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Abstract A new trapezoid-shaped Frisch-grid ionization
chamber (TFG-IC) has been built as a part of a ΔE− E tele-
scope system for the detection and identification of charged
particles at energies down to a few MeV. To study the effect
of the drift electric field uniformity, two types of sealed win-
dows, namely a pair of SSA (split-strip aluminized mylar
film) and a pair of DSA (double-sided aluminized mylar film)
sealed windows have been investigated. The detector’s per-
formances were studied using a standard 241Am source at dif-
ferent gas pressures, and the total energy-deposit resolution
achieved is about 1.1%(FWHM). The ΔE − E telescope,
which was composed of TFG-IC and a DSSSD (double-
sided silicon strip detector), has been tested using a three-
component α source and the 241Am source under laboratory
conditions. The results show that the energy resolution with
the SSA sealed windows which provide uniform drift elec-
tric field has a smaller fluctuation than that with the DSA
ones; the fluctuations are about 1% and 4% for the former and
the latter, respectively. Simulations using the COMSOL soft-
ware also confirmed the electric-field distortion at the edge
of the detector with the DSA windows. A correlation curve
between energy resolution and energy deposit of charged
particles at various gas pressures and for two gas species
is derived for TFG-IC with the SSA sealed windows using

a e-mail: yanghr@impcas.ac.cn (corresponding author)

the measurement with the 241Am source. Incorporating the
above results, we performed Monte Carlo simulations to eval-
uate the particle-identification capability of the telescope.
The results show that the telescope can be extended to the
identification of low-energy particles.

1 Introduction

Heavy ion collision is one of the most important methods in
the laboratory to understand the isospin-dependent equation
of state of nuclear matter. The emission time scale of isospin-
dependent particles carries information about the isospin
properties. Accelerator facilities such as SPIRAL2 at GANIL
[1], SPES at LNLL [2], FAIR at GSI [3], FRIB at MSU [4],
RIBF at RIKEN [5], FRIBS at LNS-Catania [6] and HIRFL
at IMP [7], providing high-intensity radioactive beams, will
cover a broad range of isospin (N/Z) ratios; here N and
Z are the neutron and atomic numbers, respectively. These
measurements must be carried out with both good energy and
angular resolution in order to investigate multi-particle cor-
relations. However, the intensity of the most exotic beams
will always be low, thus necessitating the development of
high efficiency arrays capable of isotopic identification.
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Many laboratories in the world have built telescope arrays
based on silicon strip position-sensitive detectors such as
MUST2 [8], INDRA [9,10], LASSA [11], NIMROD [12],
FARCOS [13,14] and FAZIA [15], gas-detector-based tele-
scopes such as CSHINE [16,17], as well as the light charged-
particle detector array at SLEGS [18]. However, these meth-
ods lack detection and identification capability of a large
number of low-energy particles produced over a wide range
of beam energies. Detailed studies of multi-particle corre-
lations will require isotope identification of fragments over
a wider range of Z , A, energy and angles than is currently
possible, and hence an efficient telescope system with good
energy and angular resolution, and capable of isotope iden-
tification will need to be developed.

To improve the present experimental capabilities, we have
developed a trapezoid-shaped Frisch-grid ionization cham-
ber (TFG-IC) as part of a telescope system to cover the iden-
tification of low-energy incident particles. Particular design
consideration was given to realize an efficient arrangement
of a multiple-telescope detector system with minimum dead
area. It is difficult to design a Frisch-grid ionization chamber
with an irregular structure because the electric field unifor-
mity in the sensitive region largely determines whether or
not the primary electrons can be collected well. A special
shielding-window structure is designed to improve the drift-
ing electric field. The feasibility of the scheme was confirmed
through measurements with an α source for TFG-IC, and also
for a system that incorporates TFG-IC and a silicon detector
under laboratory conditions.

2 Construction and operation

2.1 Design constraints

Like several other earlier ionization-chamber based tele-
scopes, we plan to use TFG-IC as an energy-loss (ΔE)

detector in nuclear physics experiments to measure energy
losses of charged particles emitted from incident ion beams
or nuclear reactions [19,20]. The ERDA (elastic recoil detec-
tion analysis) system developed at the University of Tokyo
was able to identify light ions of elements from Lithium (Li)
to Fluorine (F) [21]. In the test results of GASTLY detector,
protons and α particles were significantly distinguished [22].
The FG-IC telescope designed by Ma et al. [23] has good
particle identification ability for heavy particles 16O and 17F.

We have constructed a TFG-IC-based charged-particle
telescope system. The entire detector assembly was housed
in separable aluminum boxes, which were designed to pro-
vide mechanical support, relative alignment, and electromag-
netic shielding of the detectors, as shown in Fig. 1. TFG-IC
was selected to be the first layer of the telescope to enable
detection of low-velocity highly-ionizing particles. A 300-

Fig. 1 Diagram and photos of a detector unit with TFG-IC as the tele-
scope arrays: exploded diagram of the TFG-IC-based charged-particle
telescope (a), side-view photo of the telescope (b) and photo of the
TFG-IC array (c). The red dot (c) is the position of the reaction target
in the beam experiment
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Fig. 2 Photographs and
schematic diagram of the
TFG-IC: main internal structure
(a), cross section of side view
(b), cross section of top view (c)
and exploded structure diagram
(d). A: Aluminum box;
A1-incoming window,
A2-outgoing window,
A3-shielding box, A4-filter
board, A5-shielding case. B:
TFG-IC; B1-anode, B2-cathode,
B3-grid, B4-cage of side plate,
B5-cage of side plate, B6-cage
of incoming window, B7-cage
of outgoing window

μm-thick double-sided silicon strip detector (DSSSD) man-
ufactured by Micron Semiconductor was mounted behind
TFG-IC to stop charged particles, and to enable particle iden-
tification by the ΔE−E technique. The DSSSD has an active
area of 80 × 80 mm2 with 32 strips on both side; the strips
on front and rear sides are mutually perpendicular. Energy
measurement of high-velocity light charged particles neces-
sitates the use of a scintillator, for which we have chosen the
CsI(Tl) crystals.

We adopted a trapezoidal structure for the TFG-IC to
achieve minimal detection dead area. The main internal struc-
ture of TFG-IC was made of printed circuit boards (PCB).
Figure 2a–c show an exploded schematic diagram and photos
of the TFG-IC-based charged-particle telescope. The ioniza-
tion chamber consists of the drift region (cathode to grid),
the Frisch grid, and the collection region (grid to anode). The
ionization chamber grid is an electrode plate made of a PCB
frame spanned with gold-plated tungsten wires of 50-μm
diameter with 500-μm pitch. The cathode-grid and anode-
grid distances were set to 73 mm and 10 mm, respectively.
The field cage is composed of four PCBs, each with a width
of 0.8 mm parallel electrode strip in steps of 1 mm etched

on both sides. The incoming and outgoing windows in the
cage area were replaced by hollow PCBs spanned with gold-
plated tungsten wires of 15-μm diameter to avoid energy
loss of input particles. The TFG-IC was housed in separable
aluminum boxes of trapezoidal geometry using 2-μm-thick
mylar films as sealed windows, as shown in Fig. 2d.

Figure 3 shows the incoming and outgoing sealed win-
dows of the ionization chamber aluminum boxes made of
2-μm-thick mylar foils with an area of 45 mm × 45 mm and
60 mm × 60 mm, respectively. Two kinds of sealed windows
with different structures were designed to study the influence
of drift electric field uniformity on the detector performance.
The first structure is a double-sided aluminized mylar film
structure (DSA), as shown by the photo denoted by the label
“L” in Fig. 3a, b. A split-strip aluminized mylar film win-
dow (SSA) was designed as the second structure. In order to
provide electric field compensation, single-sided aluminized
mylar was used for the SSA sealed windows which has 4-
mm wide strips and 1-mm wide gaps, as shown by the photo
denoted by the label “R” in Fig. 3a, b. The electric connec-
tion with the drifting field cage is completed using a spring
crimp connection. Hence, the electrode centers of the sealed
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Fig. 3 Comparison of incoming sealed window (a) and outgoing
sealed window (b). L: a double-sided aluminized mylar film structure
window, R: a Split-strip Aluminized mylar film structure window

windows have the same voltage as the corresponding field
cage electrodes.

2.2 TFG-IC operating condition

2.2.1 Working gas and voltage setting

The operation voltages of the detector were determined fol-
lowing the pioneering FG-IC work by Li et al. [24], which
provides a relation between optimum electron transmittance
and electric field ratio (Ec: Ea) for different wire gate; here
Ec and Ea are the electric field strength between the cathode-
grid and anode-grid regions, respectively. In this article, the
accurate electric field ratio is 1:2.2 (Ed: Ec) for a Frisch grid
with gold-plated tungsten wires of 50-μm diameter and a
500-μm pitch.

The detector was operated with the P10 gas (a gas mix-
ture of 10% CH4 and 90% argon) or CF4 gas. When P10
was used as the working gas in the ionization chamber, the
cathode voltage was set to 1000 V/bar, and the anode voltage
to 300 V/bar, which correspond to a drift electric field and a
collection electric field of 135 V/cm/bar and 300 V/cm/bar,

respectively [25]. Considering that CF4 is electronegative
gas, it is easier to generate electrons compared to P10 gas.
Taking into account the drift rate of electrons in CF4, the cath-
ode pole and anode voltages were finally set to 2000 V/bar
and 600 V/bar, respectively; the electric field strength was
twice that of the P10 gas. Using the Garfield++ code [26], the
electron drift velocity was calculated to be about 6.4 cm/μs
at this electric field strength.

2.2.2 Electronics

In order to improve the signal-to-noise ratio, the anode volt-
age was supplied through an ORTEC 142PC preamplifier
[27]. The anode preamplifier output signal was sent to an
ORTEC 572A amplifier with a shaping time of 2 μs. The sig-
nal from the DSSSD was processed using a Mesytec MPR-16
preamplifier [28] and a Mesytec MSCF-16 main amplifier.
The preamplifiers were placed inside the vacuum chamber
for effective noise reduction.

The energy signal was processed and recorded using a
multi-channel analyzer, ORTEC 927, when TFG-IC was
measured separately. For the ΔE − E telescope test, an
analog-to-digital convertor (CAEN V785 [29]) was used
for the energy signals from the ionization chamber and the
DSSSD. The electronics were connected as shown in Fig. 4.

2.3 Measurement of energy resolution

Using an 241Am source (5.486 MeV) for P10 gas or
CF4 gas conditions, the energy resolution of TFG-IC was
measured using two different types of shielding windows.
Full-energy(E) and partial-energy(ΔE) deposition measure-
ments were performed at gas pressures above 500 mbar and
below 250 mbar, respectively.

2.3.1 Full-energy deposition measurement

The α source was collimated using a collimator with several
small holes of about 0.5-mm diameter, placed at the center of
the cathode. The electric field was kept constant during the
measurement, and the range of alpha particles was controlled
by changing the gas pressure. The energy resolution of the
ionization chamber was recorded in relation to the working
gas pressure.

2.3.2 ΔE − E telescope measurement with TFG-IC and a
DSSSD detector

The α source was placed at the target position, as indicated by
the red dot in Fig. 1c. α particles passed through the ionization
chamber, and were stopped by the silicon detector, where the
remaining energies were deposited. The energy depositions
in TFG-IC and the DSSSD were measured using the P10 gas
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Fig. 4 Block diagram of the
electronics used in the
laboratory

Fig. 5 The energy resolution
and pulse height evolution at
various working gas pressures

at 200 mbar with the DSA sealed windows. For the measure-
ments with the SSA sealed windows, the energy depositions
were measured in detail under four different pressure condi-
tions for the P10 working gas: 100 mbar, 150 mbar, 200 mbar
and 250 mbar. Since CF4 is denser than P10, the particle
energy loss is greater than that in P10 gas under the same
pressure. Measurements were also performed at 100 mbar,
150 mbar and 200 mbar gas pressures for CF4.

3 Results and discussion

3.1 Comparison of TFG-IC with different shielding
structure

3.1.1 Comparison of total energy deposition for α source

According to the calculation using the Stopping and Range
of Ions in Matter (SRIM) code [30], the projected range of

a 5.5 MeV alpha particle is around 5 cm in the P10 gas at
1013 mbar. The minimum pressure of the P10 gas should be
above 600 mbar to stop alpha particles with kinetic energy
of 5.486 MeV from 241Am. The energy resolution and peak
position as functions of the working gas pressure were mea-
sured with an 241Am source for the types of sealed windows,
and the results are shown in Fig. 5. The energy resolution
remains stable beyond the minimum pressure. No significant
difference was observed between the results with two differ-
ent sealed windows. The reason may be that the collimation
hole set at the cathode is too small, which leads to a small
oblique incidence of α particles in the sensitive volume, and
the ionized electrons hardly pass through the area with large
electric field distortion.

Figure 6 presents the energy spectra obtained at 700 mbar
of the P10 gas with an 241Am source for the different sealed
windows. The red lines represent the best-fitted Gaussian
peak taking into account the known alpha peak energies and
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Fig. 6 Energy spectra obtained with an 241Am source at 700 mbar for
two different sealed windows of the ionization chamber: a DSA sealed
windows, and b SSA sealed windows. The red lines (on top of the data)
represent the total adjustment to the data taking into account the known
alpha peak energies (5.48556 MeV) and branching ratios (84.8%), while
the green lines refer to the alpha peak energies (5.44428 MeV) and
branching ratios (13.1%)

branching ratios The energy resolution was calculated using
the full width at half maximum (FWHM) and peak position of
the main alpha (5.48556 MeV) decay branch with a branching
ratio of 84.8% [24]. Throughout all of the measurements,
we used identical methods to determine the FWHM and the
peak position. The energy resolution of TFG-IC was 1.1%
(FWHM), as presented in Fig. 6.

Fig. 7 Diagram of the block ID definition. The green frame refers to
block 13

3.1.2 Comparison of Δ E-E for α source

The ΔE−E performance of the TFG-IC+DSSSD telescope
was tested with an 241Am source to verify the effect of dif-
ferent sealed windows. Besides the energy information, the
DSSSD also provided two-dimensional position information
of the α particles. The exit window of TFG-IC was divided
into 25 blocks to identify and separate α particles of dif-
ferent incident tracks. The block ID definition is shown in
Fig. 7. The energy losses of α particles on different paths
in the ionization chamber were obtained using the position
information of the DSSSD.

Figure 8 shows the main peak and resolution of energy
spectra of α particles at 200 mbar pressure of the P10 gas
measured in different blocks of the ionization chamber with
two different sealed windows. Fluctuations are indicated by
different colours as shown on the right of each histogram.
The average fluctuation of the energy loss in the ionization
chamber with SSA sealed windows is about 20 keV, which
is excellent compared with the DSA sealed windows. The
energy resolution with the SSA sealed windows also has a
smaller fluctuation than that with the DSA sealed windows;
the former is only about 1% whereas the latter is about 4%.
The results show that the ionization chamber with the SSA
sealed windows is significantly better than that of the DSA
ones.
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Fig. 8 Energy spectra of alpha
particles measured in different
areas of the longitudinal section
of two different structures of
ionization chambers at 200 mbar
pressure with DSA structure
sealed windows (a) and with
SSA structure sealed window
(b). The red frame (b) refers to
block 13 in Fig. 7

(a)

(b) 

3.2 Simulation of electric field uniformity

The results in Fig. 8 show the better performance of the ion-
ization chamber with SSA sealed windows. To better under-
stand the response and performance of the detector, we per-
formed simulation to estimate the two-dimensional electric
field in the drift region for the two different sealed windows
using COMSOL [31], as shown in Fig. 9. It is found from
the Fig. 9a that the electric field in the drift region with the
DSA sealed windows has a relatively large distortion near
the incoming and outgoing windows. The edge effect caused
by the distortion of the electric field will cause the perfor-
mance of the detector to deteriorate due to the loss of some
electrons in the sensitive volume of the ionization chamber.
The simulation result with the SSA sealed windows is shown
in Fig. 9b, where the electric field distortion at the edge is

found to be significantly smaller than the electric field com-
pensation. These simulation results explain the difference in
the performance as shown in Fig. 8 due to different field-cage
electric field.

3.3 ΔE − E measurement with the SSA structure using
three-component α source

A three-componentα source (239Pu, 241Am, 244Cm) was used
to test and calibrate the detector. Measurements were per-
formed for the TFG-IC+DSSSD telescope system with the
SSA sealed windows at 250 mbar pressure of the P10 gas.
Using the measured energy ΔE deposited in TFG-IC and the
residual energy E deposited in the DSSSD, we obtained the
ΔE − E correlation; typical spectra for the block 13 defined

123



975 Page 8 of 11 Eur. Phys. J. C (2022) 82 :975

Fig. 9 Field cage electric field distribution of DSA structure sealed
window (a) and SSA structure sealed window (b). The Cross section is
the side view of detector which is shown in the Fig. 2b

in Fig. 7 are shown in Fig. 10. Overall, our telescope system
can resolve well alpha particles with different energies.

3.4 Energy-loss measurement with the SSA sealed
windows at various gas pressures

Since the energy loss of a particle in a gas detector depends
on the gas pressure and gas species of the detector, one can
easily manipulate the energy loss in the detector, which is
an important advantage of the gas detector. To evaluate the
performance of TFG-IC with the SSA sealed windows, the
energy loss ΔE and energy resolution were measured at four
and three different pressures for the P10 and CF4 gases,

respectively. Figure 11 shows the relationship between the
measured energy and the energy resolution of the ionization
chamber at different gas pressures using an α source. The
first four points in Fig. 11 are the results for the P10 gas,
while the last two points for the CF4 gas; the third point for
the CF4 gas is not plotted since all α particles are stopped in
TFG-IC at 200 mbar pressure.

It is difficult to measure energy loss and energy resolution
over a wide range using a monoenergetic α source. Using
the results in Fig. 11, we fitted the data by the least-squares
method (χ2) to extrapolate the detector operational domain
to the low-energy and high-energy regions. The fitted curve
will be applied in simulations or future experiments.

3.5 Simulation of particle identification (PID) using
extrapolating curves

In order to simulate the operation of the ionization chamber in
a beam experiment, we set up a model according to the exper-
imental setup shown in Fig. 12 in Geant4 [32], taking into
account the 2-μm-thick mylar shielding window, dead zone,
sensitive volume and silicon detector. In the simulation, the
expansion of the dead zone and the bulge of the sealed win-
dow due to the pressure difference of the gas detector were
ignored. Simulations were performed for p, d, t, 3He, 4He,
6He, 6Li, 7Li, 9Be, 11B and 12C assuming all incident parti-
cles enter the detector at angles perpendicular to the shield
window. The P10 gas at 200 mbar and CF4 at 150 mbar are
used as the working gases of the ionization chamber. The
extrapolation curves obtained in Fig. 11 were implemented
in the simulation as an intrinsic correlation function of the
ionization chamber.

Using the simulation data, a two-dimensional ΔE − E
scatter plot of TFG-IC+DSSSD was constructed for each
telescope and determined for all isotopes, as shown in Fig. 13.
When the P10 gas at 200 mbar is used as the working gas,
p, d and t particles cannot be separated in the low-energy
region, but good PID can still be achieved for 3He, 4He and
6He. On the other hand, p, d and t particles can be separated
in the low-energy region using the CF4 gas at 150 mbar pres-
sure as the working gas, as shown in Fig. 13b. Therefore,
when using an ionization chamber, it is necessary to select
the appropriate working gas, taking into consideration the
experimental requirements and by combining the simulation
results.

4 Conclusions

We have designed and developed a new TFG-IC as the first
layer of charged-particle telescopes. Performing measure-
ments with an 241Am source and simulations, we compared
the energy resolution and energy deposition for two different
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Fig. 10 Results of the measurement with a three-component alpha
source for the telescope system with the SSA sealed windows: a the ΔE
(energy deposit) spectrum of TFG-IC, b E deposited in the DSSSD, c

total energy ΔE+E spectrum, and d two-dimensional scatter plot show-
ing correlation between ΔE and total energy

Fig. 11 Fitted extrapolated ionization chamber at different gas pres-
sures measured energy and energy resolved. The first four points and the
last two points are obtained using the P10 and CF4 gases, respectively

sealed windows. The result shows that TFG-IC with the SSA
sealed windows offers more stable performance. We tested
the TFG-IC+DSSSD telescope with the SSA sealed win-
dows in detail by varying the gas pressure of the P10 or CF4

gas using an α source. An extrapolation curve was obtained

Fig. 12 Simulation geometry setup model in Geant4

by fitting the correlated data of TFG-IC for different energy
loss and energy resolution using the least-squares method.
The extrapolation curve is used in simulations with Geant4
to evaluate the PID capability of the ΔE−E telescope system
with TFG-IC. It can be seen from the simulation results that
the ΔE − E telescope system consisting of an ionization
chamber can easily distinguish between protons and alpha
particles. Using denser gas, such as CF4, the ΔE − E tele-
scope system may also be able to separate p, d and t .

In summary, we present in this article the Advanced Mass
Estimate (AME), a new approach based upon the telescope
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Fig. 13 ΔE-E correlation in the TFG-IC + DSSSD telescope for sim-
ulated data: Working gas P10 (a) and Working gas CF4 (b)

technique using TFG-IC. This method will extend the iso-
topic identification to heavier nuclear-reaction products.
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