from a r egion of inter est, the measur ed energy deposit becomes lower than the energy loss. The
energy carried by the delta rays was estimated using GEANT4 [ 28 ]. Considering the results of 
both simulation and measurement, it turns out that the ratio of the escaped energy to the en-
ergy loss, εe , is 18.7% for the 132 Xe beam. In addition, charges measured by each readout pad
are modified from the energy deposit due to a diffusion effect in the drift region. The ratio of 
the charge measured by each readout pad to the energy deposit, εd , was estimated by fitting the
8/16 



PTEP 2023 , 083H01 C. Iwamoto et al. 

Fig. 7. Resistor configuration to supply voltage to electrodes L 1 , L 2 , L 3 , and L 4 of the DG-M-THGEM 

shown in Fig. 1 . The electrodes are L 1 , L 2 , L 3 , and L 4 from the bottom of this figure. The right and left 
sides are for the recoil and beam regions, respecti v ely. V 1 supplied bias to L 1 and L 2 of the recoil region 

with the resistor chain. As for the other electrodes, V 3R 

, V 4R 

, V 2B 

, V 3B 

, and V 4B 

supplied biases to L 3 

and L 4 of the recoil region, and L 2 , L 3 , L 4 of the beam region, respecti v ely. 

Fig. 8. Effecti v e gas gain as a function of the r educed bias with a low-intensity 

132 Xe beam. The r educed 

bias is calculated using the gas pr essur e monitor ed in each measur ement. 
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calculated charges in the readout pads along the trajectory to the measured charges. The Q in is
modified from Eq. ( 2 ) as follows: 

Q in = 

e 
W 

· dE 

dx 

· εd · (1 − εe ) · dX . (3) 

Note that the εe is expected to be zero for the lo w-ener gy alpha particles. The εd is expected to
be one when the readout pad has translational symmetry and the change of the stopping power
is small enough compared to the energy deposit. 

The effecti v e gas gain in the beam r egion was measur ed b y v arying biases. Figure 8 shows
the measured effecti v e gas gain as a function of the reduced biases with the low-intensity beam
of 5 × 10 

3 particles per pulse. The effecti v e gas gains were deri v ed by averaging over all of the
52 readout pads in the beam region. The bias setting is summarized in Table 2 . The lower bias
9/16 
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Table 2. Bias setting between each pair of electrodes in the beam and recoil regions for the experiment 
with a 

132 Xe beam. 

beam region r ecoil r egion 

L 1 −L 2 596 V 596 V 

L 2 −L 3 570 V 570 V 

L 3 −L 4 548 −248 V 598 V 

Fig. 9. (a) Definition of pad groups to evaluate charge resolutions. Four triangles with the same color 
are in one group. (b) Charge resolution as a function of effecti v e gas gain. 
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a ppl ying to the first multiplier stage, which corresponds to between L 1 and L 2 , can decrease ion
backflo w [ 22 ]. Ho we v er, the reduction of the number of electrons at the first stage by lowering
the first-stage bias is expected to cause the poor charge resolution [ 21 ]. We tried to a ppl y slightl y
lower bias to the final multiplier stage of L 3 –L 4 in the beam region by varying onl y V 4B 

w hile
fixing V 1 , V 2B 

, and V 3B 

. The biases of the r ecoil r egion, V 3R 

and V 4R 

, wer e fix ed to make the
electric fields between each electrode have the same strength. An effecti v e gas gain lower than
1 × 10 

2 can be achie v ed in the beam region while the effecti v e gas gain of 2 × 10 

3 at the recoil
region was held. The effect of the high-intensity beam injection will be discussed in the next
subsection. 

Charge resolution was also deri v ed with the same bias setting as in Table 2 . In the present
analysis, the charge resolution was defined as follows: pads were formed in a group defined as
shown in Fig. 9 (a). The neighboring four triangles are in one group. The charge collected by
the i -th group is denoted by Q i . Index, i , is ordered along the Z axis, from 0 to 12. All the Q i is
expected to be the same for all i -th groups, because the beam energy was sufficiently high and
its stopping power was constant at 94.3 keV/mm within 0.2% over all the acti v e area. Thus, we
defined a residual of Q i as follows: 

�Q = Q i − (Q i−1 + Q i+1 ) 
2 

. (4) 

The charge resolutions as a function of the effecti v e gas gain are shown in Fig. 9 (b). The
charge r esolutions wer e deri v ed by av eraging the 11 residual widths along the Z axis. The charge
resolutions significantly depend on the effecti v e gas gain. This indicates that the charge reso-
lution is mainly determined by the statistics of the number of amplified electrons. A charge
resolution much smaller than 10% is achie v ed ov er all the effecti v e-gas-gain region. 
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Fig. 10. Beam intensity distribution as a function of time in one beam duration when integrated intensity 

was 1 × 10 

6 particles per pulse. The origin of time is arbitrary. 

Table 3. Average beam intensity for each time bin used in Fig. 10 . 

time range [s] average beam intensity [10 

3 pps] 

1.60–1.78 1.0 

1.84–1.86 120 

1.86–1.88 220 

1.88–1.91 440 

1.91–1.95 660 

1.95–2.14 2500 
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3.3. Test with high-intensity beam 

In this subsection, sensitivity of the effective gas gain to the beam intensity was discussed as-
suming the beam intensity dependence of the effecti v e gas gain and the initial charge, as de-
scribed in the following equation modified from Eq. ( 1 ): 

Q meas = G eff (I beam 

) × Q in (I beam 

) . (5) 

Ther efor e, we consider that the Q in and G eff are treated as a function of the beam intensity,
I beam 

. Ideally the Q meas should not be changed by I beam 

, but it has sensitivities to I beam 

through
this equation. 

The beam intensity has a time structure within the extraction duration. Figure 10 shows the
beam intensity distributions within the extraction duration when the integrated intensity was
1 × 10 

6 particles per pulse. The horizontal axis shows the time in one beam duration and the
origin of the time is arbitrary. The vertical axis is the averaged beam intensity in each time bin.
The maximum beam intensity is larger than the average of the total number of the beam in
one duration. Considering the beam intensity deri v ed in each time bin, we evaluated the beam
intensity dependence of the effecti v e gas gain. Tab le 3 shows the average beam intensity for
each time bin considered in the evaluation. 

Assuming that G eff ( I beam 

) was not so sensiti v e to the beam intensity, i.e. G eff ( I beam 

) = G nom 

, we
deri v e Q in-m 

( I beam 

) = Q meas / G nom 

as shown in Fig. 11 . Here we presumed the nominal effecti v e
gas gain, G nom 

= 76.7, was the effecti v e gas gain obtained in the low-intensity 

132 Xe beam
experiment at the supplied bias of 323 V between L 3 and L 4 in the beam r egion. Figur e 11
11/16 
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Fig. 11. Q in-m 

( I beam 

) distribution as a function of Z , where Q in-m 

( I beam 

) depends on beam intensity also. 
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shows Q in-m 

( I beam 

) depends not only on the beam intensity but also on the position along the
beam axis ( Z ). As the beam intensity incr eases, Q in-m 

( I beam 

) incr eases overall Z . The distribution
has a parabolic shape with a symmetry at Z = 0. 

To explain this parabolic shape, we employed the “ion pillar model” [ 29 ]. The ion pillar model
has been proposed to evaluate electric field distortion in the drift region caused by the ion-
backflow from GEMs. The backflow ions move from the GEMs to the cathode, then a pillar of 
positi v e ions along the beam trajectory is formed. In previous studies, electric field distortion
in the drift direction ( Y direction) has been discussed, but similar electric field distortion also
occurs along the beam axis ( Z direction) and its vertical direction ( X direction). The ions attract
drifting electr ons fr om outside the beam region, consequently Q in-m 

( I beam 

) increases in the beam
region. The number of ions increases with increments of the beam intensity, hence the behavior
of Q in-m 

( I beam 

) in Fig. 11 can be explained. Figure 12 shows the comparison of the beam profile
on the X axis as measured by the CAT-S and the MWDCs. The beam profile measured by the
MWDCs shows a similar size independent of the beam intensity. Howe v er, the one measured
by the CAT-S was observed to become narrow according to the beam intensity, because the
attracted electrons converge on the beam axis. 

The effect of ions in the pillar on electrons which reach to L 1 was investigated by electron-drift
simulation. The ion density in the pillar was assumed to be distributed homo geneousl y in the Z
and Y directions and Gaussian in the X direction. The width of the ion pillar in the X direction
was the beam width measured with the CAT-S as shown in Fig. 12 because the number of 
ions in the pillar is due to the backflow ions that the attracted drifting electrons generate in the
DG-M-THGEM. The beam was injected 5 cm below L 1 . The distance from L 1 to the cathode
plane of the field cage was a pproximatel y 250 mm. The drift velocities of a hydrogen ion and
an electron were 0.01 cm/ μs and 1.2 cm/ μs, respecti v ely. Thus, the time for the backflow ions
to reach the cathode was a pproximatel y 3 ms. As shown in Table 3 , the time bin for each beam
intensity was from about 20 ms to 200 ms. Ther efor e, the number of the ions in the pillar was
considered to be immedia tely sa tura ted depending on the beam intensity within the time bin.
12/16 
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Fig. 12. Beam profile on X axis deri v ed by the CAT-S and MWDCs. The beam width measured by the 
CAT-S shrank due to the effect of the ion pillar with beam intensity incr ements, wher eas no effect is 
shown by the MWDCs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/ptep/article/2023/8/083H

01/7223477 by EM
BL user on 17 D

ecem
ber 2024
The number of the electrons reaching to L 1 along the beam trajectory, Q in-s ( I beam 

), was deri v ed
by the electron-drift simulation with Garfield ++ [ 24 ] while varying the amount of ions in the
pillar. 

To reproduce Q in-m 

( I beam 

) in Fig. 11 , we explain Q in-m 

( I beam 

) using Q in-s ( I beam 

) as follows: 

Q in −m 

( I beam 

) = 

Q meas 

G nom 

= 

Q in −s ( I beam 

) × G eff (I beam 

) 
G nom 

. (6) 

We set Q in-s ( I beam 

) and G eff ( I beam 

) as the fitting parameters in the least-square fitting method to
reproduce the Q in-m 

( I beam 

) in Fig. 11 . Because Q in-s ( I beam 

) is dependent on the amount of ions
in the pillar, the actual parameters to be varied are the amount of ions in the pillar and the
effecti v e gas gain. Figure 13 (c) and (d) shows the fitting results of the distributions of the χ2 as
a function of the amount of ions in the pillar and effecti v e-gas-gain shift for the beam inten-
sities of 1.2 × 10 

5 and 2.5 × 10 

6 pps, respecti v ely. Here, the effecti v e-gas-gain shift is defined
as { G eff ( I beam 

) − G nom 

}/ G nom 

. Searching for the χ2 minimum point in Fig. 13 (c), the number
of ions in the pillar and the effecti v e-gas-gain shift are 2.6 × 10 

2 pC and −1%, respecti v ely.
Using these parameters, we can reproduce the Q in-m 

( I beam 

) spectrum as shown in Fig. 13 (a).
Figure 13 (b) is also reproduced by 1.38 × 10 

3 pC and and 0.4%. This result shows that the
ion backflow from the DG-M-THGEM is significantly large to show its effect. The r equir ed
effecti v e gas gain in the beam region was achie v ed with the dual gain operation by the lower
bias application between L 3 and L 4 in the beam region; howe v er, the ion backflow effect was
not sufficiently small. 

Figure 14 shows the beam intensity dependence of the amount of ions in the pillar and the
effecti v e-gas-gain shift. Comparing the beam intensity of 2.5 × 10 

6 pps with 1.2 × 10 

5 , the
gain fluctuation is suppressed within 3% while the amount of ions increases by se v en times. It
was found that the amount of ions in the pillar was sa tura ted above the beam intensity of 6 ×
10 

5 pps. It is considered to be due to decreasing the ion backflow from the DG-M-THGEM as
the amount of ions in the pillar increases above a certain le v el, similar to the trend shown in a
13/16 
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Fig. 13. (a) and (b) Position distributions of Q in-m 

( I beam 

), which is the number of electrons reaching 

electrode L 1 of DG-M-THGEM, along the beam trajectory Z at the beam intensities of 1.2 × 10 

5 and 

2.5 × 10 

6 pps, respecti v ely. Solid circles and open circles are measured values and simulated results at 
the χ2 minimum by the least-square fitting, respecti v ely. (c) and (d) χ2 distributions as a function of the 
amount of ions in the pillar and effecti v e-gas-gain shift at the beam intensities of 1.2 × 10 

5 and 2.5 ×
10 

6 pps, respecti v ely. 
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previous study [ 30 ]. The fluctuation of the effecti v e gas gain was sufficiently suppressed to the
same le v el as the charge resolution a t the ef fecti v e gas gain of 1 × 10 

2 . As shown in Fig. 12 ,
the electrons were attracted by the ion pillar to the beam center; ther efor e, the electron density
increased by a factor of 8.5 at 2.5 × 10 

6 pps compared to at 1 × 10 

3 pps beam intensity. It can
be concluded that the gain fluctuations wer e suppr essed to 3% e v en under conditions where
ionized electrons of 6 pC/cm 

2 /s flow to the prototype DG-M-THGEM. 

4. Summary 

The prototype DG-M-THGEM with an acti v e area of 10 cm × 10 cm was produced and its
performance was evaluated. The electrodes of the multilayer-thick GEM, which has an alter-
nating structure of electrodes and insulators, were segmented into three regions. The center
14/16 
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Fig. 14. (a) The amount of ions in the pillar as a function of beam intensity. (b) Effecti v e-gas-gain shift 
as a function of beam intensity. 
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region and both sides can have biases applied independently to control gas gains individually.
The performance of the prototype DG-M-THGEM was evaluated using hydrogen gas at the
pr essur e of 40 kPa. The effecti v e gas gains as a function of the reduced bias applied to DG-M-
THGEM wer e measur ed using the α sour ce of 241 Am. The effecti v e gas gain was achie v ed up
to 5.31 × 10 

3 . 
The effecti v e gas gain and the charge r esolutions in the beam r egion wer e evaluated using the

heavy-ion 

132 Xe beam with the energy of 185 MeV/nucleon and intensity from 5 × 10 

3 to 1 ×
10 

6 particles per pulse. An effecti v e gas gain of lower than 1 × 10 

2 was achie v ed with a charge
resolution of smaller than 3% in the beam region while maintaining the effecti v e gas gain of 
2 × 10 

3 in the recoil region. The effecti v e-gas-gain stability of the low-gain beam region when
increasing the beam intensity was also discussed. As the beam intensity increases, the initial
charges become larger, because the ion pillar attracts electrons. The effect shrank the beam
width measured by the CAT-S as the beam intensity increased. Even if increasing the beam
intensity from 1.2 × 10 

5 pps to 2.5 × 10 

6 pps, the effecti v e gas gain fluctuated within only
3% while the amount of ions increased by se v en times. The effecti v e-gas-gain fluctuation was
suppressed to the same le v el as the charge resolution at the effecti v e gas gain of 1 × 10 

2 . The
number of electr ons ar ound the beam center was about 8.5 times larger at 2.5 × 10 

6 pps than at
1 × 10 

3 pps due to the effect of electrons being attracted by the ions in the pillar. The effecti v e
gas gain fluctuates within 3% e v en under conditions where ionized electrons of 6 pC/cm 

2 /s flow
to the prototype DG-M-THGEM. As a future issue, it is necessary to de v elop a way to reduce
the effect of the ion backflow in order to perform accurate tracking analysis of the trajectory. 
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