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Chapter 1

Introduction

Gas Electron Multiplier (GEM) [1]-based detectors are widely used in many experi-
ments (COMPASS [2,3], LHCb [4], TOTEM [5,6]) and future upgrades (ALICE [7,8],
CMS [9], sPHENIX [10]). Electrical discharges that may occur during operation of
those detectors are possibly harmful to hardware and electronics and can damage
it permanently in form of increased leakage currents or permanent electric short
circuits that render the detector e�ectively blind. Initial discharges caused by high
charge densities compatible with the Raether limit [11] in a single GEM hole [12].
These discharges may propagate through the GEM stack from GEM foil to subse-
quent GEM foil or from the last GEM to the readout anode. The latter is especially
dangerous, as frontend electronics can be severely a�ected by high energy released
in a discharge event. Discharges in GEMs have been extensively studied in [13, 14].
Further studies at TUM and CERN drawn attention to the in�uence of systematic
parameters of the HV scheme have shown that the behavior of the electric �eld
in the gap between GEM foils or GEM foil and anode after an initial discharge
can not explain propagated discharges [15, 16]. But in particular the propagated
discharge, in opposite to the initial primary discharge, is still not fully understood.
Therefore this thesis investigates the mitigation possibilities by systematic study of
the RC circuit elements on the secondary discharge probability and develops a basic
simulation framework to further the understanding of the phenomenon.
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Chapter 1 Introduction

1.1 GEM

A GEM is typically made out of a thin polyimide (e.g. Abical [17]) foil of about
50 µm thickness with a thin (∼5 µm) copper layer applied on bottom and top side.
In a photolitographic process holes are etched in a hexagonal pattern from both sides
into the foil resulting in a double-conical shape with an inner radius of 50 µm and
an outer radius of 70 µm. The standard pitch between holes is 140 µm.

Figure 1.1: Electro microscope image of a standard pitch GEM foil

Voltage is applied to both GEM electrodes resulting in a potential di�erence ∆UGEM

of several hundred volts enabling high �elds of about 50 kV/cm inside the holes
allowing avalanche multiplication. With a single GEM gains in the order of 103 are
possible which can be enhanced by subsequently stacking GEMs which also increases
operation stability [14]. A simulation of two electrons from the drift region entering
the ampli�cation zone is depicted in �g.1.2. In the cross section of a GEM hole it
can be seen that the electrons, indicated by yellow lines, get ampli�ed in the high
�elds of the hole and most of them are extracted. The ions, indicated by red lines,
are created in the ampli�cation process and e�ciently collected on the top side of the
GEM. This showcases the intrinsic ion back�ow suppression of a GEM preventing a
large fraction of ions to drift back into the drift volume.
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1.2 Discharges

Figure 1.2: Gar�eld/Magboltz simulation of the ampli�cation process with initially
two electrons entering the ampli�cation region. Red lines mark ion, yellow line
electron paths. Green dots depict points of ionization.

1.2 Discharges

Discharges pose a threat to the detector system. In general every discharge is a
short across two electrodes. In this thesis two types of discharges were observed, the
primary discharge occurring between the two GEM electrodes and the propagated
discharge between a GEM electrode and the anode. The theory behind primary
discharge is understood. A primary discharge is caused by a streamer discharge in
a GEM hole after a critical charge in the order of 107 electron-ion pairs, compatible
with the Raether limit, is reached [12, 13]. The charge locally modi�es the electric
�eld and forms a conductive channel the so-called streamer discharge which eventu-
ally transforms into a spark, shortening the the upper and lower GEM electrodes.
After a primary discharge a secondary discharge supposedly in the induction gap can
occur. This type of discharge is not fully understood. Secondary discharges appear
at electric �elds that are supposed to be too low to lead to a discharge by established
mechanisms [15, 16]. Measurements with HV probes, SPICE and PCB simulations
could not �nd any signs for a signi�cant increase of the electric �eld anywhere in
the system. In addition, between primary and secondary discharges unusual times
(∼ µs) are observed which exclude photon-assisted streamer mechanisms. If some
photon mechanism would be dominating the secondary discharge should occur faster.
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Chapter 1 Introduction

The time between primary and secondary discharges points to �eld distortion due
to space charge-related e�ects. One hypothesis is that after a primary discharge the
extracted charge result in high charge densities in the induction gap which locally
increase the electric �eld enabling a streamer to form which eventually shorts the
lower GEM electrode and the readout anode. A collection of hypotheses and possible
mechanism can be found in [18].
It seems that secondary discharges can not be avoided but only mitigated. This thesis
aims to identify and understand the in�uence of the power supply on the secondary
discharge probability and gives recommendations for a safe and stable operation of
a GEM detector. The secondary discharge probability is de�ned as following:

Psec =
Nsec

Nprim
(1.1)

With Nsec being the number of secondary discharges and Nprim the number of pri-
mary discharges. The statistical error of these quantities follows the Poisson distri-
bution:

∆Ni =
√
Ni (1.2)

The combined statistical error of the secondary discharge probability is then de-
scribed by following equation:

∆P =

√
Nsec · ∆Nprim

N2
prim

+

(
∆Nsec

Nprim

)2

(1.3)
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Chapter 2

Experimental Setup

2.1 Detector

Figure 2.1: Schematic of the detector and readout setup. ED marks the drift �eld
and Eind the induction �eld. The padplane is readout via an attenuator by an
oscilloscope [19] is connected to a computer.

The detector consists basically of a single GEM (gas electron multiplier) foil with
a cathode and a source above and a readout anode below it. All embedded in a
metallic box with a removable lid and a gastight gasket in between.
The active area of the padplane measures 10 cm × 10 cm. The anode is �xed with
pillars on every corner to a plastic plate isolating the metallic box from the sensitive
electronic readout. The GEM foil with its frame is screwed on the anode frame
yielding in a distance of 2 mm between anode and GEM. The space between GEM
foil and anode is called induction gap, the electric �eld in this gap is called induction
�eld EInd. The cathode is placed on a plateau of the pillars with a distance of
19.5 mm to the GEM foil. This gap is called drift gap and the respective electric �eld
in it drift �eld EDrift. EDrift is constantly held at 400 V/cm for all measurements.
For some measurements a cross composed of 1.4 mm wide bars and made out of G11,
similar to the material used for the frame, was placed in the induction gap. On top
of the cathode a triple alpha source is placed and irradiates the drift volume, see
section 2.2 for more details. The detector is constantly �ushed with an Argon-CO2

(90-10) gas mixture, see section 2.3. A �eld cage was not used.
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Chapter 2 Experimental Setup

2.2 Radiation source

Figure 2.2: The mixed alpha source with its spectrum. [20]

A radioactive source emits ionizing radiation. In case of an alpha source double
positively charged 4

2He nuclei are emitted which can travel several centimeters in air
before recombining with two electrons to a neutral He atom.
A mixed alpha source containing 239Pu, 241Am and 244Cm is used. The source
measures 25 mm in diameter, 0.5 mm in height and the diameter of its active area is
7 mm. The source is placed on a 7 mm hole in the 1.5 mm thick cathode PCB.
A picture of the source and its spectrum can be seen in 2.2. The source emits alpha
particles with the weighted energies of 5.155 MeV for 239Pu, 5.486 MeV for 241Am
and 5.805 MeV for 244Cm. [20] The alpha rate measured by the detector is 550 Hz.

2.3 Gas

For all measurements the detector is �ushed with a Ar-CO2 (90-10) gas mixture keep-
ing a constant �ow of 10 L/h. A slight overpressure of few mbar is maintained in the
detector. Through the ampli�cation processes excited and ionized noble gas atoms
are produced. These can cause further avalanches which can lead to discharges.
To counter this and terminate discharges before they occur a quencher gas is intro-
duced. Excited atoms deexcite via radiative transitions emitting UV photons which
then can create free charges on metallic surfaces in the detector through the photo-
electric e�ect which could potentially lead to new avalanches in di�erent locations.
Ions on the other hand drift to the cathode and can neutralize there by extracting
an electron and emitting UV photons or extracting a second electron due to energy
conservation. Thus also increasing the risk of additional avalanches and discharges.
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2.4 Readout scheme

To avoid discharges caused by above processes CO2 as a quencher is added which
has a lower ionization potential than the noble gas and can therefore easily exchange
charge with the noble gas ions. Although the molecule ions also neutralize at the
cathode they get rid of their excess energy by dissociating. As the quencher gas
is a molecule it can also absorb UV photons created by the ampli�cation processes
through its vibrational and rotational states.
Argon is a noble gas and as such is characterized through its �lled subshells which
makes it chemically inert with a high ionization energy. In a gas mixture charged
particles which travel through it scatter inelastically with its constituents and ionize
the atoms and molecules. The energy needed to create on average an electron-ion
pair taking in account all viable processes is called the e�ective ionization potential
Wi. In the course of this thesis Argon-CO2 (90-10) was exclusively used. The re-
spective e�ective ionization potential amounts to 28.19 eV. A contamination with
electronegative gases like O2 or H2O leads to an attachment of low energy electrons
to these gases which would reduce the detected charge greatly. Therefore the oxygen
and water contamination is monitored and it is made sure to keep the oxygen level
below 20 ppm and the water contamination in the ppm region.
For monitoring the gas �ow, oxygen concentration, water concentration and
(over)pressure a Cambridge Sensotec rapidox3100 [21] was used.

2.4 Readout scheme

The readout anode is connected to an adjustable attenuator damping the signal by
up to 34 dB. This is needed to get a signal with a low enough signal amplitude
which can be measured. The outgoing signal from the attenuator is feeded into
the scope that records the data and transfers the waveforms after the run to the
computer where they will be saved and can be accessed via the Xviewer software [22].
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Chapter 2 Experimental Setup

Figure 2.3: Comparison of the saving e�ciency as a function of the pulse rate of
the old and new scope. On the left one can see that the old scope lacks high rate
capability with the saving e�ciency dropping at a pulse rate of about 0.3 Hz. The
right plot shows that the new scope now enables saving of high rate measurements
up to a pulse rate of circa 9000 Hz

The typical signal amplitude caused by an alpha particle is in the order of a few mV
whereas a discharge signal has an amplitude of (several) Volts. The time di�erence
between primary and secondary discharge signal varies with the setting between
some ns and several µs. The duration of the discharge signals �uctuate between
several ten to hundreds of ns. With discharge rates of about 1 Hz to record all
events a readout frequency of at least 1 Hz is required. The saving e�ciency of the
oscilloscope used for previous studies dropped rapidly at a pulse rate of around 0.3 Hz
which in addition can not be directly connected to a computer and has only very
limited memory space available. So that the data would have been to be recorded an
analog setup which would lead to a problem as with changing settings also the signal
form changed which makes this method impractical. Therefore a new oscilloscope has
been acquired enabling a e�cient readout even with a pulse rate of several thousand
Hertz. Thus we can abandon NIM-logic readout based on the discriminators, gate
generators and scalers.
Compared with the saving e�ciency of the old scope which dropped at a pulse
rate of around 0.3 Hz the new Yokagawa DLM 2054 [19] scope comes with a notable
higher saving e�ciency for high rates, dropping only at roughly 9000 Hz and therefore
enables saving measurements with reasonable high data rates 2.3.
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2.4 Readout scheme

Figure 2.4: Overview of the experimental HV setup. Marked in blue are the parasitic
capacitances of the cables between components. Those parasitic capacitances are
variable via changing the cable length of the respective cable. Rtop between GEM
top (T) and a 5 MΩ decoupling resistor and Rbot between GEM bottom (B) and a
10 MΩ decoupling resistor are also variable. PS1 for GEM top and PS2 for GEM
bottom denote the independent channels of the power supply.

The principle schematic of the high voltage setup used in the measurements is de-
picted in 2.4. The potentials of both GEM electrodes are provided by separate
channels of a iseg EHS F 060nILK [23] HV power supply.
A 10 MΩ resistor to ground is connected in series to GEM bottom, likewise a 5 MΩ

resistor to ground is connected to GEM top. Through those resistors to ground a
constant current is ensured. That means in case of a HV trip the current limit of the
power supply will be exceeded and it shuts down, which guarantees a safe discharge
of the GEM foils. Decoupling resistors Rbot and Rtop are connected in series to the
respective GEM electrodes. As depicted in 2.4 there are cables connecting GEM
electrodes and decoupling resistors and decoupling resistors and resistors to ground.
These are considered parasitic capacitances and are as well as the decoupling resistors
varied to study their in�uence on the secondary discharge behavior of the system.
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Chapter 2 Experimental Setup

2.5 Properties and types of signals

Figure 2.5: A typical signal with a primary discharge followed by a secondary dis-
charge. The time di�erence is measured peak to peak. Note that it lies in the order
of µs. Eind is here 6700 kV/cm and Rbot is set to 100 kΩ

There are two types of discharges which are distinguish by their signal shape and
associated origin. The primary discharge is associated with a spark in a GEM hole
after a certain critical charge Qcrit in it is reached, e�ectively shorting the upper and
lower GEM electrode. It is characterized by a initial peak with negative amplitude
and following rapid oscillations de�ned by RLC elements of the circuit. The proba-
bility for a primary discharge increases with the applied voltage di�erence between
GEM top and bottom side ∆UGEM and induction �eld Eind. For con�gurations
for which there are constant primary discharges the increase of Eind gives rise to
secondary discharges. These kind of discharges occur way below the breakdown �eld
in the induction gap which raises questions over the underlying physical processes.
A secondary discharge is in general always preceded by a primary discharge. For high
Eind it is possible that a primary is followed by more than one secondary discharge.
There exist exceptions at very high induction �elds of way over 10 kV/cm in Ar-CO2

(90-10) where secondary discharge like signals can be observed without previous
primary discharge. This can be seen as further prove that secondary discharges are
discharges in the induction gap and are caused by space charge-like e�ects. See also
3.1.1.
The secondary discharge probability rises sharply from its onset to the point where
every primary is followed by a secondary discharge. The origin of the secondary
discharge is supposedly allocated in the induction gap and in opposition to the
primary discharge the initial negative peak is not followed by oscillations.
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2.5 Properties and types of signals

Fitting the association of charge extraction from a GEM hole after a primary
discharge with the origin of secondary discharges in the induction gap an increase
of Eind and thus the enhancement of the extraction rate results likewise in a rise
of the amplitude of the secondary discharge signals. Besides the amplitude and
probability also the time di�erence between primary and secondary discharge ∆T
is varying between settings dependent on resistance, capacitance and Eind. But a
common denominator is that ∆T is inverse proportional to Eind as with higher Eind

more energy is deposited in the induction gap and thus the recharging time after a
discharge is shorter.
For lower Eind the amplitude of a primary discharge is larger than that of a sec-
ondary discharge. This does not hold true for higher Eind as the reverse is observed.
This can be again explained by the in�uence of the induction �eld on the charge
extraction from the GEM to the induction gap. As ∆UGEM is not changed and the
extraction to the induction gap is increased with Eind the amplitude of a primary
discharge can not grow larger and even decreases with increasing Eind. The contrary
can be seen for secondary discharges as their amplitude grows larger with more
charges extracted to the gap.
In the course of this thesis some experimental issues were encountered.
Those where mostly related with induction �elds of around 8 kV/cm and higher.
One issue is that not only the amplitude but also the signal shape changes with
higher Eind and di�erent RC settings. The higher the electric �eld the more pro-
nounced is the initial peak in the signal. This can be explained by the increase of the
extraction e�ciency with higher induction �eld which leads to more charges moving
into the induction gap and thus inducing a di�erent signal shape on the padplane.
This makes an automatic processing of the obtained data nearly impossible as no
reliable signal pattern can be found.
A di�erent problem is encountered at higher Eind where ∆T drops so that primary
and secondary discharge signals are no longer dependably to distinguish as they
appear fused together. For cases where it is not clear if just a primary or a primary
and a secondary discharge was observed a single primary discharge was assumed.
Con�gurations with this problem are marked accordingly in plots and discussions.
Another experimental issue regarding a completely new type of signal was resolved
after intensive studies. As in the course of these studies the induction �elds were
subsequently increased (Eind > 9 kV/cm) irregularities were noticed at the end of
the used 100 µs time window. After extension of the time window to 500 µs these
irregularities were proven to be strange signals characterized by unusual large peak
and oscillation amplitudes. A de�ning trait of this signal is the sharp onset of the
negative peak and its oscillation as seen in �g.3.7 which is dominated by a very
high �rst positive peak and gets rapidly dampened. In its signal shape those signals
resemble secondary discharges.
These signals appear with and with out prior secondary discharges and at very high
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Chapter 2 Experimental Setup

induction �elds and are created in the induction gap as if the potential ∆UGEM

is set to zero these kind of signals can be still observed. Therefore there is no
association with primary discharges. Measurements with a cross in the induction
gap to prevent bending of the GEM foil due to gravity as discussed in sec.3.1.1
indicate that these new signals are caused by a sagging GEM foil which at a very
high Eind create high enough �elds which are enough for a discharge even without
a primary spark. These signals are identi�ed as discharges in the gap and were not
taken into account during analysis.
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Chapter 3

Results

3.1 Experimental results

3.1.1 Measurements with cross

To create a spark discharge between two electrodes a su�ciently high electric �eld
is needed. But the measurements in this thesis show that discharges are observed
well below the breakdown and even ampli�cation �eld. Therefore the �eld has to be
increased by a streamer creation mechanism or trivial hardware-related e�ects.
One possible explanation could be that the GEM foil bends due to gravity towards
the readout anode and thus creates a high enough electric �eld for discharges to
occur by the streamer mechanism. To study this explanatory approach a cross with
equal-length, orthogonal arms made from G11 which is similar to the FR4 material
used for the frame was placed inside the detector between GEM foil and anode to
prevent sagging of the foil.
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Figure 3.1: Measurements with and without cross in the induction gap. With Rbot

set to 200 kΩ and Rtop to 10 MΩ.

If the potential di�erence between both GEM electrodes ∆UGEM is set to zero natu-
rally no primary discharges appear. However if additionally a very high Eind (above
10 kV/cm) is applied secondary discharges can still be observed. This gives a lower
limit to Eind to have secondary discharges in the induction gap without prior primary
discharges which is still below ampli�cation and breakdown �eld strengths.
The measurements with and without cross for moderate induction �elds show that
with a cross leads to a slightly later onset of secondary discharges but no signi�cant
di�erence3.1.
Thus bending of the GEM foil delivers no explanation for secondary discharges at
low to moderate Eind. Additional to the foil bending the charging-up e�ect of frame
material in the induction gap can be studied through this measurement as the cross
is made from a similar non-conducting material as the frame. So as well as the foil
bending the collection of charge on the surface of the cross has no signi�cant in�u-
ence on the secondary discharge probability at moderate to high values of Eind.
Other possibilities concern the HV supply response which is studied in the follow-
ing sections as parameters of the electrical circuit are systematically examined and
physical space-charge e�ects for which a simulation framework has been developed.
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3.1 Experimental results

3.1.2 RC scan of the system

3.1.2.1 Capacitance at GEM top

Two con�guration were used for the placement of Rtop. Cables connect the power
supply to the 5 MΩ resistor to ground and the resistor to ground to the decoupling
resistor Rtop 2.4. From there the con�gurations di�er. One variant is outside of the
detector with a short cable from the upper GEM electrode to the detector wall and
from there via a short SHV cable to a box with the decoupling resistor soldered inside.
For the other con�guration Rtop is directly soldered on the �ap of the GEM upper
side inside of the detector. The inside variant has a negligible parasitic capacitance
to ground in comparison to the outside variant where the extra cables imply also an
extra capacitance.
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Figure 3.2: Rtop placement inside and outside of detector

The secondary propagation probability is plotted against the induction �eld for the
two con�gurations in �g.3.2. For both variants Rbot is set to 100 kΩ and Rtop to
10 MΩ. The higher parasitic capacitance of the outside con�guration shifts the
propagation curve towards lower Eind. This can be seen as a result of the additional
energy stored in the cables which puts extra charge in the system leading to a full
propagation probability at relatively low induction �elds. For the inside variant this
additional energy is not available therefore it needs a higher Eind to reach the same
secondary discharge probability to compensate for this.
For that reason it is clearly recommended to minimize the (parasitic) capacitance
between the upper GEM electrode and its respective decoupling resistor Rtop. In
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Chapter 3 Results

this thesis the inside con�guration with Rtop directly connected to the GEM upper
side is used for all measurements.

3.1.2.2 Resistance at GEM top

The decoupling resistor Rtop is located on the upper side of the GEM (cf. �g.2.4).
In case of a primary discharge a high resistance on the GEM top should decrease
Utop and therefore increases Edrift. Which is used to quench primary discharges as
the potential di�erence between lower and upper electrode is diminished.
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Figure 3.3: Secondary discharge probability for di�erent Rtop

The secondary discharge probability is plotted as function of Rtop for 100 kΩ at GEM
bottom in �g.3.3. Obviously there is no signi�cant in�uence of Rtop over a wide range
of values for the decoupling resistor.

3.1.2.3 Resistance at GEM bottom

A parameter of great interest is the decoupling resistor Rbot at GEM bottom. A
large Rbot should increase the potential Ubot of the lower GEM electrode after a
primary discharge. With an increase of Ubot an increase of Eind is accompanied.
Therefore the secondary propagation should start earlier for bigger values of Rbot.
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3.1 Experimental results

Figure 3.4: Secondary probability as function of Eind for di�erent values of Rbot and
Rtop set to 5 MΩ . Hollow points mark con�gurations were it is di�cult to distin-
guish primary discharges from primary discharges that already fuse with secondary
discharges

The measurements3.4 give a contrary picture. For a larger resistance at GEM bottom
the start of secondary propagation is shifted to higher induction �elds. This was not
expected and can not be explained at the moment.
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Chapter 3 Results

3.1.2.4 Capacitance at GEM bottom
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Figure 3.5: Di�erent cable lengths after Rbot at GEM bottom.

The coaxial cable between decoupling resistor Rbot and the 10 MΩ loading resistor to
ground in the standard con�guration used for every other measurement is 1.50 m long
which corresponds to a 150 pF capacity. In this study this cable was replaced with a
10 m and a 80 m cable respectively a 1 nF capacity and a 8 nF capacity. 100 pF/m is
a typical capacity per length for these kind of cables thus the values in this thesis are
derived from it. For all of these measurements the Rbot was 200 kΩ. In �g.3.5 the
secondary propagation probability for the di�erent con�gurations is plotted against
the induction �eld. As expected the additional resistor Rbot decouples the system and
makes sure that the extra capacity has no in�uence on the system. Therefore the use
of a decoupling resistor for the GEM powering scheme can be clearly recommended.
The point where the value of Rbot is too low to decouple the system is an interesting
aspect that will be studied in the future.
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3.1 Experimental results
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Figure 3.6: Di�erent cable lengths between Rbot and GEM bottom

The cable between the lower GEM electrode and the decoupling resistor Rbot is in
standard con�guration 0.2 m long corresponding to a parasitic capacitance of 20 pF.
To study the in�uence of this capacitance the cable length and thus the parasitic
capacitance between the lower GEM electrode and Rbot got varied2.4. In addition,
measurements with 10 m and 80 m cables were conducted.
In �g.3.6 it becomes apparent that with higher capacitance the secondary propaga-
tion starts at lower induction �elds. This can be explained thereby that with higher
capacitance more energy gets stored in the system which may keeps the e�ective Eind

after a primary discharge higher and thus favors a secondary.
Thus to increase the safety of GEM detector systems and inhibit secondary dis-
charges it can be recommended to reduce the capacitance between the GEM bottom
and Rbot. This can be done by keeping the cables short or even soldering the decou-
pling resistor directly to the lower GEM electrode.

3.1.2.5 Experimental issues

In the course of this thesis some experimental issues related to measurements with
induction �elds of around 8 kV/cm and higher were encountered.
One issue is that not only the amplitude but also the signal shape changes with
higher Eind and di�erent RC settings. Higher the electric �eld the more pronounced
is the initial peak in the signal. This can be explained by the increase of the
extraction e�ciency with higher induction �eld which leads to more charges moving
in the induction gap and thus inducing a di�erent signal shape on the padplane.
This makes an automatic processing of the obtained data nearly impossible as no
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reliable signal pattern can be found.
A di�erent problem is encountered at higher Eind where ∆T drops so that primary
and secondary discharge signals are no longer dependably to distinguish as they
appear fused together. For cases where it is not clear if just a primary or a primary
and a secondary discharge was observed a single primary discharge was assumed.
Con�gurations with this problem are marked accordingly in plots and discussions.

Figure 3.7: Closeup of a discharge signal induced by foil bending in the induction
gap at an induction �eld of 11 kV/cm. The x axis displays the time divided into
100 ns divisions respectively the y axis displays the amplitude in 1.5 V divisions.

3.2 Simulation framework for a space charge induced

di�usion-assisted streamer in the induction gap

The experimental results hint to a space charge related mechanism for secondary
discharge creation. To accompany the experimental results a COMSOL simulation
has been developed. COMSOL is a multiphysics simulation software solving problems
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3.2 Simulation framework for a space charge induced di�usion-assisted streamer in

the induction gap

with �nite element methods. The version used for the simulations in this thesis was
COMSOL Multiphysics 5.2 [24].
The simulation is based on a hydrodynamic model for streamer development in a
single GEM hole by P. Fonte [25] and work by F. Resnati et al. [26]. As observed
in the experiments the time between primary and propagated discharge is too short
to be caused by drifting charges which would bombard GEM electrodes liberating
electrons causing a secondary emission and too long to be caused purely by photons.
Therefore a space charge e�ect seems to be the most plausible explanation. The idea
behind the simulation is to prove that such a space charge induced di�usion-assisted
streamer can develop in the induction gap in accordance with observations. The
induction gap on the upper side delimited by the GEM and on the underside by the
readout anode.This basically constitutes a plate condensator with the lower GEM
electrode as cathode and the padplane as anode. This was recreated in COMSOL
in a 2D axisymmetric geometry with a radius of 0.5 mm and 1 mm distance between
anode and GEM foil. The down scaling to a smaller geometry than the one used in the
measurements intends to achieve reasonable simulation runtimes while still obtaining
a decent resolution. The simulation times are rather short with a maximum of 100 ns
which makes it reasonable to neglect the movement of positive ions. Photonic e�ects
are considered with according parameters represented by e�ective values, averaged
over all wavelengths.
Beginning with an initial charge cloud in a half spheroidal volume under the cathode
simulating the charge emitted under a GEM hole, the electrons are then accelerated
by an electric �eld towards the anode and subjected to the space charge ρ.

ρ = q · (nions − nelectrons) + ρ0 (3.1)

The space charge is composed of the di�erence of positive and negative charges
and a constant addend ρ0 which is introduced to denote a pre-existing space charge
3.1. The simulation terminates when the streamer reaches the cathode or when the
simulation time is exceeded. For ρ0 = 0.02 C/m3 the formation of a streamer in CO2

can be seen in ??. For the initially applied electric �eld below the breakdown �eld
of the gas mixture a certain critical value of ρ0 should enable a streamer discharge.
In pure CO2 a streamer will not develop for ρ0 below 0.008 C/m3 which corresponds
to 4.03 ·108 electrons equally distributed in the whole gap. This would translate to
4.49 ·104 electrons in a GEM hole volume which is 2 order of magnitudes lower than
the critical charge for discharges in a GEM hole [12]. It is also compatible with the
Raether limit of 106-107 electrons and as it is spread out in the volume in opposite
to the Raether limit which assumes a more or less condensed charge cloud the simple
assumption of a constant space-charge ρ0 seems to be reasonable and yields realistic
results. The current version delivers a basic simulation framework which already
achieves reasonable results in CO2. For future studies a more experiment orientated
con�guration using Ar-CO2 and an adapted geometry will be developed.
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Chapter 3 Results

Figure 3.8: The formation of a streamer in the induction gap for rho0 =
0.02 C/m3.The surface colors depict the electron density. The red streamlines the
electric �eld, the contour in grey and black the space charge densities and the colored
contour the ion density. Start of simulation. A charge cloud moves from the cathode
towards the anode
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the induction gap

Figure 3.9: A streamer starts to form as the space charge density increased due to
self-photoionization of the gas
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Figure 3.10: Streamer shortly before reaching the cathode and shorting the induction
gap
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Outlook

This thesis opens up new questions that require a continuation of studies to fully
understand the nature and origin of secondary discharges. The inductivity of the
system has yet not been considered but self-evidently has some in�uence on the
system. As shown in this thesis while it is not possible to completely avoid secondary
discharge it is possible to mitigate them by the right choice of electrical components
such as cables and decoupling resistors. As the physics is still not understood but all
evidence pointing in the direction of a space charge related e�ect the basic simulation
framework established in this thesis has to be build up on and set to use on realistic
gas mixtures to gain insight into the underlying physics. Although di�cult to as the
the discharge signal is heavily in�uenced by the RC components and �elds signal
shape analysis could answer some questions.

4.1 Development of new transparent detector

In the course of this thesis a new model for future detectors was developed in Solid-
works and is currently build.The new detector model features transparent elements
on �ve sides allowing for optical readout. Furthermore the new design signi�cantly
improves the tightness and will be able to suppress the oxygen contamination from
now 10 ppm at best down to sub-ppm levels enabling distortion-free signal measure-
ments. Future plans intend to use this detector with a CCD or CMOS high-speed
camera to optically observe and analyze secondary discharges in the induction gap.
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