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Performance tests of a single channel double Gas Electron multiplier (GEM) detector constructed
by the Radiation Detector Development Group of Changwon National University (CNU) and a
multi-channel double GEM chamber constructed by the High Energy Physics Group of the University of Texas at Arlington was carried out at the Korea Atomic Energy Research Institute (KAERI’s)
RF accelerator by using 10-MeV electron beams during May 20 - 26, 2006. In this experiment, we
observed signals by both 10-MeV beam electrons and X-ray photons in the CNU single-channel
double GEM chamber and in the UTA chamber by using an oscilloscope and photographed waveforms. By analyzing the chamber output signals on the oscilloscope, computing the number of
X-rays photons produced by bremsstrahlung of the beam electrons in a 2-mm lead plate, calculating the angular distribution of beam electrons caused by multiple scatterings in the lead plate, and
estimating the interaction probabilities of X-ray photons in the lead plate, the Ar/CO2 gases fill in
the GEM chamber, and the cathode copper layer of the chamber, we were able to determine the
time profile of the KAERI’s 10-MeV electron beam bunches. In addition, we were able to derive
the spatial electron number density distribution with the time profile determined using the data
from this experiment. This experiment is a significant accomplishment because it is the first time
the time and the spatial profiles of the KAERI 10-MeV electron beam have been determined using
particle detectors. Finally, we also were able to estimate the effective gain of the CNU GEM-007
chamber by analyzing the output currents measured in the chamber.
PACS numbers: 29.25.Bx, 29.27.-a, 29.27.Fh, 29.40.Cs
Keywords: GEM detector, KAERI’s 10-MeV RF accelerator, Lissajous curve, Electron beam signal, Electron
beam profile, Spatial electron number density distribution, Braking radiation, X-ray, Multiple scattering,
Mass attenuation coefficient

10 mA at a 23-kHz repetition rate. This facility is
supported by the Ministry of Science and Technology,
MOST, for research and development activities of both
industry and academia [1]. Figure 1 shows a schematic
diagram of the KAERI beam irradiator, and Figure 2 depicts a schematic diagram of the KAERI electron beam
irradiation facility [2].
A single-channel double gas electron multiplier (dou-

I. INTRODUCTION
KAERI (Korea Atomic Energy Research Institute)
provides a large-capacity beam irradiation facility that
uses an electron beam with an energy in the range 0.1
MeV to 10 MeV with beam currents from 0.03 mA to
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Fig. 1. Schematic diagram of the KAERI electron beam
irradiator.

ble GEM) detector constructed by the Changwon National University (CNU) Radiation Detector Development (RDD) Group [3] and a multi-channel double GEM
chamber constructed by the University of Texas at Arlington (UTA) High Energy Physics (HEP) Group [4]
have been exposed to 10 MeV electron beams during test
operations of the upgraded KAERI electron accelerator
during May 20 - 26, 2006. During this run, the signals of
electrons and X-rays due to KAERI’s 10-MeV electrons
with a 0.03 mA current were observed with an oscilloscope by using both the CNU chamber (CNU GEM-007
chamber) and the UTA chamber for the first time since
the inception of the facility.
The GEM [5] is relatively a new detector technology
that has been used in numerous radiation detector [6],
high energy charged particle tracking [7], and X-ray digital imaging device [8] since its development in 1997
by F. Sauli and colleagues at CERN. In particular, the
UTA HEP group has constructed a 9-channel GEM detector for application to a Digital Hadron Calorimeter
(DHCAL) for the future International Linear Collider
(ILC) [4]. The performance of this chamber has been
tested using Sr-90 and Cs-137 radioactive sources [9].
The group constructed a new 96-channel prototype double GEM chamber in order to join the electron beam
irradiation experiment at KAERI. In addition, the CNU
RDD group has constructed several single-channel double GEM chambers. Their performances have been verified using Sr-90 and Cs-137 radioactive sources [10]. The
CNU GEM-007 chamber, along with the UTA chamber
has also been used for the 10-MeV electron beam exposure experiment at KAERI.
One of the primary goals of the beam exposure experiment was to test the performances of the GEM chambers
built by the CNU RDD group and the UTA HEP group.
Due to the extremely short bunch length with 23 kHz
and the large number of electrons per bunch at the lowest current (0.03 mA) setting of the accelerator, it was
not possible for us to see the signal pulse from an individual electron by using the single-channel GEM detector.
However, by using a 2-mm-thick lead plate and a 10-cmlong lead brick collimator with a 3 mm × 2 mm pinhole,
we were able to observe the signal pulse caused by the
braking radiation of both the electrons of a bunch and

Fig. 2. Scheme of the KAERI electron beam irradiation
facility with a 10-MeV RF accelerator.

the electrons of a portion of the electron beam bunch.
The significance of this observation is that this was the
first time to witness an electrical signal from the KAREI
large capacity electron beam. Moreover, it is important
that the detector that observed the signals of the KAERI
electron beam was the double GEM chamber built by the
CNU RDD group in less than a year of the creation of the
group. Now, based on the analysis of this experiment,
our group will be able to provide a means to measure the
profile of the KAERI electron beam in the future.
Section II describes the characteristics of KAERI’s
10-MeV electron beam, the CNU and the UTA double chambers, and their readout electronics. Section
III describes the remaining experimental equipment and
setup. Also, the numbers of beam electrons and brakingradiation X-ray photons entering the chambers are estimated. Section IV presents a few oscilloscope photos
of the first electron beam signals, several kinds of data,
and the explanation of the signal behavior from the electron beam bunch profile. Also, the effective gain of the
CNU GEM-007 chamber is estimated there. Section V
provides the conclusions of the analysis on the data acquired from this experiment and the future direction of
our work.

II. APPARATUS
1. KAERI’s 10 MeV Electron Beam Characteristics

Figure 1 and Figure 2 show schematic diagrams of
KAERI’s 10-MeV electron accelerator. Its beam current
ranges from a minimum of 0.03 mA to a maximum of 10
mA. The electron beam’s energy spread in the vacuum
window of the beam line is less than 10−3 MeV of the
beam energy. Since the electron beam particles have to
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Fig. 4. Microscope image of the 3M GEM foil used in the
CNU GEM chamber.

Fig. 3. Lissajous curve drawn for the KAERI 10-MeV
electron beam bunches with 2,300 beam center points over
0.1 s.

pass through the vacuum of the beam line and through
the air between the window and the target, on average
the electrons lose 0.2 MeV by the time they arrive at the
target. This, however, is only the case when the electrons are injected without a deflection angle. If they are
bent with a large angle for scanning, the energy loss will
be higher due to synchrotron radiation which varies with
of the deflection angle. In other words, the farther away
the electrons are from their 0 degree deflection positions,
the lower their energy is.
During the course of the experiment, the unprotected
area of the UTA chamber’s outer plastic cover was burnt.
The width of the burnt area was 8 cm rather than the
nominal horizontal beam scan width of 4 cm. Based on
this observation, we believe that the damage was caused
not only by the beam electrons but also by other particles
that tag along with the electrons, such as the abundant
X-rays from the synchrotron radiation of the beam electrons.
Some important characteristics of KAERI’s 10-MeV
electron beam are that the beam diameter is larger than
10 cm, the area scanned by the beam center is 4 cm ×
60 cm, and the beam bunches follow a Lissajous curve
with scanning frequencies of 860 Hz horizontally and 50
Hz vertically. Thus, the period during which the beam
center completes one closed curve is exactly 0.1 seconds.
Figure 3 shows the Lissajous curve for which electron
beam bunches with 2,300 beam center points over 0.1 s
draw within the nominal 4 cm × 60 cm scan window.
Also, the beam bunch length is ∼30 ps. The number of

electrons per bunch per cm2 is of the order 1.04 × 108
at 0.03 mA since the RF frequency of the electron beam
is 23 kHz and the diameter of the beam is more than 10
cm.
The height of the beam pipe is 90 cm from the floor.
Since the electron beams are injected vertically from a
height of 60 cm to 120 cm, we used a cart with a 60-cm
height to support and to position the chambers at the
zero degree deflection angles.

2. Characteristics of the CNU Single-channel
Double GEM Chamber and Experimental Conditions

The GEM consists of thin insulating plastic of several
tens of micrometers in thickness, surface covered with
a few micrometer thin metal layers (ordinarily copper).
This metal foil has many microscopic holes, whose diameters are usually 100 µm or less and which are spaced 100
– 200 µm apart through the entire foil, made by using
chemical etching or a high-powered laser beam technique
[11,12]. The GEM can provide a large gain by concentrating the drift electric field over the thickness of the
foil so that an electron avalanche occurs (>104 V/cm)
when the ionization electrons pass through the holes on
the foil due to the guiding electric field.
In particular, the CNU GEM-007 chamber used in this
experiment was manufactured with two circular GEM
foils produced by 3M in collaboration with the University of Chicago and Perdue University [12]. In order to
fabricate a GEM foil, both sides of Kapton (50 µm of
thickness) were coated with 5-µm copper layers. The
copper-coated Kapton was chemically etched to make
holes with diameters of 55 µm, and the holes were arranged as a honeycomb pattern with a separation of 140
µm. The diameter of the GEM foil with the honeycomb
pattern was 1 cm, and was encircled by a 3-mm electrode. Figure 4 shows a microscope image of the 3M
GEM foil used in the CNU GEM-007 chamber, and Fig-
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Fig. 7. Schematic of CNU GEM detector’s readout electronics.
Fig. 5. Schematic diagram of the CNU double GEM chamber.

Fig. 6. General schemes of the detection method for
charged particle and of the readout technology for the chamber output signal in the double GEM detector.

ure 5 shows a schematic diagram of a CNU double GEM
chamber. Figure 6 explains the method of voltage division and the technology of signal readout in a double
GEM chamber [5].
The widths of the drift, transfer, and induction regions
were set to be 3, 2, and 1 mm, respectively, for the CNU
GEM-007 chamber. The bias voltage applied on the each
region was ∆V ≈ 400 V. Therefore, the CNU GEM-007
chamber was operated with ED ≈ 1.3 kV/cm, ET ≈ 2.0
kV/cm, EI ≈ 4.0 kV/cm, and EGEM ≈ 8 × 104 V/cm.
The cathode and the anode of CNU GEM-007 were
made of a 10-µm-thick copper-coated Kapton sheet of 50
µm in thickness. These electrodes were 3 mm × 6 mm.
During the data taking, the CNU GEM-007 chamber was
continually purged with a mixed gas (Ar : CO2 = 75 :
25) at a constant flow rate of 100 cc/min.

3. Readout Electronics of the CNU Singlechannel Double GEM Detector

The signal in a double GEM detector is a short-pulse
(50 – 100 ns) electric signal induced by a total charge on
the order of 30 – 50 fC. If sufficient information is to be
obtained on the incident particle, the GEM detector signal must be amplified and digitized for further analysis.
A charge-sensitive preamplifier (CSP), AmpTek A225,
was used for the CNU GEM-007. When the signal is
passed through the CR-RC shaping filter amplifier (SA),
A225 preamp, the high frequency noise is dramatically
reduced, and the pulse width is lengthened to about 4 µs.
The output from the SA is then passed through another
amplifier before being sent to the analog to digital converter (ADC). As in Figure 7, shown the peak voltage of
the output signal from the SA is held for a few microseconds by using a peak holder (PH), AmpTek PH300, to
keep the peak value sufficiently long for the ADC to sample since this ADC is configured to sample once every 5
µs.
Since the output timing pulse from the CSP is the
signal before passing through the SA, its arrival time
to the PH is earlier than that of the signal after passing
through the SA. Thus, the rising edge of the timing pulse
was used as the trigger signal for the ADC and the PH.
A Schmitt trigger (ST) transition circuit was used to sufficiently amplify the timing pulse and to transfer it into
a TTL level signal. A low-noise, wide-band-width, fast
OP amplifier, National Semiconductor’s CLC449, and
Bur Brown’s OPA620 were used to minimize lengthening of the rising edge of the timing pulse in this process to
ensure the exact trigger time. Since CLC449 has a slew
rate of 2500 V/ms and a bandwidth of 1.1 GHz, it satisfies the requirements for the time profile measurement
of the KAERI 10-MeV electron beam with a repetition
rate of 23 kHz at 0.03 mA.
The ADC used in the CNU DAQ circuit is National Instrument’s DAQ6036E, whose maximum sampling rate is
200 kHz. The data-taking program was developed using
National Instrument’s LabVIEW. DAQ6036E is portable
and convenient since its interface is PCMCIA for a laptop computer. However, since the DAQ6036E is used on
the Windows operating system, it is difficult to obtain
a data sampling rate much higher than a MHz. In order to overcome this limitation, the CNU RDD group is
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Fig. 9. UTA 30 cm × 30 cm GEM chamber.
Fig. 8. UTA GEM-DHCAL concept.

developing a fast, real-time DAQ system using a FPGA
(field programmable gate array).
4. UTA Double GEM Chamber

The basis of the GEM-based calorimeter technique [4]
is shown in Figure 6 and Figure 8. The ionization signal
from charged tracks passing through the drift section of
the active layer is amplified using two-stage GEM foils.
The amplified charge is collected at the anode, or readout
pad, which is at ground potential. This layer is subdivided into the small (∼1 cm × 1 cm) pads needed to implement the digital approach. The potential differences
required to guide the ionization are produced by a resistor network with successive connections to the cathode,
The two sides of each GEM foil, and the anode layer. The
pad signals are amplified and discriminated, and a digital output is produced. The GEM design allows a high
degree of flexibility with, for instance, possibilities for
micro-strips for precision tracking layer(s), variable pad
sizes, and optional, initial ganging of pads for finer granularity future readout if required by cost considerations.
Figure 8 shows how the GEM approach is incorporated
into a digital calorimeter scheme.
Measurements of chamber characteristics have shown
that we can achieve an efficiency of ∼95 % for minimum
ionizing particles (MIPs) for a threshold corresponding
to 20 % of the MIP peak value. This agrees with our
detailed simulation of a GEM chamber. We have also
shown that for this level of efficiency we find a hit multiplicity of 1.27. These values of efficiency and multiplicity
are more than satisfactory for the operation of a hadron
calorimeter stack for comparison with simulation(s).
We are working with 3M on the production of largerarea foils for the construction of sub units of 1-m2 planes.
At the same time, we are working with Argonne National
Laboratory (ANL) and Stanford Linear Accelerator Center (SLAC) on the use of the DCAL and KPix ASIC’s,
respectively, to read out 64-channel sections of the chambers. This requires the development of multi-layer anode
boards which, for GEM chambers, become an integral

Fig. 10. Experimental setup of devices used for the KAERI
10-MeV electron beam exposure.

part of the chambers as they form one of the gas barriers.
All these developments are necessary precursors to the
anticipated construction of the 1-m2 layers and, eventually, the 1-m3 stack. Figure 9 shows the UTA 30 cm ×
30 cm GEM chamber used in the KAERI beam exposure
experiment.

III. SETUP AND EXPERIMENT
1. Reduction of KAERI’s 10-MeV Electron
Beam Intensity

As we pointed out previously, the number of electrons per bunch of KAERI’s 10 MeV electron beam with
0.03 mA at 23 kHz is 8.15 × 109 e/bunch. The electron density of the beam bunch is less than 1.04 × 108
e/cm2 /bunch because the diameter of the electron beam
bunch inside the beam injection window is larger than
10 cm. In order to protect the detectors from damage
caused by the excessive energy deposited by the beam
electrons, we reduced the number of electrons hitting
the detector by using a combination of a 2-mm-thick lead
plate reducer and a 3 mm × 2 mm pinhole collimator con-
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Fig. 11. Concept of the electron beam depth dose distribution [14].

structed with many 10-cm-long lead bricks. The beam
intensity was reduced to 6.24 × 106 e/bunch/pinhole, a
factor of 6/100, due to the area of the pinhole. The 2mm reducer lead plate was placed at the pinhole on the
beam side to further reduce the number of electrons, as
shown in Figure 10.
The above combination of a pinhole collimator and a
lead plate reduce the beam intensity by a factor of A × B
× 6.24 × 106 e/bunch/pinhole. A is the factor by which
the number of electrons is reduced by the broadening effect of the electrons passing through the 2-mm-thick lead
plate to spread due to multiple scattering. That is, the
number of electrons is reduced by the solid angle of the 3
mm × 2 mm pinhole of the 100-mm-long lead brick collimator due to the angular distribution of the beam electrons entering the pinhole. The beam electron’s angular
distribution is approximately a two-dimensional Gaussian distribution with a standard angular deviation [13],
so the electrons beyond the solid angle of the pinhole
can’t pass the hole. B is the factor by which the number
of electrons is reduced by the energy loss processes of
electrons traversing a 2-mm lead plate and losing energy
due to interactions between them and the lead atoms in
the plate. This factor can be estimated approximately
by using the general shape of the central axis depth dose
curve for electron beams [14].
The ratio of the dose at a given point on the central axis of an electron beam to the maximum dose on
the central axis multiplied by 100 is the PDD (percentage depth dose). As shown in (1) of Figure 11, the dose
buildup in electron beams results from scattering interac-

tions that the electrons experience with atoms of the absorber. Upon entry into the medium, the electron paths
are approximately parallel. With depth, their paths become more oblique with regard to the original direction
due to multiple scattering, resulting in an increase in the
electron’s influence along the beam central axis. In the
collision process between electrons and atomic electrons,
it is possible the kinetic energy acquired by the ejected
electron to be large enough to cause further ionization.
In such a case, these secondary electrons or δ-rays also
contribute to the buildup of dose. As shown in (2) of
Figure 11, the maximum dose is roughly 1.6 times the
surface dose. This buildup rate of an electron beam is
a general trend. Also, some typical values for electron
depth dose parameters as a function of energy are influenced by the beam size. When the distance between the
central axis and the beam edge is more than the lateral
range of scattered electrons, lateral scatter equilibrium
exists, and the depth dose for a specific electron energy
will be essentially independent of the beam size. When
the length of the electron beam size decreases to below
a Rp (Rp = practical range s defined as the depth at
which the tangent plotted through the steepest section
of the electron depth dose curve intersects the extrapolation line of the background due to bremsstrahlung)
value for a given electron energy, the depth of dose maximum decreases with decreasing beam size, and the relative surface dose increases. The Rp , on the other hand,
depends on the electron beam’s size and on the electron
beam energy and the absorber. The PDD distributions
are given for a perpendicular beam incidence on the ab-
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sorber surface. For oblique beams with angles between
the beam central axis and the perpendicular to the absorber surface, there are significant changes in the PDD
characteristics of the electron beam.
The lead thicknesses required for transmissions of 50
%, 10 %, and 5 % of a 10-MeV electron beam with a 12.5
cm × 12.5 cm size are 2.2 mm, 3.5 mm, and 4.5 mm, respectively. Thus, the 2-mm lead plate transmits 56 % of
the maximum dose of a 10-MeV electron beam by using
a calculation employing (1) of Figure 11. Therefore, the
factor B is roughly 0.896 (=1.6 × 0.56).
Also, the total energy of the KAERI 10-MeV electron
is E = 10 MeV, β = v/c is 0.99869, and the momentum is p = 9.9869 MeV/c. After passing through a distance D (=2 mm) and as a result of multiple scatterings
on nuclei, the incident electrons experience some typical displacements and deflections. These have approximately Gaussian distributions, whose averages are zero
and where sigmas are given as follows: Average scattering angle is roughly
for small
an√ Gaussian
√ deflection
rms
2
rms
≈ 13.6
gles, θ0 = θplane
=
< θplane
> = 1/ 2θspace
(MeV/c) / βp z (D/Xo )1/2 1 + 0.038 ln (D/Xo ), where z
= 1 is the charge number of electron and X0 is the radiation length. Angular distributions are given by dN/dΩ
2
)/ 2 θ02 = (1/2πθ02 ) exp – (θx2 +
∝ (1/2 πθ02 ) exp – (θspace
√
2
2
2
)/
θy )/ 2 θ0 and dN/dθplane ∝ (1/θ0 2π) exp – (θplane
2
2 θ0 as the Moliere scattering probability formula [13].
Also, the shift distance in the perpendicular plane rela√
tive to the incident
√ 2 direction of electrons is r0 = D θ0 / 3.
Therefore, < θ > of a 10-MeV electron√beam passing
rms
2
through 2-mm of lead is θ0 = θplane
=
< θplane
>
◦
≈ 0.783 radians (=44.89 ) with r0 = 0.9 mm. While
the electrons passing through 2-mm of lead go through
the a × b = 3 mm × 2 mm pinhole with L = 10 cm
length again, only the electrons interior to –1/100 ≤ θx
≤ +1/100 and –1.5/100 ≤ θy ≤ +1.5/100 radians of the
Moliere scattering probability formula may pass through
the pinhole because of their having an angular distribution. Thus the integral value of its Gaussian deviation
with Ω = ab/L2 = 6/10,000 steradians is 1.558 × 10−4 .
This value is the factor A.
Therefore, the resulting electron intensity of the beam
in a bunch entering the active area of our chambers is
the order of 102 – 103 owing to the total reduction by a
factor of (ab/100) × A × B = 6/100 × 0.896 × 1.558
× 10−4 ≈ 8.374 × 10−6 . That is, the combination of
such devices roughly reduces the intensity of KAERI’s
10-MeV electron beam with a 10-cm width from the order of 1.04 × 108 e/bunch/cm2 at 0.03 mA to the order
of 8.71 × 102 e/bunch/pinhole.

2. Bremsstrahlung in Lead Plate and Number
of X-ray Photons Entering the GEM Chambers

The energy spectrum of X-rays due to Bremsstrahlung
of electrons decelerated in the field of atomic nuclei de-
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Fig. 12. Schematic illustration of the spatial distribution
of X-ray photons caused by the Bremsstrahlung around a thin
target [16].

pends on the energy levels of the atomic electrons due
to the screening effect they have on the moving particle
and on the particle velocity. The spectrum extends up to
quanta of the energy of the moving particle. In the highenergy limit, the probability is given by Φ(E, ε) dεdx =
(dx/X0 )(dε/ε) F(E, ε), where ε = radiated energy, x =
path length, X0 = radiation length, and F is a slowly
varying function not very different from unity, that can
be approximated by F(E, ε) = 1 – 2/3(1 – ε/E) + (1 –
ε/E)2 [15]. To a reasonable approximation, the amount
of energy radiated per energy interval is constant. Integration of the above formula results in an average energy
loss
R per unit length which comes out to be dE/dx = –
εΦ(E, ε)dε ≈ – E/X0 (this is more or less the definition
of the radiation length X0 ). In the relativistic limit, the
radiated energy is contained in a narrow cone of average
half-angle < θ2 >1/2 = 1/γ = me c2 /E, independent of
radiated energy [16]. Figure 12 shows the spatial distribution of X-ray photons due to Bemsstrahlung around a
thin target.
While N (=6.24 × 106 e/bunch/pinhole)10-MeV beam
electrons transverse the 2-mm lead plate, the number
of X-ray photons produced by braking radiation with a
cutoff energy 1 keV (photons less than this value can not
pass through the 2 mm plate, so they are absorbed in the
R
R 10M eV R D
Φ(E, ε) dεdx = (dx/X0 )(dε/ε)
lead plate) is 1keV
0
F(E, ε) ≈ (ND/X0 )[4/3(lnε) – 4/3(ε/E) + 1/2(ε/E)2
eV
]10M
≈ 4N = 2.50 × 107 γ/bunch/pinhole. Here, E
1keV
= 10 MeV, D = 2 mm (= 2.27 g/cm2 : thickness of lead
plate passed through by electrons), the density of lead is
ρpb = 11.35 g/cm3 , and the radiation length of lead is
X0 = 5.6 mm = 6.356 g/cm2 .
The X-ray photons due to Bremsstrahlung are emitted interior to < θ2 >1/2 = 1/γ = 0.0511 radians, so
about ab/π(L/2γ)2 = 0.291 of the emitted photons are
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Fig. 13.
Arrangement of experimental devices and
flowchart of data acquisition.

able to pass through the 3 mm × 2 mm pinhole of 10
cm in length. Therefore, the total number of X-ray photons entering the GEM chambers is roughly 7.28 × 106
γ/bunch/pinhole.

3. Experimental Setup and Experiment

Since the intensity of X-rays to be generated by the
beam electrons and the intensity of the beam electrons
are very high in the region of the electron beam, we
placed DAQ devices and other equipment in an area out
of reach of the beam electrons and X-rays. Since the average height of the beam line is 90 cm from the bottom,
the fronts of the chambers were shielded by stacking 10cm-thick lead bricks to more than 30 cm on the cart that
was 60 cm in height. The with 3 mm × 2 mm collimation
pinhole was bored through one of the lead bricks, and one
broad lead plate of 2 mm in thickness was placed in the
path of the beam in front of the lead bricks. Figure 10
shwon the setup of devices used in this experiment.
The GEM chambers used in the beam exposure experiment were placed behind the pinhole collimator, as
shown in Figure 10 and Figure 13. The experimental
setup was configured from the upstream 2 mm lead plate
reducer, 10 cm pinhole collimator, upstream scintillation trigger counter, the UTA chamber, the CNU GEM007, and the downstream scintillation trigger. Thus, the
beam electrons must pass through three objects before
they reach the CNU GEM-007 chamber. The output
signals from the GEM chamber were transmitted to the
corresponding DAQ equipment.
The structures of the CNU single-channel double GEM
chamber and the UTA multiple-channel double GEM
chamber, as well as their electronics, were very different.
The CNU RDD group has applied a personal computer
(PC) connected to preamp and DAQ system described
earlier whereas the UTA HEP group used a Fermilab
32-channel preamp and an 8-channel ADC with the CAMAC crate to collect data. Both the DAQ systems, however, used the scintillation counter coincidences as the
trigger.

Since 8.71 × 102 e/bunch/pinhole and 7.28 × 106
γ/bunch/pinhole entered into the GEM chamber in a 30
ps bunch, there was a possibility of burning the pre-amps
and other DAQ equipment due to excessive charge. To
prevent pre-amp damage, we implemented a blocking capacitor of few microfarads. The beam signal pulses were
carefully examined with an oscilloscope before proceeding to actual data taking to avoid damaging the DAQ
equipment.
Another concern due to the high beam intensity and
the 30-ps bunch length was the possibility of physically
damaging the GEM foils. To test this, we exposed a bare
GEM foil that the UTA team had brought to the electron
beam over 10 minutes without shielding. No physical
damage was observed on the GEM foils. Since the GEM
foils are only 60-µm thick, the energy deposited by the
beam electrons was very small. Thus, the resulting beam
power was too small to cause any physical damage to
GEM foils. This gave us confidence to proceed with the
experiment as planned.
Next, using only an ammeter without preamplifier, oscilloscope and DAQ card, we measured the current under
the beam exposure with the same conditions of our experimental setup at a GEM high voltage of 1,900 V and
gauged the background current without the beam exposure. Figure 13 shows the total arrangement scheme of
experimental devices and flowchart of data acquisition
for this experiment.
On the other hand, in order to observe how many beam
electrons and X-ray photons enter the GEM chambers,
we used KAERI’s 10-MeV electron beam for 10 minutes with a preliminary experimental setup by placing
a 2-mm-thick lead plate and a 5-cm-thick Teflon block
in front of the chambers; then, the electron beam was
used under the same conditions with the Teflon block removed for 10 minutes. There was no great difference in
the chamber output signal pulses between the two exposures. These experiments tell us that many X-ray
photons due to Bremsstrahlung enter the GEM chambers because the beam electrons with 10 MeV cannot
traverse both a 2-mm-thick lead plate and a 5-cm-thick
Teflon block even though a large portion of X-ray photons of more than 10 keV can pass through both materials. Also, the total stopping power of 10 MeV electrons
in lead is 2.407 MeV/g/cm2 (=27.32 MeV/cm), so the
electrons lose 5.464 MeV on average while traversing the
2-mm lead plate. As the density of Teflon, (CF2 – CF2 )n ,
is 2.24 g/cm3 , and the total stopping power and CSDA
range of 4.536 MeV electrons in Teflon are about 1.653
MeV/g/cm2 (=3.703 MeV/cm) and 2.730 g/cm2 (=1.219
cm), respectively [17], the electrons of 4.536 MeV cannot
go through a Teflon block of 5 cm. That is, 10-MeV electrons cannot enter the GEM chambers after they traverse
both these materials. However, since the total mass attenuation coefficients of 100-keV and 1000-keV photons
in Teflon are 0.150 and 0.0611 cm2 /g, respectively, the
transmission rates of photons for 5-cm Teflon are 0.1864
and 0.5044 by I/I0 = exp [–(µ/ρ) t], where t = ρx [17].
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Fig. 14. Mass attenuation coefficients of Ar/CO2 (= 75 : 25), lead, Teflon, and copper by using the NIST database [17].

Thus, a considerable number of X-rays due to braking
radiation enter the GEM chambers, and the number of
X-rays estimated in Section III-2 was corroborated by
these experiments. In order to help the above explanation, the mass attenuation coefficients of Ar/CO2 (= 75 :

25), lead, Teflon and copper, and the total stopping powers, the radiative stopping power, and the collision stopping powers of electrons in lead, argon, carbon dioxide,
Teflon, and copper obtained by using the NIST database
[17] are shown in Figure 14 and Figure 15.
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Fig. 15. Total stopping powers, radiative stopping powers, and collision stopping powers of electrons in lead, argon, carbon
dioxide, Teflon, and copper by using the NIST database [17].

IV. RESULT AND DISCUSSION
1. Detection Efficiencies of Signals caused by
Electrons and X-rays in the GEM Chamber

When KAERI’s 10-MeV electron beam exposures are
performed under the experimental setup of Figure 10,
the numbers of electrons and X-ray photons that entered

the GEM chambers may reach the orders of 8.71 × 102
e/bunch/pinhole and 7.28 × 106 γ/bunch/pinhole, respectively, as explained above. How many electrons can
be produced by the electrons and the X-ray photons in
the CNU GEM-007 chamber?
First, let us consider electrons incident on the CNU
chamber. After the electrons that traverse a 2-mm lead
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Fig. 16. Signals of the KAERI 10-MeV electron beam bunch detected by using the CNU single-channel double GEM chamber
(CNU GEM-007).

plate pass through air of 10 cm, one scintillation counter,
and the UTA chamber, they enter the CNU chamber.
Thus, the electrons lose much of their energy, and these
energy losses reduce the number of electrons incident on
the CNU chamber. However, a considerable number of
remaining electrons have sufficient energy to be MIP, so
they can ionize about 10 ion/mm in Ar/CO2 (=75 : 25)
gas. Because we cannot estimate the reduction factor
as yet, let us assume that half of the number enters the
CNU chamber.
Second, let us consider X-ray photons due to braking radiation.
As the number of X-rays due to
bremsstrahlung is proportional to the inverse of the energy of the emitting photon, i.e., dn/dε ∝ 1/ε, the numbers of X-ray in the range of 1 to 10 keV, 10 to 100
keV, and 100 to 1000 keV are all same. However, X-rays
of less than 10 keV cannot escape the 2-mm lead plate.
About 1/10 of photons of 10 to 100 keV, 1/2 of photons
of 100 to 1000 keV can escape the 2 mm lead plate. The
density of Ar/CO2 (=75 : 25) is 1.832 × 10−3 g/cm3 .
The probabilities that 10-, 100-, and 1000-keV photons
ionize the Ar/CO2 gas in drift region with a 3-mm gap
are 0.02603, 0.00096, and 0.000032, respectively. Thus,
1.81 × 104 γ/bunch/pinhole ≈ (1/10 × 2/100) + (1/2 ×
9/10000) + (1 × 3/100000) × (4/4, which is divided by
4 regions) × number of 7.28 × 106 γ/bunch/pinhole is
very roughly the number to be ionized in the gas. These
processes are caused mainly by photoelectric or Compton
effects [17]. Thus, the energies of photo or Compton electrons are less than the minimum ionization energy, and
more than the number of electrons ionized by the beam
electrons arise in the drift region of the GEM chamber
due to photo or Compton electrons. These phenomena
can be investigated using the Bethe-Block formula [13]
and the Landau distribution [18].
On the other hand, the cathode of the GEM chamber
in Figure 6 is commonly a copper layer with a few tens
of micrometers, and X-ray photons can produce photo
or Compton electrons in the cathode layer because of
the relatively large cross-sections compared to Ar/CO2
gas, as shown in Figure 14. The density of copper is

8.96 g/cm3 . The probabilities that 10-, 100-, and 1000keV photons ionize copper in a cathode layer of 10 µm
in thickness are 0.97878, 0.00739, and 0.000385, respectively. These values are 10 times the probabilities of ionizing Ar/CO2 gas in the drift region of the CNU GEM007 chamber. Therefore, the chamber output signal contains the electrons detected in the cathode of the GEM
chamber.
Now, if the ratio of the typical total number of electrons caused by the beam electron to the typical total
number of electrons released by the X-ray photons is considered, the weighted number of the beam electrons and
the X-ray photons that produce one signal in the CNU
GEM-007 chamber totals to 2.19 × 105 e/bunch/pinhole
(≈ 0.5 × 8.71 × 102 + 1.1 × 1.81 × 104 + 1.1 × 10
× 1.81 × 104 ). There is almost no contribution from
the beam electrons as shown in this calculation. That
is, the signals we observe are not caused by the electrons
of KAERI’s 10-MeV beam but by X-ray photons due to
Bremsstrahlung of the beam electrons, and most of the
electrons ionized in the GEM chamber result from the
cathode copper layer with a 10-µm thickness.
Next, we must discuss how we can determine the size
of the KAERI 10-MeV electron beam size from the signals caused by the X-rays due to the braking radiation
of the beam electrons. As we discussed in Section III2, in the relativistic limit, the radiated X-ray photons
due to Bremsstrahlung of moving electrons are emitted
in a narrow cone along the electron’s direction of motion,
which is independent of the radiated photon energy. If
KAERI’s 10-MeV electron beam broadens from a nominal diameter of 2.5 cm to more than 10 cm for any reason,
most of the sharp cones of radiation cannot go toward
the pinhole due to their deflection angles. Therefore, the
original size of KAERI’s 10-MeV electron beam has to
be larger than 10 cm. That is, the signals caused by
X-rays from Bremsstrahlung of KAERI’s 10-MeV beam
electrons reflect the beam size owing to the narrow cone
of braking radiation toward the original direction of motion of the electron beam.
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Fig. 17. Sequences of signal pulses for the KAERI 10 MeV electron beam bunch.

Fig. 18. One bundle of pulses for the KAERI 10-MeV
electron beam bunches. This represents the time profile of
the beam.

2. Data Analysis, KAERI Electron Beam Size,
and Effective Gain of the CNU GEM Chamber

Figure 16 to Figure 19 show photos of the oscilloscope signal shapes of the KAERI 10-MeV electron beam
bunches detected by using the CNU GEM-007 chamber.
These photos capture the shaping amplifier output signals of the CNU chamber. Each pulse in the oscilloscope
in Figure 16 exhibits a width of 4 µs, which is the design width of the output pulse from the CNU preamp,
as explained in Section II-3. The interval between any
two pulses is roughly 40 µs, as observed in Figure 17,
and is consistent with the KAERI electron beam bunch
spacing of 43.5 µs, which is the inverse of the RF frequency of the KAERI beam, 23 kHz. The photos in
Figure 17 to Figure 19 capture slightly larger time scales
in the oscilloscope, 25, 50, and 250 µs, respectively. It is
clearly seen that the amplitudes of these pulses vary as
a function of time. We believe that this is caused by two
factors: the fact that the location of the 3 mm × 2 mm
pinhole collimator, which was aimed at the active area
of both the CNU and UTA chambers, is asymmetrically
positioned on the beam scanning area and the fact that
the KAERI beam scans through an area of 4 cm × 60
cm in 0.01 seconds each scan loop. Due to these two
factors, when the beam starts a scan through the cham-

Fig. 19. Successive bundles of signal pulses for the KAERI
10-MeV electron beam bunch.

ber active areas masked by the pinhole, the amplitude
of the pulse increases because the number of incident
electrons gradually increases. When the beam passes
over the pinhole, the amplitude starts decreasing because
the chambers see the Gaussian tail portion of the beam.
This also proves that the chambers see radiation sources
other than electrons. Here, other possible sources might
be X-rays from the synchrotron radiation of the beam
electrons when they were bent for scanning. However, as
these X-rays caused by synchrotron radiation are blocked
by the lead plate and bricks due to their large interaction
cross sections with matters, the number of synchrotron
X-ray photons entering the chambers is expected to be
small. This pattern is seen more clearly in Figure 18
with the display time window of about 1.75 ms (=1,750
µs). This pattern represents the scanning sequence of
the beam and the effect of the rectangular shape of the
pinhole. Given the fact that this pattern would have
been Gaussian if the pinhole had been a square, we believe the shoulder to the right of the Gaussian peak to be
caused by the rectangular pattern of the pinhole, leaving
sufficient space for the Gaussian beam profile to slightly
shift from the center of the pinhole. On the other hand,
two distinct patterns repeat approximately every 20 ms
as shown in Figure 19. The intervals of the two bundles
of pulses are ∼11 ms and ∼9 ms. The difference between
the two time intervals is caused by the offset of the center
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Fig. 20. Pinhole collimator with dimensions 3 mm × 2 mm, its position in the beam scanning area of 40 mm × 600 mm, and
the cross section in which one bundle of signal pulses is produced. Lissajous graph by beam centers that hit in the cross-section
area.

of scan area relative to the center of the pinhole. This
difference of the time intervals in the successive peaks
tells us that the pinhole is about 3 cm above the nominal center of the beam.
Figure 18 shows one bundle of a pulse sequence due to
the electrons passing through the small pinhole (3 mm
× 2 mm) located at the position (–1 mm, –30 mm) from
the center (0, 0) of the beam scan area (4 cm × 60 cm),
while the electron beam scans the entire area following
the Lissajous curve (Figrue 3) over 0.01 s. The number
of signals in a bundle is about 40 in a ∼43.5-µs time interval between pulses, which gives a time span envelop
of about 1,750 µs. The Lissajous curve with 860 Hz horizontally and 50 Hz vertically in 40 mm × 600 mm, (X,
Y) = (20 sin (1720πt + δX ), 300 sin (100πt + δY )),
forms a closed curve every 0.1 seconds. Here, δX and δY
are the initial phases suitable to the condition to form a
closed Lissajous curve. This curve moves to-and-fro 86
times transversely and 5 times longitudinally during the
0.1-second time interval and is composed of 2,300 beam
points with a time interval of 43.5 µs, as visualized in
Figure 3. It takes 0.01 s to irradiate the entire area of 40
mm × 600 mm while the electron beam bunch strikes it
230 times. The average vertical distance between the two
consecutive bunches is ∼2.6 mm (= 600 mm ÷ 230), so
the vertical distance moved during the time the electron
beam bunch strikes 40 times is about 10.4 cm. Therefore,
if we consider the beam spreading effect caused by multiple scattering of the electron beam with the 2-mm-thick
lead plate and the X-ray radiation caused by the electron
deceleration in the lead, the diameter of the KAERI 10

MeV electron beam bunch must be no less than 10 cm.
Since the diameter of the beam size is larger than 10
cm, the horizontal width of the 4 cm × 60 cm scanning
area is always covered with the beam bunches no matter
where the center of the beam is, as depicted in Figure
20. Thus, the transverse beam scan only contributes
to the non-Gaussian asymmetric shape of the bundle of
pulses and does not influence the number of pulses in the
bundle. Only the longitudinal motion of the beam does.
We can confirm such behavior in Figure 18 and Figure
20.
From the above analysis, we can assume that the mean
radius of the beam is 5 cm. The cross section of the beam
scanning area in which the bundle of signals is produced
by the portion of the beam electrons that can enter the
pinhole is illustrated in Figure 20. If some portion of
the beam bunch with a size of 10 cm in diameter falls
on any region of the cross-sectional area in Figure 20,
all the electrons of 8.71 × 102 e/bunch/pinhole survive
through the intensity reduction shield and generate one
pulse in each GEM chamber. While the beam scans this
cross section once, at least 39 pulses may appear in the
GEM chamber. This is why one bundle of pulses consists of about 39 pulses. This analysis nearly explains
the number of pulses of Figure 18. If such scanning is
continued for 0.1s, we may observe 10 bundles consisting
of about 390 pulses. The beam bunches hit the scanning
area 2,300 times during the time interval of 0.1 s.
After removing the preamplifier, oscilloscope, and
DAQ card, we obtained a current of 206 nA from the
CNU GEM chamber from the beam with an ammeter
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Fig. 21. Spatial electron number density distribution of
KAERI’s electron beam bunch. This is computed from a 2-D
Gaussian function with of 5 cm.

under the same experiment conditions and a background
current of 0.6 nA without the beam exposure. These
data tell us that, after the electrons enter the CNU
GEM-007 chamber and are amplified by the chamber,
the number of electrons to be output from the chamber
amounts to 1.284 × 1012 e/s. Since the electrons entering
the chamber passed through the pinhole and the average
number per second of the beam bunch to enter the chamber is almost 3,900 from the above analysis, the amplified
number of the electrons per bunch per pinhole incident
to the chamber is 3.29 × 108 e/bunch/pinhole. Now, let
us compare this calculation with the value computed in
Section IV-1. As we discussed there, since the weighted
number of electrons and X-rays incident to the chamber
is the order of 2.19 × 105 e/bunch/pinhole, the effective
gain of the CNU GEM-007 chamber without a preamplifier will become about 1,502 times. Considering that the
incident electron intensity can be lower due to the additional spreading originating from the synchrotron radiation, there is no great difference between this estimated
value and the experimental values of other groups, such
as presented in Ref. 5 and Ref. 6. Of course, we need to
accumulate additional data from future experiments.

3. Spatial Electron Number Density Distribution of the KAERI 10-MeV Electron Beam

Figure 17 to Figure 19 show the time profile of the
KAERI’s 10-MeV electron beam bunch. From the above
analysis, it is reasonable to estimate that 10 cm is the
diameter of the electron bunch size of KAERI’s 10-MeV
electron beam with 0.03 mA at 23 kHz. In order to explain the signal shape of Figure 18, let us assume that
the electrons in a bunch are spatially distributed as a
two-dimensional Gaussian function with the mean width
of 5 cm, as shown in Figure 21. Based on this assumption, the time profile of this beam bunch passing through
the with 3 mm × 2 mm collimation pinhole can be calculated as shown in Figure 22. This shape is similar to
the pulse pattern of Figure 18 and Figure 19. That is,
our assumption explains well the behavior of the beam,

Fig. 22. Time profile of the beam expected under the assumption that the spatial number density distribution of an
electron beam bunch is a normalized 2-D Gaussian with a
mean radius of 5 cm.

Fig. 23. KAERI’s 10-MeV electron beam profile, reconstructed with the output signal pulses of Figure 22, expected
from a single-channel double GEM chamber using a 3 mm ×
2 mm pinhole collimator.

such as that in Figure 18. Therefore, we can regard our
assumption as appropriate for the spatial electron number density distribution of the electron beam. Figure
23 shows KAERI’s 10-MeV electron beam profile reconstructed using the output signal pulses of Figure 22 expected from a single-channel GEM chamber using the
with 3 mm × 2 mm pinhole collimator.
Now, although we do not use a multi-channel twodimensional detector, by means of letting the electron
beam bunches pass through the collimation pinhole, we
may determine the time and the spatial profiles of the
beam. Thus, we want to do an experiment to measure
the beam profiles of KAERI’s 10-MeV electrons because
the KAERI needs to provide an electron beam profile for
users of the KAERI electron beam irradiation facility.

V. CONCLUSION
Since July 2005 the CNU RDD group has fabricated
various single-channel double-GEM chambers by using
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3M GEM foils and three kinds of readout electronics
devices. In order to prepare for the development of a
multi-channel GEM detector, we tested the CNU GEM007 chamber and one readout device of our manufacture
using at KAERI’s RF accelerator 10-MeV electron beams
during May 20 - 26, 2006.
For the first time through a detector, we observed output signals from the GEM chamber due to
Bremsstrahlung X-rays of KAERI’s 10-MeV beam electrons and some portion of the beam electrons by using
an oscilloscope, and we photographed a few waveforms.
By analyzing the chamber output signals on the oscilloscope, we were able to compute the time profile of the
KAERI 10-MeV electron beam bunch. We compared
the time profile directly observed through the 3 mm × 2
mm pinhole with the time profile to be expected under
the assumption that the spatial electron number density
distribution of the electron beam bunch is normalized
two-dimensional Gaussian function with a mean radius
of 5 cm as the standard deviation.
If all the data of Figure 16 to Figure 19 are to be
explained, the diameter of the KAERI 10 MeV electron
beam bunch must be more than 10 cm. Particularly, in
order to understand Figure 18, the following conjecture
must be accepted: A small pinhole (3 mm × 2 mm) must
be asymmetrically located at one point from the center of
the large beam scan area (4 cm × 60 cm). The electron
beam draws a Lissajous curve with 860 Hz horizontally
and 50 Hz vertically in 40 mm × 600 mm, (X, Y) =
(20 sin (1720πt + δX ), 300 sin (100πt + δY )), which
is closed and repeated every 0.1 seconds and scans the
entire area following Lissajous curve over 0.01 s, where
δX and δY are initial phases suitable to the conditions
for a closed curve. This curve moves to-and-fro 86 times
transversely and 5 times longitudinally during the time
interval of 0.1 s and is composed of 2,300 beam points
with a time interval of 43.5 µs. Thus, it takes 0.01 s
to irradiate the entire area of 40 mm × 600 mm while
electron beam bunches strike 230 times. The numbers
of signals in an envelope is about 40 with a ∼43.5-µs
time interval between signals, which make an envelope
time span of about 1,750 µs. Then, we can explain one
bundle of the signal sequence of Figure 18. From the
results of this experiment and the subsequent analysis,
we learned how to design and plan the next experiments
to get detailed profiles for KAERI electron beam bunch.
In addition, we can ascertain that GEM foil used in
CNU GEM chamber works well with the large number
of the high-energy electrons contained in the extremely
short bunch length of ∼30 ps with 23 kHz. In the case
that the charges entering the chamber are this many,
the preamplifier may be damaged because the voltage
between both electrodes of the condenser linked in front
is too highly biased. Gradually dropping the capacity
of the condenser connected by series a few microfarads,
and watching for the voltages to be lowered with an oscilloscope, we were able to solve this problem.
We identified what entered the GEM chambers, and
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investigated where the chamber signals were produced
and by what kinds of particles. Our analysis tell us that
the signals we observe are not caused by the electrons
of KAERI’s 10-MeV beam, but by X-ray photons due
to Bremsstrahlung of the beam electrons and that most
of the electrons in the GEM chamber resulted from the
cathode copper layer with 10-µm thickness.
After removing the preamplifier, oscilloscope, and
DAQ card, we obtained a current of 206 nA from the
CNU GEM chamber for a beam with an ammeter, a
GEM high voltage of 1,900 V, and a background current of 0.6 nA without beam exposure. By comparing
these data with our analysis for the electron number per
bunch per pinhole entering the chamber, we were able
to estimate that the effective gain of the CNU GEM-007
chamber as 1,502. Considering that the incident electron
intensity can be lower due to the additional spreading
originating from the synchrotron radiation, this value is
a reasonable estimate.
We now experimentally know many characteristics of
KAERI’s 10-MeV electron beam. On the other hand, the
profile of the beam has not been measured precisely up
to now. However, KAERI needs to provide an electron
beam profile for users of the KAERI electron beam irradiation facility. Thus, we are going to plan experiments
that will allow the KAERI electron beam profile to be
measured precisely by using our single-channel double
GEM detectors.
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Sharmaa, IEEE Trans. Nucl. Sci. NS-44, 646 (1997); F.
Sauli, Nucl. Inst. Meth. A 386, 531 (1997).

-976-

Journal of the Korean Physical Society, Vol. 50, No. 4, April 2007

[6] CERN Gas Detector Development Group, http://gdd.
web.cern.ch/GDD/.
[7] M. S. Dixit, J. Dubeau, J. P. Martin and K. Sachs, Nucl.
Inst. Meth. A 518, 721 (2004).
[8] H. S. Cho, S. M. Kang, S. H. Han and S. H. Nam,
J. Korean Phys. Soc. 42, 770 (2003); M. Wallmark,
A. Brahme, M. Danielsson, P. Fonte, C. Iacobaeus, V.
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