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1 Introduction

Invented by Fabio Sauli in 1997, the Gaseous Electron Multiplier (GEM) falls under the
category of micro-pattern gaseous detectors (MPGDs) and consists of a perforated, very
thin, two-side metal-clad polymer foil [1]. The main material used in its production process
is a 50 µm thick polyimide foil with two layers of metal (mainly copper) on opposite sides.
The holes in the polyimide and the metals, around 100 per square millimeter, are created by
employing a chemical etching technique and have a diameter of about 70 µm. A schematic
representation of a triple GEM detector can be found in figure 1. This setup is placed in a
closed environment filled with a particular gas mixture, e.g. Ar-CO2. This allows for position
detection of ionizing radiation coming from charged particles, photons, X-rays, and neutrons
tracking through the gas by the collection of primary electrons, i.e. electrons generated due
to ionization caused by the incident radiation. The collection of the primary electrons on
a readout plane without any multiplication stage would give a poor signal-to-noise ratio.
The addition of the GEM foils improves this. Upon applying a voltage (VGEM) across the
GEM electrodes, a strong dipole field develops in and around the holes. Due to the Lorentz
force, the primary electrons can gain enough energy to ionise the gas themselves, thereby
introducing new free electrons. This process can be repeated, resulting in the characteristic
Towsend avalanches, which are depicted in figure 1. These are primarily formed at the
bottom of the holes, close to the copper edges, a place that can be reached by diffusion. The
increase in charge that is collected by the readout plane significantly increases the signal-to-
noise ratio of the measured signal [3]. Due to the high rate tracking capability of the GEM
detector, it is widely used in high-energy physics experiments such as in muon systems of
CMS and LHCb as well as in the ALICE TPC [4, 5, 6]. Over the last few years a considerable
amount of work has been done to improve the simulations of MPGDs. Unfortunately, a full

Figure 1: Right: Simplified depiction of a triple GEM detector setup and Towsend ava-
lanches. Left: Cross-sectional view of the trajectories of the electrons (yellow) and ions
(red) in assimilated Towsend avalanches for a single GEM foil [2].
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understanding of the physics behind MPGDs is still missing, but is vital for the improvement
of such detectors.

The terminology used in this document is the following. Total or absolute gas gain: the
multiplication factor between the original and final amount of charges. Because of electron
attachment in which a free electron is kept by a neutral molecule; and recombination in
which an electron is absorbed by a positive ion, not all free electrons will reach the anode.
In addition, some of the charges will end up on the surface of the copper or polyimide, as
can be seen in figure 1. This accumulation of charge over time can significantly alter the
absolute gas gain. This is called the charge up effect [7]. The loss of charge leads to the
notion of the effective or measured gas gain: the net charges reaching the anode plane in
a GEM, per incident primary charge, exclusive of losses. Gas gain, in general, can refer to
both cases. The efficiency will refer to the ratio between the effective and absolute gas gain.

Figure 2 compares measured gas gains as a function of the voltage across the GEM with
the calculated effective gas gain using theory. A discrepancy of a factor 2.2468± 0.2640 can
be observed over a VGEM range of 300 − 500 V and will be referred to as the discrepancy
factor. This inconsistency between experiment and theory has been around for more than 10
years and has been independently observed [2]. The aim of this project was to improve the

Figure 2: Comparison between measured and calculated effective gas gain as a function of
VGEM of a single GEM detector. Measurements are performed with GEM foils of different
batches to indicate the consistency of the problem. A discrepancy factor 2, 2468 ± 0, 2640
between simulations and batch 1 GEMs can be observed. These measurements and calcula-
tions are described in sections 2 and 3, respectively. Similar results can be found in reference
[2], which are plotted in pink.
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understanding of the observed difference between experimentally obtained and theoretically
calculated effective gas gains in GEM detectors. This document provides a short overview
of the topics handled during the project and the results. Unfortunately, we were not able
to resolve the discrepancy. However, more insight into different aspects of the GEM were
obtained in the process.

During the project, different avenues of exploration were considered. These will be presen-
ted in this document in two major parts. The first part, section 2, will focus on the results of
measurements of the effective gas gain and the charge up effect of a single GEM detector will
be presented. In addition, scanning electron microscope (SEG) measurements of the geo-
metry of the GEM holes will be discussed, shedding more light on the GEM foil orientation
dependency of the gas gain. In the second part of this document, section 3, the methodology
used to calculate the absolute and effective gas gain will be given. With this the surface
potential of the polyimide will be compared to analytically obtained solutions. An modific-
ation to the electron transport algorithm of Garfield++ [8] by using Runge-Kutta-Nyström
method will be described and its effects on the gas gain. Additionally, gas gain dependency
secondary electron emissions and geometry of the GEM hole.

2 Measurements

2.1 Setup

A schematic representation of the experimental setup is given by figure 3. A triple GEM
detector was configured to function as a single GEM detector by using the second GEM
foil as an anode. This greatly simplifies the simulation model used for comparison with the
measurements. The assembly of the detector was done is such a way that the top foil would
have the lowest leakage current of the three, namely 3.0±0.5 nA. The foils are produced as a
CERN standard single GEM; the parameters of this template are given in table 1. The SEG
measurements of the geometry of a hole in the top GEM can be found in subsection 2.4.
This triple setup was placed in an enclosed volume where a gas mixture of Ar-CO2 70-30%

Table 1: Specifications of a CERN standard GEM [9].

Parameter Value

Area 10x10 cm2

Metal thickness 5 µm
Polyimide thickness 50 µm

Outer diameter 70 µm
Inner diameter 50 µm

Pitch 140 µm
Drift gap 3 µm

Induction gap 2 µm

has a continuous gas flow. All measurements are performed at 1 atm pressure and with a
surrounding temperature of 22 oC. These are considered exact. As X-ray source, different
Fe55 sources with varying rates were used to expand the range of voltages across the GEM
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that could be measured, i.e. low rate sources for high voltages to avoid sparking and high
rate sources for low voltages to have a measurable signal.

The cathode, top, and bottom of the GEM foil were connected to three separate channels
of the CAEN R© NDT1471H high voltage power supply [10]. This enables us to vary the field
intensities in the different regions of the detectors (i.e. the drift field, the field across the
GEM, and the induction field) independently from one another. When electron avalanches
are created inside the GEM holes, they give rise to a voltage signal that can be observed
by connecting an amplifier. In this case, the ORTEK R© model 450 was set up between the
bottom of the GEM foil and an oscilloscope [11]. A pulse height spectrum is then obtained
by using an AMPTEK R© MCA-8000D (MCA), which measures these pulses [12]. A clean
signal has a prominent photo-peak, a clear escape peak and a noise pedestal, each of which is
well separated from one another. The measured spectrum is subject to uncertainties coming
from the apparatus, less than 0.8%, and pile-up, which refers to the overlap of consecutive
signals which are not treated as different [12]. To overestimate this effect, an uncertainty
of 5% is introduced. Additional uncertainties on parameters derived from the spectrum,
e.g. main peak position, can occur due to fitting. To determine the number of electrons
that reach the anode, a current readout was performed by a Keithley R© model 6487 every
1.0860 s on an amplified signal coming out of the ORTEC 142PC preamplifier [11, 13]. The
uncertainty on the current measurement was determined by the standard deviation when
taking the average of ten consecutive measurements.

Figure 3: A schematic representation of the triple GEM experimental setup functioning as
a single GEM setup through the use of the second GEM foil as the anode.

2.2 Effective gas gain

The effective gas gain Geff can be determined using the measured current difference on the
anode I between signal with and without the X-ray source; this is shown in figure 4. The
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relation is given by

Geff =
I

en0f ∗ , (1)

where e is the charge of the electron, n0 the amount of primary electrons created per incident
photon and f ∗ the effective rate of the Fe55 source [3]. The latter needs to determined using
the MCA spectrum, which is shown in figure 4. Here the area of the spectrum, i.e. the total

Figure 4: These measurements were performed with Edrift = 2 kV/cm, Eind = 3 kV/cm and
VGEM = 420 V. Left: MCA spectrum of a Fe55 source with background subtraction obtained
by voltage difference on the bottom plate of the GEM foil due the avalanches in the holes.
Hear the characteristic structures of the spectrum are indicated. Right: Current readout
from the anode when removing the X-ray source.

count of events, divided by the sampling time of 30 s gives f ∗ after background subtraction.
The number of primary electrons created per incident photon is estimated by analyzing the
MCA spectrum. This is done by fitting the peaks of individual channels on a are calibrated
energy axis. The number of electrons contributed by individual channel is obtained from

n0 =
∑
i

(
niEi

W
∑

j nj

)
, (2)

where ni is the number of counts and Ei is the energy corresponding to the i’th channel of
the MCA. W is the work function of Ar-CO2 70-30% mixture as obtained from reference [14].
The number of electrons per incident electron is n0 = 196.6 ± 1.8 [15]. The measurements
were performed after letting the GEM fully charge up for ∼ 2 hours, as further explained
in subsection 2.5. Using equation (1), the effective gain of the detector was measured as a
function of VGEM. Figure 5 presents the results for Edrift = 2 kV/cm, Eind = 3 kV/cm which
is the same field configuration as [2]. This data was fit by a function of the form

Geff = exp(aVGEM + b) , (3)

with a and b the fitting parameters. The resulting fit gives a and b values of 0.02162±0.00025
V−1 and −4.503± 0.1055 (no units) respectively.
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Figure 5: Measured effective gain for two different sources: 12.045± 0.602 kHz and 16.974±
0.8487 kHz for sources 1 and 2, respectively. The data points were fit by the form (3) with
Chi-square value χ2 = 1.1575. The label ”orientation 1” is there to distinguish it with the
case where the GEM is flipped, as seen later.

The effective gain is related to the collection and extraction efficiency of the detector.
The primary charge collection depends on the intensity of the drift field; when the drift field
strength is too low, charges will be partially lost due to recombination. In contrast, if this
field is too high, part of the primary electrons will be lost due to the field lines guiding them
to the top surface of the GEM foil. Between these extreme cases, there is a plateau region,
where almost all primary charge will be collected in the GEM holes. The induction field
defines the fraction of the avalanche electrons that go to the anode instead of the bottom
GEM electrode. This extraction efficiency will increase if the value of this field augments.
The influence of the external fields (drift and induction fields) on measured effective gas gain
is determined by varying one while keeping the other at a fixed value [2]. This dependency
can be quantified by the position of the main peak position in the MCA spectrum, i.e. the
Kα peak centroid on a non-calibrated scale, which is proportional to the gas gain of the
detector. This center of the peak was determined by doing local Gaussian fits of the Fe55

spectra at different field strengths. Figure 6 shows that the drift field strengths used in
figure 6 are in the plateau, indicating that all the maximum ionization current is collected.
In addition, it shows a strong induction field dependence, giving an incentive to take this
into account when comparing results.
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Figure 6: The measurements performed have a drift field strength, Edrift = 2 kV/cm, which
is in the plateau region. Small variations from this value lead to a minor difference to the
measured effective gas gain as long as it is in this saturation value. On the contrary, two
slightly different induction field intensities give significantly different effective gas gains. The
uncertainties are not plotted due to them being too small for visualization.

2.3 Orientation of the GEM

Table 1 shows the characteristic parameters of a CERN standard GEM. In the manufacturing
of the GEM foils, two main production techniques are used: double-mask and single-mask. A
schematic comparison in given by figure 7. In the double-mask technique, a standard GEM
foil is manufactured with photoresist lamination on the upper and lower copper layers. This
allows for chemical etching on both sides, creating a hole when the chemicals reach the
middle of the foil. The uniformity of the alignment across the foil becomes progressively
more difficult to achieve since they are primarily performed by hand. An alternative way to
overcome this difficulty is the single-mask process. By using only one mask to the pattern
only the top copper layer, no alignment needs to be done. The bottom copper layer is etched
after the polyimide, using the holes in the polyimide as a mask [3, 16].

Both methods can result in deformations of the perfect double cone geometry, which
are primarily used in simulations. This could lead to different gains of the detector. These
deviations can lead to an asymmetrical geometry of the GEM hole with respect to the center
of the foil; this is especially true for single-mask foils. As a result, a dependency of the
gas gain on the orientation of the GEM foil can be seen. This has been observed for a
triple GEM detector with a single mask foil in reference [17]. Here a difference of a factor
∼ 3.6 has been observed between the two orientations of the GEM foils. Based on this, the
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Figure 7: Schematic comparison of procedures for fabrication of a double-mask gem (left)
and a single-mask gem (right) [16].

argument can be made that the measurements used in comparison with analytic calculations
are performed with single mask GEM foils, while the simulations are done for double mask
ones, effectively solving inconsistencies between theory and experiment. Nevertheless, this
cannot be the only contributing factor to the discrepancy, as will be made clear with the
SEG measurements in subsection 2.4. The goal of this subsection is to repeat this finding
using the single GEM setup.

The orientation of the GEM foil in subsection 2.2 will be referred to as orientation 1 and
the flipped foil as orientation 2. The same experimental procedure will be used to determine
the effective gas gain for orientation 2. In figure 8, the effective gas gain of orientation 2
is plotted with its corresponding fit. The value of the fitted parameters of equation (3) are
a = 0.02188 ± 0.00024 V−1 and b = −4.699 ± 0.1070 (no units). Considering the fact that
the fit parameters of both orientations are within 2σ of one another, no significant gas gain
difference can be concluded. The GEM is thus a double mask, or the asymmetry is such
that the difference in gas gain and efficiency of the GEM cancel each other. In the next
subsection, we will see that the former is true.

2.4 Cross section milling and SEG of the GEM

Knowing the precise geometry of the GEM holes in the foil used during the measurements
can explain the observation made in the previous subsection. In addition, this geometry
can be included in the modeling of the GEM in the simulations to have a more accurate
one-to-one comparison with the measurement, although this falls beyond the scope of this
paper.

With the use of focused ion beam (FIB) milling, cross-section SEG images of holes in
the GEM foil can be made. This procedure was performed by Adrienn Baris, of the EN-
MME-MM department at CERN, in the FIB room with me present. The resulting images
are provided in figure 9 where the orientation of the foil corresponds to orientation 1. Since
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Figure 8: Measured effective gain for two different sources: 12.045± 0.602 kHz and 16.974±
0.8487 kHz for sources 3 and 4, respectively. The data points were fitted by the form (3)
with Chi-square value χ2 = 0.9987. Comparison with the results presented in figure 5, no
statistically significant difference in the gas gain can be observed.

the close resemblance with a double cone structure, the conclusion can be made that the
foil was produced using the double mask technique. This most prominent asymmetry can
be explained by a hole misalignment of 4.870 ± 0.005 µm, resulting in a shitted inner rim
with 0.1321 ± 0.0110 rad. Nonetheless, this observation for this single hole can a priori
not be extrapolated to the entire foil because of the local nature of these anomalies. Other
forms of deformations come in the form of over etched copper, coves in the polyimide, and
different diameters of the top and bottom opening of the hole. In our case, these are small
compared with the misalignment. Due to the manufacturing method used and the nature
of the asymmetry, the result of the previous section can be explained since flipping the
foil yields a similar setup. These results show that the inconsistency between theory and
experiment is present when both simulation and measurements are using double-mask foils.

2.5 Charge up effects

When applying the voltages and irradiating the detector, a transition period during which
the effective gain changes has been observed. This is a well-documented behavior dubbed
the charge up effect. During this period, significant alteration is the field configuration inside
the holes will occur [7]. The reason is the accumulation of charges from the avalanches on
the surface of the dielectric. As a result, the effective gain will be altered, and in general,
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Figure 9: SEG images of the GEM foil which was used to perform the measurements. Left:
Top view of the foil before FIB milling with the central hole being the one which has been
studied. Right: Cross section view of a hole in the foil. The geometry is reminiscent of that
of a double cone indicating a misaligned double mask manufacturing was performed.

an increase in the gas gain is observed until it saturates after approximately ∼ 1.5 hours.
This process is known to be rate-dependent, as shown in reference [22], where it is shown
that the higher the rate of the source, the lower the measured gas gain. In addition, the
polyimide used as the insulator has a higher conductivity, because it contains both intrinsic
impurities and molecules picked up from the environment, e.g. polyamic acid, atmospheric
ions and humidity. These are mobile and act as charge carriers, but contrary to electrons,
they can neither leave nor be replenished through the electrodes [18, 19, 20, 21]. As a result,
the current response to a potential difference is time-dependent. These effects cannot be
overlooked since they are known to be able to contribute at least 10 − 15% to the effective
gain [7]. Due to the complex nature of these effects, the choice was made to measure the
increase in effective gain due to these processes and scale down the measurements obtained
in subsection 2.2. This allows for a better one-to-one comparison with the simulations
performed in section 3, which do not include these charge up effects. In this subsection, an
attempt is made at quantifying the increase in gain due to the charge up.

The measurements have been done in two parts: first the effect of the charge movement in
the dielectric was established after which the effect of the charge accumulation was studied.
For the former, the experimental procedure was the following. Immediately after switching
on the voltages a low rate source, 51.20 ± 0.05 Hz, irradiates the detector long enough to
take an MCA spectrum, after which the irradiation stops by placing a thick metal plate
in between the detector and the source. This procedure takes 15 s and will be performed
multiple times with at least 30 min from each other. The short exposure of the detector to the
low rate source minimizes the charge buildup on the foil and thus, allows to study the effect
of charge carriers in the polyimide on the gain. This effect is quantified by measuring the
Kα peak position on the non-normalised scale of the MCA spectrum. After the saturation
point was reached, the detector was continuously exposed for approximately 141 s to the low
rate source, followed by continuously exposure to a high rate source of 5.31± 0.02 kHz until
the plateau is reached. From the shift in the Kα peak position, the increase of the effective
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gas gain due to charge up can be determined.
In figure 4, the results of both processes are shown. Here, the normalized gas gain

is defined as the ratio between measured gas gain over time and the initially measured
gas gain right after turning on the voltage. Despite observing an overall increase in the
measured gas gain for both cases, the total saturation value of 1.4328± 0.0118 can deviate
from the real scaling factor between an uncharged and charged GEM. Effects of changes
in the environment such as pressure, temperature, and humidity were not measured and
could possibly have occurred during the data taking. A ramping up period on the high
voltages prevented immediate data taking, causing some ambiguity in the initially measured
Kα peak position. In addition, unsuitability in the detector created sparks, which forced
us to switch off and reapply the voltages across the electronics. These periods are marked
in blue. However, since the aim of this project is to have a rough correspondence between
theory and measurements, the obtained factor will be used to scale down the charged GEM
data of figure 5, resulting in figure 11. This allows the discrepancy factor to reduce to
1.5681± 0.2889.

Figure 10: Effects on the measured gas gain over time when switching on voltages and
irradiating the detector. Two source rates have been used: 51.20 ± 0.05 Hz (green) and
5.31±0.02 kHz (blue). Left: Change in gain due to charge displacement in the polyimide of
the GEM. Right: After the saturation of the charge displacement effect, the charge up effect
due to charge buildup on the surface of the insulator was measured. In addition, the increase
in the source rate shows an initial decrease in gain. This rate dependence is consistent with
reference [22]. Periods of instability are indicated in blue, where a ramp down followed by a
ramp-up of voltage was performed to reduce the sparking.
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Figure 11: Scaled-down gas gain measurements of figure 5 to account for charge conduction
in the dielectric and the charge up effect.

3 Simulations

3.1 Setup

The main software used for gas gain simulations in Micropatterned Gaseous Detectors is
Garfield++ [8]. It interfaces with Magboltz to calculate the electron transport through the
gas with penning transfer taken into account [23]. It can work in combination with models
made in ANSYS R© [24]. ANSYS is a commercially available finite element method (FEM)
software that is used to design the geometry of the GEM and create maps of the electric
field. Through scripting, a model of single GEM foil was constructed as a unit cell, which
is a basic repetitive structure. Parameters for the ANSYS model are primarily those of the
CERN standard single GEM described in table 1. However, in subsection 3.5 these will be
altered in order to study the effects of variation in the geometry. The unit cell also includes
drift and induction gaps where charge transport occurs, 2 mm, and 3 mm, respectively.

Effects of charge up and interaction between charges in the avalanches are not taken into
account in these simulations. The former is overcome by using the rescaled measurements
of subsection 2.5, while the latter can be neglected on the grounds that the discrepancy
factor is also present for low rate and low gain setups. In these cases, only a few charges are
present at any time in or around the GEM hole, giving no significant alterations in the field
configuration of the system. The calculated absolute and effective gas gain (Ḡ) are defined
as the mean

Ḡ =

∑n
i=1 Gi

n
, (4)

with n the number of simulated avalanches and Gi the absolute or effective gas gain of
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avalanche i. The Γ distribution was not used in this project because it seemingly did not
describe the obtained gas gain distributions [25].

In a gas mixture where an ionising radiation is incident, the input energy can be utilized
in both ionisation and excitation depending on the interaction cross sections. The energy
from excitation is primarily lost by a radiative or non-radiative transfer. However, if the
excited state of one gas atom is higher than the ionisation potential of another gas present in
the mixture, an excited state in the former gas atom, with some probability rp, can give rise
to an ionization in the latter. This process is called as Penning transfer. In the context of
GEM detectors the Penning effect enhances the charge multiplication from the usual amount.
This results in an increased gas gain. The ionization energy of 13,77 eV for CO2 lies between
the second and third excited states of Ar, 13 eV and 13,85 eV respectively. For an Ar-CO2

is 70-30% a mixture this leads to a Penning transfer of rp = 0.56± 0.03 and will be included
into the simulations [26].

The parameters of the simulations are the following (unless mentioned otherwise): n =
1000, Edrift = 2 kV/cm, Eind = 3 kV/cm, mix of Ar-CO2 is 70-30%, rp = 0.56 for normal
temperature and pressure (NTP). The resulting effective gas gain is plotted in figure 2
alongside with the measurements of the previous section. Only minor deviations can be found
when comparing the calculations between Garfield-9 [27] and the more recent Garfield++
at rp = 0; as plotted in figure 12. These differences can be explained by an improvement in
the cross sections of Ar and CO2 between the two versions.

Figure 12: Comparison of absolute and effective gas gain simulations of between Garfied-9
and Garfield++ at rp = 0.
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3.2 Surface potential inside the GEM hole

The charge-up effect of a GEM, as explained in subsection 2.5, is not the only surface
related effect that can alter the field configuration in and around a hole. In the presence
of large amounts of charges, surface currents may occur, changing the electric fields. Using
these currents, we were able to obtain a closed-form solution of the surface potential of the
dielectric inside the hole.

The unit of choice is Ω/2 for the surface receptivity across any given square area of a
polyimide, which is not dependent on absolute area, length, or thickness of the material.
This way, one can model the surface of the polyimide as a series coupling of resistors with
a current flowing through it. The reference frame is chosen to be centered in the middle of
a single hole in the foil with the z-axis pointing upwards alongside the thickness of the foil.
Modeling the geometry of the hole as a double cone, one can divide the surface into strips
with area

A = π

√
1 +

(
h

Rtop

)2

(b2 − r2) , (5)

where h is the height of the cone, Rtop the radius of the outer hole, r the radius of a circle on
the cone and b the radius of a different circle on the cone with b > r. The last two variables
determine a strip placed on the surface of the cone of width ∆r = b−r. Here only the upper
half of the double cone structure will be used in the calculations, while the solution to the
bottom halves can be retrieved by using the symmetry of the problem with respect to the
xy-plane. The number of squares ns with sides equal to the width of the strip is A/∆r2.
One can model the cone as a series coupling of resistors with resistance given by R = RS/ns.
Using Ohm’s law [28], the potential difference across the strip is given by

∆V = I∆R =
IRS∆r

π

√
1 +

(
h

Rtop

)2

(∆r + 2r)

, (6)

for an electrical current I. Taking the limit ∆r → 0 yields a differential equation with
solution

V (r) = V0 +
IRS

π

√
1 +

(
h

Rtop

)2
ln

(
r

Rtop

)
, (7)

where V0 = V is the potential on the upper copper layer of the GEM and r ∈ [Rcenter, Rtop].
Figure 13 compares the analytical solution with the one obtained through ANSYS. Note that
the qualitative behavior of the analytical solution is opposite to that of the finite element
solution without the surface currents. This effect could impact the gas gain inside the hole
of the GEM in addition to altering the drift of the electrons. However, this solution is only
valid in the presence of a large amount of charges inside the hole, i.e. for high rate or large
gain. Therefore, this avenue of exploration was sidelined in favor of the ones in the next
subsections.
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Figure 13: Surface potential of the dielectric inside a GEM hole using finite elements calcu-
lations (ANSYS) without surface currents and analytical calculations with surface currents.
Here an RS of 3.6 · 1016 Ω/2 was used [29].

3.3 Electron transport algorithm

The Monte Carlo algorithm, which is used in Garfield++ for the electron transport, is based
on the collision rate, which is a function of the electron energy of the particle. Because of
the electric field, the electron energy and the collision rate do, however, vary during the free
flight step. This can be taken into account using the so-called null-collision technique [30].
Using this algorithm, a free time ∆t can be obtained based on the energy of the particle
after ∆t. To determine the energy, the position, and velocity after ∆t a constant field
approximation is used. Here the electric field ~E is taken to be constant during the free path
of the particle, which takes on the value of the field at the initial point of the electron. This
approximation is valid for systems where the field variations are small during the mean free
path of the electron. However, this is not a trivial statement to make for the GEM. For
example, in the neighborhood of the copper edges, significant variations of the field strength
can be observed. As a result, the calculated trajectories of the electrons could significantly
deviate from reality. Based on this argument, we have implemented a more accurate electron
transport algorithm in Garfield++ and look how it differs from the original model.

The algorithm used for this is the Runge-Kutta-Nyström method to solve the Lorenz
equation based on the ANSYS finite element field map of the GEM detector [31]. A difference
of 3.15 ± 0.55% can be observed after the implementation of the Runge-Kutta-Nyström
method, suggesting that the constant field approximation only results in minor deviations.
However, in the case of low pressures, the mean free path of the electron can become bigger
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than the thickness of the GEM foil. This can lead to simulation results which do not only
give significant deviations from the correct trajectory, but in addition, causes the electrons
to seemingly go through the GEM foils’ solid material. For this reason, work is being done
with Heinrich Schindler of the EP-LBO-DO department at CERN to incorporate the Runge-
Kutta-Nyström method into the main branch of Garfield++, enabling users to study gas
gain in low-pressure systems.

3.4 Secondary electron emissions dependency

As the electrons collide with the dielectric surface, they either stick to the surface, charging
it negatively, or release secondary electrons from the surface leaving behind positive charge.
This process is known as secondary electron emission. This possibility of secondary electron
emission (SEE) of the polyimide is not incorporated into the simulations. In this subsection
a qualitative estimate will be made of the contribution of this effect to the gas gain.

In figure 14 the SEE coefficient δ is given for Kapton R© [32]. Note that the energy regions
where δ <1 are the cases where the primary electrons stick to the surface without ejecting any
new charges. In addition, there is a maximum number of secondary electrons released from
the surface (δm), which occurs when the primary electron has an energy of εm. The energy
distribution of electrons colliding with the polyimide, is shown in figure 14. Considering that
the minimum energy necessary to eject charges from the surface is εI = 30 eV, the amount
of incoming electrons which can release charge is small, based on the overflow value of 7
in figure 14 [32]. Furthermore, electrons that do get released by the SEE effect must have
enough initial energy to go against the field lines in some regions in order to avoid sticking
to the surface. Thus, the ejected charges need to have a certain escape velocity. This
suggests that the SEE for polyimide has a minor contribution and can be neglected in the
simulations. This conclusion can a priori not be generalized to all secondary emissions, e.g.

Figure 14: Left: Secondary electron emission coefficient of the Kapton as a function of the
energy of the colliding electron [32]. Right: Energy distribution of colliding electrons as
obtained from simulations.
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the photoelectric effect or de-excitation photons on copper which only has a work function
of 5.10 eV [33]. However, the argument of having a certain escape velocity is still true.
Additional research has to be done to get a full picture of the significance of the absence of
these effects in the simulations.

3.5 Hole geometry dependency

This final subsection will be a continuation of the remarks made in subsection 2.3 concerning
the geometry of the hole. As mentioned deformations with respect to the standard GEM
hole geometry can occur coming form the manufacturing processes used. More common
deformations include: variations in the hole sizes, variations in the thickness of the copper
layer, over etched copper sheets and off-centering of the inner ring of the double cone. Here,
the effects on the absolute and effective gas gain due to asymmetries in the GEM will be
simulated.

Figure 15 shows the effective and absolute gas gains for different types of asymmetries.
Shifting up the inner circle of the double cone upwards increases the inefficiency by 22%,
while leaving the effective gas gain almost unchanged. A decrease in the bottom outer hole
size form 70 µm to 30 µm decreases the effective gas gain by 56% while an increase to 100
µm gives a decrease of 62%. The mirror to these geometries gives a maximum difference
of 71% in the effective gas gain. Since the avalanches are primarily created in the volume
around the bottom outer hole, increasing the electrical field strength here should increase
the gas gain. Despite this, when introducing 10 µm of overhanging copper to the bottom
metal layer: an increase of 3% in the absolute gas gain is observed. Finally, a 4% increase in
effective gas gain by reducing the metal thickness from 5 µm to 1 µm of the bottom copper
layer while for the top layer a decrease of 7% can be observed. These results not only explain
possible differences in gas gain measurements between different GEM foils, but also allow
for the engineering of more optimal hole geometries.

4 Conclusion

My CERN summer student project was centered around the discrepancy between experi-
mental en theoretical results of the effective gas gain of single GEM detectors. Figure 2
compares measurements of different batches of CERN standard GEM foils (table 1) with
simulations of uncharged foils of the same type. A difference factor of 2.2468 ± 0.2640 was
observed, which cannot be explained by the charge up effect as it only lowers the difference
factor to 1.5681± 0.2889 (figure 11). The single GEM detector simulations were performed
using Garfield++ and ANSYS with the parameters of the model matching those of the ex-
perimental setup used. A better understanding of the physics of these types of micro-pattern
gaseous detectors could prove useful for the improvement of such detectors. Despite not be-
ing able to resolve this discrepancy during this project, some other results were obtained in
the process.

The experimental setup used is given in figure 3, here electrical field strengths Edrift = 2
kV/cm and Eind = 3 kV/cm were used in order to compare our results with reference [2].
Figure 6 indicates that the measured gas gain has a strong dependence on Eind and a weak
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Figure 15: Simulated effects of the hole geometry on the gas gain for VGEM = 500 V.
Reference point is summed up in table 1. Respectively the blue and red curves represent the
variation in parameters on the upper and bottom half of the GEM while keeping the other
half unchanged. The full lines indicate the absolute gas gain while the dashed lines indicate
the effective gas gain.
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dependence on Edrift as long that it is in the plateau region. This suggests that one-to-one
comparisons of measurements of different references, such as in figure 2, ideally need to have
the same Eind value. Our measurements were performed using a misaligned double-mask
GEM foil, as shown in the scanning electron microscope images (SEG) in figure 9. The
characteristic of the geometry of the hole of the GEM allowed for a statistically insignificant
difference in the effective gas gain when flipping the orientation of the foil, as can be seen in
figure 8. This is in agreement with reference [17] where similar measurements were performed
with a triple GEM detector comprised of double-mask foils. However, the same reference
shows a factor of ∼ 3.6 of difference in the effective gas gain between the two orientations
of single-mask foils due to their asymmetry in the hole structure. Five types of asymmetries
and their effect on the gas gain have been studied using simulations. These results can
be found in figure 15 with the most prominent effects coming from the outer hole sizes of
the GEM. Differences between measurements performed by similar setups can be explained
using these results.

On the simulation side of the project, we expanded the existing electron transport al-
gorithm of Garfield++ with the Runge-Kutta-Nyström method. Originally the transport
was calculated by taking the electric field to be constant during the free path of the particle,
which is a valid approximation for small changes in the electrical fields with respect to the
mean free path of the electron. However, it is a priori unclear if this approximation holds
for the GEM where regions of fast changing electrical field values are present, e.g. at the
edges of the copper. Solving the Lorentz force equation using Runge-Kutta-Nyström method
gives no significant improvement of gas gain simulations at atmospheric pressure. In spite
of this result, the algorithm can prove useful to study low-pressure gaseous detectors since
the mean free path becoming larger than the thickness of the GEM foil, leading to electrons
going through the metal and dielectric layers. In addition, we looked at the contribution of
secondary electron emissions to the gas gain. Based on figure 14, this effect can be neglected
in simulations. A final result is an analytical calculation of the surface potential of the poly-
imide inside a hole in the presence of a surface current. The resulting equation (7) shows
an opposite qualitative behavior as opposed to the ANSYS results without surface currents
(figure 13). This process will only occur at high gas gains or with high rate sources, thus
not explaining the discrepancy between theory and experiment over the full spectrum of the
voltage across the GEM.

With the results obtained during the project, some future steps can be suggested. An
ANSYS model could be constructed using the exact SEG measurements of the GEM foil
used. This allows for a better one-to-one comparison between theory and our experimental
results, leading to a more precise estimate of the discrepancy factor. One could expand the
types of asymmetries that were studied and start to mix them to have a complete overview
of the effects of the geometries of manufactured GEM foils. A study of low-pressure gaseous
detectors can be made using the altered electron transport algorithm and compare it to
measurements. Finally, equation (7) could be set as a boundary condition on the ANSYS
model in order to study the difference in the trajectories of the charges in the presence of
surface currents.
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