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ALICE TPC UPGRADE 
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ALICE TPC UPGRADE FOR RUN 3 

4 

Requirements for GEM readout: 
•  Operate at the gain of 2000 in Ne-CO2-N2 

•  IBF < 1% at Gain = 2000 à ε = 20 

•  Local energy resolution < 12% for 55Fe 
•  Stable operation under LHC conditions 

GEM-based readout chamber 
•  Low ion backflow  

•  High rate capability 
•  No ion tail 

•  Continuous readout possible 



BASELINE SOLUTION: 4-GEM SETUP 
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140µm 

Preparations for GEM4 Gas-Studies Conclusion

The Large Pitch GEM

MB, Julia Bloemer, Korbinian Eckstein, Andreas Hönle — Ion Back-Flow measurements at TUM 20/22

280 µm 

Large-pitch GEM (LP) 

•  Requirements not fullfilled with a standard 3-GEM 

configuration 

•  New readout chambers employ standard (S) and 

large-pitch (LP) GEMs in a configuration S-LP-LP-S 

•  Optimized HV settings 



HV SETTINGS OPTIMIZATION 

•  “Standard” HV settings used with (e.g. COMPASS) not optimal for low IBF 
•  ΔGEM1 > ΔGEM2 > ΔGEM3     (largest amplification in GEM1 à stability) 

•  IBF optimized settings: 
•  ΔGEM1 > ΔGEM2 ≈ ΔGEM3 << ΔGEM4   (largest amplification in GEM4) 
•  High ET1, ET2          (high electron extraction from the first GEM stages) 
•  Low ET3       (ion blocking) 

Baseline solution (S-LP-LP-S) performance: 
IBF = 0.6-0.7 % 
σE/E  ≈ 12 % for 5.9 keV (55Fe) 
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confirmed by the pulseheight data of a single-wire proportional counter used as reference (left panel).
The wire counter data is used to correct the gain variations of the GEM detector. In Fig. 5.3 the corrected
GEM gain is shown for a period of about 21 hours, just after the gain was increased. Within this time
the corrected gain remains very stable, within 0.45 %, as indicated by the fit of the right panel of the
figure. Thus, no settling time is observed after changing the operating conditions. It should be noted that
a humidity level of about 180 ppm of water was maintained for the entire period.

5.1.3 Results of ion backflow measurements

Baseline solution

A suitable working point in terms of ion backflow and local energy resolution was found by utilizing a
quadruple GEM system in which the foils in layer 1 and 4 have a standard hole pitch (Standard, 140 µm),
whereas the foils in layer 2 and 3 have a hole pitch that is two times larger (Large Pitch, 280 µm). This
arrangement, denoted S-LP-LP-S, allows to block ions efficiently by employing asymmetric transfer
fields and foils with low optical transparency. An increasing sequence of gas gains down the GEM stack
helps reducing the ion backflow since ions created in the inner two layers are blocked more efficiently.
On the other hand, the efficiency for electron transmission, in particular in the first two layers, is also
affected by this configuration. Therefore, a combined optimization with respect to both ion backflow and
energy resolution is mandatory.
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Figure 5.4: Correlation between ion backflow and energy resolution at 5.9 keV in a quadruple S-LP-LP-S GEM in Ne-CO2-N2
(90-10-5) for various settings of DUGEM2. The voltage on GEM 1 increases for a given setting between 225 and
315 V from left to right. The voltages on GEM 3 and GEM 4 are adjusted to achieve a total effective gain of 2000,
while keeping their ratio fixed. The transfer and induction fields are 4, 2, 0.1 and 4 kV/cm, respectively.

In Fig. 5.4 the ion backflow and energy resolution at 5.9 keV obtained with a S-LP-LP-S arrangement are
summarised for various voltage settings, illustrating the competing mechanisms of electron transmission
and ion blocking. The results are obtained in a Ne-CO2-N2 (90-10-5) gas mixture for different com-
binations of DUGEM1 and DUGEM2, and at different ratios DUGEM3/DUGEM4 . Clearly the ion backflow
improves for lower gains at GEM 1 and GEM 2, while the energy resolution deteriorates accordingly.
Typical values of ion backflow around 0.7 % at energy resolutions of ⇠12 % are reached. This per-
formance fulfills the requirements for maximum allowable space-charge distortions and proper dE/dx

ΔUGEM1 

ü   



STABILITY STUDIES  
OF THE 

BASELINE 4-GEM SOLUTION 
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Figure 3.21: Discharge probability of a triple GEM prototype measured for different HV settings (see text). Dashed lines
represent power law function fits. For the fit of the “standard” settings the data point at the highest gain was not
used.

TDR [1]). All available radiation sources (see Sec. 3.2.2) have been used. The gas mixture used in all
measurements is Ne-CO2-N2 (90-10-5) which is the baseline gas mixture for the ALICE TPC upgrade.
In measurements where collimated high-rate alpha sources were used, the alpha particles impinge on the
GEM foils at normal incidence.

Table 3.3 presents discharge probabilities measured with different sources for various quadruple GEM
stack configurations that are optimised for low ion backflow (IB), including the baseline settings for the
S-LP-LP-S stack (IB =0.63%, G=2000, see Sec. 3.1.1). For comparison, the result for a triple GEM
operated with “standard” settings, as extrapolated from measurements at higher gains (see Sec. 3.2.4)
is also shown. Most of the numbers quoted for quadruple GEMs are upper limits for the discharge
probability (indicated by ”<”), which means that during the time of measurement at a given setting no
discharge was recorded.

We find that the upper limit for the discharge probability of the baseline configuration (1.5⇥ 10�10) is
compatible with the result for a triple GEM detector operated in “standard” settings, which is used as a
reference to a system that has proven to work reliably under high-rate conditions. It should be noted that
all quadruple GEM configurations under study are more stable than the triple GEM stack optimized for
low ion backflow. In addition to the baseline solution, the S-LP-LP-S configuration was tested with HV
settings that provide very low ion backflow of IB =0.34% (but a poor energy resolution of 17% for 55Fe).
In Tab. 3.4 the results of a gain scan at baseline settings are shown. No discharge at all was detected
for gains below 4000, i.e. two times the nominal gas gain, which implies sufficient margin for a safe
operation of the detector.

In conclusion, upper limits for the discharge probability in quadruple GEMs that are operated with low
ion backflow settings are compatible with results for triple GEMs in “standard” settings, i.e. settings that
are optimized for operational stability. The results indicate that the addition of a fourth GEM results in a
significant improvement of the detector stability against discharge and recovers the increased instability
induced by optimization for low ion backflow.

The presented results obtained with alpha particles are very promising, however, in many cases only
upper limits could be extracted due to the moderate rate of the available sources. Improvement of the

DISCHARGE STUDIES WITH ALPHA PARTICLES 

•  Different HV settings have been tested with a  

3-GEM configuration 

•  “Standard” à “IBF” 
–  Standard – optimized for stability (COMPASS) 
–  IBF à optimized for IBF (ALICE) 

•  Significant drop of stability while using IBF 

settings with a typical 3-GEM configuration 

 

TPC Upgrade TDR Addendum 27

S-S-S S-S-S-S S-LP-LP-S
‘standard’ HV IB = 2.0% IB = 0.34% IB = 0.34% IB = 0.34% IB = 0.63%

G = 2000 G = 2000 G = 1600 G = 3000 G = 5000 G = 2000
220Rn

⇠10�10 < 2⇥10�6 < 7.6⇥10�7Ea = 6.4 MeV
rate = 0.2 Hz
241Am

< 1.5⇥10�10Ea = 5.5 MeV
rate = 11 kHz
239Pu+241Am+244Cm

< 2.7⇥10�9 < 2.3⇥10�9 (3.1±0.8)⇥10�8 < 3.1⇥10�9Ea = 5.2+5.5+5.8 MeV
rate = 600 Hz
90Sr

< 3⇥10�12Eb < 2.3 MeV
rate = 60 kHz

Table 3.3: Discharge probability measured for different quadruple GEM stack configurations and different radiation sources. As
a reference, the extrapolated result for a triple GEM operated in “standard” settings is also given. All measurements
were performed in Ne-CO2-N2 (90-10-5).

limits by one order of magnitude for the baseline settings at the gain of 2000 would require continuous
operation of the test setup for three months. Therefore, the present measurements are complemented by
discharge rate measurements at a high-rate beam facility. For this purpose, a large-size IROC prototype
was prepared and tested in a hadron beam at the CERN-SPS (see Sec. 4.2).

S-LP-LP-S
IB = 0.63%

G = 1000 G = 2000 G = 3300 G = 4000 G = 5000
239Pu+241Am+244Cm

< 3.1⇥10�9 5⇥10�9 (1.8±1.1)⇥10�8Ea = 5.2+5.5+5.8 MeV
rate = 600 Hz
241Am

< 1.1⇥10�8 < 1.5⇥10�10 < 7.1⇥10�10Ea = 5.5 MeV
rate = 11 kHz

Table 3.4: Gain scan of the discharge probability for the S-LP-LP-S configuration with baseline settings in Ne-CO2-N2 (90-10-
5). The baseline HV settings on all GEMs are scaled by the same factor to vary the gain.

3-GEM 

 

•  4-GEM configuration, 
optimized for energy 
resolution and IBF is 
also stable against 
electrical discharges 

Baseline HV solution for the ALICE Upgrade 

J.
 M

ar
gu

tti
, B

S
c 

th
es

is
, T

U
M

 (2
01

4)
 

ALICE TPC Upgrade TDR Addendum, CERN (2015) 
8 



RATE CONSIDERATIONS FOR RUN 3 

dNch / dη = 500

Typical yearly Pb-Pb run: 106 s 
 
Charged particle multiplicity: 
 
Coverage of the TPC read-out plane: 1η unit 
 
No. particles expected in the TPC at 50 kHz: 500×2×50000×106 = 50×1013 
 
Background: ×2 
 
Number of particles accumulated per stack (1 of 144): 7×1011 per Pb-Pb year 
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STABILITY STUDIES AT SPS (RD51 BEAMTIME) 
with a full-size 4-GEM IROC prototype 

150 GeV/c high intensity pion beam hitting Fe absorber: ~5×1011 particles accumulated  

Discharge probability measured: (6.4±3.7)×10-12 per incoming hadron 

All measured discharges were non destructive! 

Performance similar to standard triple GEMs measured in similar conditions  
(G. Bencivenni et al. NIM A 494 (2002) 156)  

Estimate for RUN3: 
–  650 discharges in the TPC per typical yearly Pb-Pb run 
–  5 per stack 
–  Safe operation guaranteed 
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TPC upgrade
Test beam campaign

 Test beam studies at 
PS and SPS with full-
sized IROC prototype

 dE/dx performance
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DISCHARGE PROBABILITY STUDIES 
- R&D WITH ALPHA PARTICLES -  
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EXPERIMENTAL SETUP 

-  10x10 cm2 GEMs  

(140 um – 240 um pitch, double-mask) 

(CERN, TECHTRA) 

-  Modular setup, no FC 

-  1 – 4 GEM stacks 

-  Adjustable drift gap 

-  Current/discriminator readout 

-  Drift field: 400 V/cm (if not stated differently) 

TPC Upgrade TDR Addendum 19

Figure 3.13: Schematic picture of a typical setup used for the discharge probability studies. Different letters indicate possible
chains to read out the anode signal. See text for more details.

hole is placed which allows for irradiation with a radioactive source perpendicular to the GEM plane.
Both triple and quadruple GEM stacks can be installed for measurements. The setups do not employ
field cages which gives the flexibility to adjust the drift gap length (distance between the cathode and the
GEM stack) continuously between 3 and 71 mm in case of a 4-GEM setup.

The gas gain of the setup for a given HV setting is measured by the usual method of recording the current
at the pad plane and the rate of absorbed X-rays of known energy (a 55Fe source is used). However, while
running the detector with a collimated alpha source installed inside the gas vessel, the gain is measured
via the ratio of the primary ionisation current, created by the alpha particles (and measured at the cathode
with a drift field applied and a top electrode of GEM1 grounded) to the current measured at the pad plane,
after the full amplification. Both methods give comparable results.

The occurrence of a spark in a GEM foil (note that discharges between GEM foils or propagated to the
pad plane were not measured) is detected according to option c) of the readout scheme shown in Fig. 3.13.
The raw signal induced on the pad plane is attenuated (1-31 dB) and then directed into the discriminator
unit. The threshold on the discriminator is set to 1 V to filter out signals induced by alpha particles
(⌧ 1 V) and to trigger on discharge signals with a much higher amplitude (see Fig. 3.14 for example).
Since the raw signals are often modified by oscillations, a gate is created when the discriminator threshold
is exceeded which is then counted by a scaler. In this way, multi-counting of the same signal can be
avoided. It is also possible to split the signal just after the attenuator, using either a passive splitter or a
Fan-In/Out unit, and monitor it on the oscilloscope.

Figure 3.14: A typical signal associated with a spark in a small prototype, recorded by the oscilloscope with a 50 W input
impedance. The saturation effect comes from the electronic module (Fan-In/Out) used in the readout chain.

TPC Upgrade TDR Addendum 21

Figure 3.15: Left: Picture of the mixed nuclide source with typical dimensions. Right: Energies and intensities of the most
abundant alpha particles emitted by the different nuclides. Both pictures were taken from [7].

Collimated 90Sr source

In addition to the alpha sources, a beta emitter was used in the stability studies. The 90Sr source emits
electrons with energies up to about 2.3 MeV at a rate of R⇡ 60 kHz and was mounted outside the detector.

3.2.3 Study of single GEMs

A systematic study of the discharge properties of a single GEM detector was performed. By measuring
the stability of the simplest configuration, including only one GEM foil, the intrinsic stability of the GEM
foil against electrical discharges is decoupled from the influence of other effects, like transfer fields or
charge sharing and spreading between the foils, which may occur in multi-GEM structures. Different gas
mixtures were tested, the gaseous 220Rn source was used for irradiation. Figure 3.16 shows the discharge
probability measured in a single GEM detector in Ne-CO2 (90-10) and Ar-CO2 (90-10). In both cases
the drift gap was set to 33 mm, drift field Edrift = 400 V/cm and induction field Eind = 3 kV/cm. Since
in both mixtures the amount of quencher is the same, the only difference is the mass and atomic number
of the noble gas component. The discharge probability depends strongly on the gas mixture, a higher
discharge probability for a given gain has been measured in Ar-CO2 (90-10). A plausible explanation is
that the range of a 6.4 MeV alpha particle in Ar-based mixtures is almost 40% shorter than in Ne-based
mixtures, and the fact that the Bragg peak is narrower in argon mixtures (see Fig. 3.17d). This results in
higher local charge densities. As a consequence, it is more likely to exceed the Raether limit in Ar-based
mixtures, leading to higher discharge probabilities.

In multi-GEM systems, the influence of transfer fields and a charge sharing between GEM foils may
alter the dependence of the discharge probability on the shape of the Bragg curves, but the total charge
density approaching a single GEM hole should remain an important factor to trigger sparks.

3.2.4 Study of triple GEMs

The discharge probability in triple GEM structures was measured as a function of the gas gain and the
track inclination. To study these effects systematically, the detector was operated at high gains to collect
enough statistics of discharges in a reasonably short time.

“Coin” mixed source 
-  239Pu + 241Am + 244Cm,  
-  5.2 MeV + 5.5 MeV + 5.8 MeV 
-  A = 3 kBq (each) 
-  Rate = 500-600 Hz 

Gaseous sources 
-  220Rn 
-  6.4 MeV 
-  Rate = 0.5 – 15 Hz 
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-  10x10 cm2 GEMs  

(140 um – 240 um pitch, double-mask) 

(CERN, TECHTRA) 

-  Modular setup, no FC 

-  1 – 4 GEM stacks 

-  Adjustable drift gap 

-  Current/discriminator readout 
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Figure 3.15: Left: Picture of the mixed nuclide source with typical dimensions. Right: Energies and intensities of the most
abundant alpha particles emitted by the different nuclides. Both pictures were taken from [7].

Collimated 90Sr source

In addition to the alpha sources, a beta emitter was used in the stability studies. The 90Sr source emits
electrons with energies up to about 2.3 MeV at a rate of R⇡ 60 kHz and was mounted outside the detector.

3.2.3 Study of single GEMs

A systematic study of the discharge properties of a single GEM detector was performed. By measuring
the stability of the simplest configuration, including only one GEM foil, the intrinsic stability of the GEM
foil against electrical discharges is decoupled from the influence of other effects, like transfer fields or
charge sharing and spreading between the foils, which may occur in multi-GEM structures. Different gas
mixtures were tested, the gaseous 220Rn source was used for irradiation. Figure 3.16 shows the discharge
probability measured in a single GEM detector in Ne-CO2 (90-10) and Ar-CO2 (90-10). In both cases
the drift gap was set to 33 mm, drift field Edrift = 400 V/cm and induction field Eind = 3 kV/cm. Since
in both mixtures the amount of quencher is the same, the only difference is the mass and atomic number
of the noble gas component. The discharge probability depends strongly on the gas mixture, a higher
discharge probability for a given gain has been measured in Ar-CO2 (90-10). A plausible explanation is
that the range of a 6.4 MeV alpha particle in Ar-based mixtures is almost 40% shorter than in Ne-based
mixtures, and the fact that the Bragg peak is narrower in argon mixtures (see Fig. 3.17d). This results in
higher local charge densities. As a consequence, it is more likely to exceed the Raether limit in Ar-based
mixtures, leading to higher discharge probabilities.

In multi-GEM systems, the influence of transfer fields and a charge sharing between GEM foils may
alter the dependence of the discharge probability on the shape of the Bragg curves, but the total charge
density approaching a single GEM hole should remain an important factor to trigger sparks.

3.2.4 Study of triple GEMs

The discharge probability in triple GEM structures was measured as a function of the gas gain and the
track inclination. To study these effects systematically, the detector was operated at high gains to collect
enough statistics of discharges in a reasonably short time.

“Coin” mixed source 
-  239Pu + 241Am + 244Cm,  
-  5.2 MeV + 5.5 MeV + 5.8 MeV 
-  A = 3 kBq (each) 
-  Rate = 500-600 Hz 

Gaseous sources 
-  220Rn 
-  6.4 MeV 
-  Rate = 0.5 – 15 Hz 
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DISCHARGE MEASUREMENTS 

-  10 Mohm loading resistance on top side of GEM (if not stated differently) 

-  Resistor chain or independent channels HV supply 

-  P = Nspark/(t*rate) 

Discharge studies with GEM detectors

Abstract

Keywords: GEM, discharges

1. Introduction

GEM foils are commonly known structures used as propor-
tional counters, which permits to obtain high gains at very high
radiation rates. However, highly ionizing particles, which may
be produced during heavy ion collisions, may trigger an elec-
trical breakdown which may result in damage of the foils or
readout electronics.

2. Discharge probability studies with small detectors

So far, the only comprehensive discharge studies in the gas
electron multiplier were reported in [? ] and concern mainly
Ar-based gas mixtures. We performed discharge probability
studies in triple and quadruple GEM structures in Ne- and Ar-
based gas mixtures to find operational conditions for the up-
graded ALICE TPC.

2.1. Experimental setups
2.1.1. Munich
• no field cage

• adjustable drift gap

• shooting with a source through the 8 mm hole in the cath-
ode

• discharge counting by discriminating on a signal induced
at the anode (branch c in Fig. ??).

Figure 1: A typical signal associated with a spark in a small prototype, recorded
by the oscilloscope with a 50⌦ input impedance. The saturation e↵ect comes
from the electronic module (Fan-In/Fan-Out) used in a readout chain. To avoid
multi-counting due to the oscillations of a signal, the gate is created after the
signal exceeds the discriminator level, which is then counted by a scaler.

2.1.2. CERN
• two independent setups

• both including a field cage

• fixed drift length of 80 mm

• Discharge counting by measuring a current at the anode
and triggering on high current spikes associated with a
discharges (branch b in Fig. ??).

• possibility of simultaneous gain monitoring with a high
rate 55Fe source.

Figure 2: Schematic picture of a typical setup used for the discharge probability
studies. Di↵erent letters indicates possible readout chains of the signals induced
at the anode. See text for more details.

2.2. Sources
2.2.1. Gaseous 220Rn source

Rate = 0.5 Hz.
Energy of alpha particles: 6.4 MeV

2.2.2. 90Sr source
Rate = 60 kHz

Energy of electrons: up to 0.546 MeV

Preprint submitted to Elsevier November 9, 2015

Detector ATT 
0 – 40 dB Discr. GATE 

1.2 s 
SCALER 

SCOPE 

FIFO 
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3GEM STUDIES 
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CROSS-CHECK WITH LITERATURE 
F. Sauli et al. NIM A 479 (2002) 294 

•  Low intensity 220Rn source (TUM) 

•  Standard HV settings; 

•  Gain measured with 55Fe 

•  Fairly good agreement 
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shows the results of this measurement, compared to the data obtained for a similar setup using a 241Am
source from [6]. In both cases, the GEM detectors were operated at analogous HV settings, the so-called
standard 3-GEM settings that are optimized for operational stability. This is achieved by a successive
reduction of the gas gain from the first to the last GEM layer (see also Sec. 5.2.4 in the TPC upgrade
TDR [1]). Very good agreement is observed between our results and those from the literature.
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Figure 3.18: Discharge probability as a function of the effective gain for single, double and triple GEM detectors (from [6])
compared to the results obtained with the Munich setup (red points).

Discharge probability measurements in Ne-based gas mixtures

Fig. 3.19 shows the results of a gain scan for two different Ne-based gas mixtures. The measurements
are performed at high gas gains to acquire a sufficient number of sparks with the low-rate 220Rn source
(see Sec. 3.2.2). The detector is operated with the ”standard” HV settings that are commonly used for
triple GEM structures, scaled in order to vary the total gain.

Clearly, the addition of N2 to the gas mixture has a noticeable effect on the discharge behaviour. The
discharge probability observed in Ne-CO2-N2 (90-10-5) is one order of magnitude lower than in Ne-CO2
(90-10). This finding supports the choice of the baseline gas mixture for the upgraded TPC (see Sec. 3
in the TPC upgrade TDR [1]).

Track inclination and track length studies

Sending alpha particles parallel to the GEM stack (in the middle of a 25 mm drift gap) resulted in a 3
orders of magnitude lower discharge probability at a gas gain of 105 than previously measured with the
220Rn source. This suggests that the primary charge density arriving at the GEM holes after drift may
be too low (due to the track inclination and the diffusion) to affect the stability of the detector. Thus,
the measurements were continued with the alpha source placed on the drift cathode, sending the alpha
particles perpendicular to the GEM stack, through the hole in the cathode PCB.

Figure 3.20 shows the discharge probability as a function of the distance dsource between the source and
the GEM stack. The broad plateau clearly indicates that the discharge probability is higher when the
alphas penetrate the GEM foils, or even get stopped there. In this case, the highest local primary charge
densities in a single GEM hole can be reached. When the distance is increased such that the alphas

16 



FOR COMPARISON: CMS RESULTS 
Courtesy of Jeremie Merlin, 16.06.2014, ALICE TPC Workshop 

10x10 GEM reference measurements: discharge probability 

Voltage (V) Current (uA) 

Baseline 

Discharges 

Power supply I/V measurements 

Time (s) 

Ramp Up HV 

Discharge Discharge Discharge 

Source ON 

End of test 

Readout current (pico-ammeter) 

à HV power supply and pico-ammeter not fast/sensitive enough to detect all discharges  17 



FOR COMPARISON: CMS RESULTS 
Courtesy of Jeremie Merlin, 16.06.2014, ALICE TPC Workshop 

10x10 GEM reference measurements: discharge probability 

F. Sauli, NIM A 479 (2002) 294-308  

Triple-GEM (10x10 cm2) 
CERN foils  
Holes: 70µm (Cu) 50µm (Kapton) 
Pitch: 140µm 
double-mask  
 
Source 241Am (2-3 MBq) 
Ar/CO2:70/30 
Gaps:3/1/2/1 (Ceramic Divider) 
+300kΩ HV filter 
 

@Gain=6.105 (3700V/740uA) : ΔVGEM1= 416V    ΔVGEM2= 407V    ΔVGEM2= 389V   

Effective gain 

Discharge probability 
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DEPENDENCE ON GAS MIXTURE 
3-GEM, 220Rn source, Standard HV 

•  Standard HV settings;  

Gain measured with 55Fe 

•  Measurement for TPC gas mixtures: 

Ar-CO2 (90-10), Ne-CO2 (90-10),  

Ne-CO2-N2 (90-10-5) 

•  Different slopes for Ar- and Ne-based 

mixtures.  

•  Clear influence of additional quencher  

•  Measurements at a very high gain 

•  Saturation effects? 

•  Not clear dependence towards lower 

gains 

•  Switch to high-rate source 

 
19 



FIRST RESULTS WITH HIGH RATE SOURCE 
•  First results were very surprising. Measurements in Ne-CO2-N2 (90-10-5) at G=100000 (55Fe) have 

shown factor of 1000 lower discharge probability in comparison to measurements with  220Rn source 

•  This led us to have a closer look at drift (field/gap) dependency 
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discharge probability (2.4 ± 1.4)×10-6 
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DRIFT GAP SCANS WITH STANDARD SETTINGS 
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•  Measurement performed with a mixed source – fixed position and solid angle 
•  Discharge probability drops significantly after d>40 mm in Ar-CO2 and d>60 mm in Ne-CO2-N2 

•  ê - upper limit (no spark measured in a given time) 
•  See: Bragg curves 

•  ALCIE Stability studies with dsource in a plateau region 

24 The ALICE Collaboration
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Figure 3.19: Discharge probability as a function of gain in a triple GEM setup, measured with a 220Rn source in Ne-CO2
(90-10) and Ne-CO2-N2 (90-10-5).

do no longer reach the GEM structure (see also Fig. 3.17), the discharge probability drops by orders
of magnitude. Note that the primary ionization does still reach the GEMs from the drift field in this
case, but this has clearly much less impact on the detector stability. This is due to the fact that the
density of the charge that arrives at the GEM holes is reduced by diffusion and will therefore have less
probability to create a spark. In all following measurements the source distance is adjusted to the position
of the maximal discharge rate in Fig. 3.20, which can then be considered as a worst-case scenario for the
detector stability.
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Figure 3.20: Discharge probability as a function of the distance between the alpha source and the GEM stack. In the measure-
ment, the mixed nuclide alpha source was placed on top of the cathode, sending the alpha particles perpendicular
to the GEM foils. Upper limits for the discharge probability for a given distance are indicated with arrows.

The track inclination and the track length scan indicates that the development of a spark in a GEM foil is



BRAGG CURVES FOR THE MIXED SOURCE 
G4 simulations 

TPC Upgrade TDR Addendum 3

Figure 5.3

been performed for the very high gains of the detector to acquire statistically significant number of sparks
with a low-rate 220Rn source (see Sec. 5.1.2). The HV settings used with the detector were ?standard?
settings (see Sec. 5.2.4 in the TDR), typically used for triple GEM structures, scaled in order to vary the
total gain.

Figure 5.4

One can immediately observe an influence of the different gas mixtures on the results. First of all, slope
of the discharge curves in Ar-based mixtures is steeper than in Ne-based which suggests better spark
quenching at lower gains (although it is hard to predict this dependency in a low-gain region). This
observation is in agreement with a fact, that the amplification in Neon starts at lower fields than in Argon
(higher Townsend coefficient). This would also explain significant increase of stability after the addition
of 5% N2 to the Ne-CO2 (90-10) mixture or increasing the amount of quencher in Ar-CO2.

On the other hand, the effect of the charge density, described in the previous section, seems to be not
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Figure 5.3

been performed for the very high gains of the detector to acquire statistically significant number of sparks
with a low-rate 220Rn source (see Sec. 5.1.2). The HV settings used with the detector were ?standard?
settings (see Sec. 5.2.4 in the TDR), typically used for triple GEM structures, scaled in order to vary the
total gain.

Figure 5.4

One can immediately observe an influence of the different gas mixtures on the results. First of all, slope
of the discharge curves in Ar-based mixtures is steeper than in Ne-based which suggests better spark
quenching at lower gains (although it is hard to predict this dependency in a low-gain region). This
observation is in agreement with a fact, that the amplification in Neon starts at lower fields than in Argon
(higher Townsend coefficient). This would also explain significant increase of stability after the addition
of 5% N2 to the Ne-CO2 (90-10) mixture or increasing the amount of quencher in Ar-CO2.

On the other hand, the effect of the charge density, described in the previous section, seems to be not

- Alpha ranges in Ar- and Ne- based mixtures  
coincide with discharge dependency on drift gap 
 
- Great role of primary charge density! 
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SIMPLE G4 SIMULATIONS 
Simulations of > 4000 events from the mixed source (ED = 0) 

Plot number of electrons liberated at the given distance from the source, integrated over 10x10 cm2 

area (GEM plane) 

 

 

 

 

 

 

 

Shape of discharge curves may already be explained with this simple geometrical studies 
–  Steep slope for Ar-, softer for Ne- 
–  Plateau 

Still few inconsistencies to be understood and solved. 

TPC Upgrade TDR Addendum 5

Figure 5.6

Figure 5.7

As mentioned before, all the measurements were performed using so-called ”standard” HV settings, in-
herited from COMPASS[] experiment, which were optimised for the stability of the triple GEM detectors.
In such a HV configuration, the highest amplification occurs in the first (top) GEM in a stack. However,
the amplification order in HV settings optimised for the ion backflow is usually reversed, which means
that the highest amplification takes place in the last (bottom) GEM foil. In such a case, high density of a
primary charge arriving at the stack, may be spoiled by the charge spread between subsequent GEMs. In
order to check if ....

The systematical studies the discharge probability in triple GEM detectors shows the importance of ...

5.1.5 Studies with quadruple GEM setups

In a scope of a TPC upgrade we studied the stability against electrical discharges of a 3- and 4-GEM
detectors. The stability of a baseline solution (S-LP-LP-S) was tested with a high rate (600Hz) alpha
source. No discharge has been observed after registering ¿3E8 particles. This sets a upper limit of
discharge probability at 3.1E-9 per alpha particle. This value is 2 orders of magnitude lower than one
established in an independent measurement for a triple GEM detector, using HV settings optimized for a
minimum IBF.

Very preliminary 
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Figure 3.19: Discharge probability as a function of gain in a triple GEM setup, measured with a 220Rn source in Ne-CO2
(90-10) and Ne-CO2-N2 (90-10-5).

do no longer reach the GEM structure (see also Fig. 3.17), the discharge probability drops by orders
of magnitude. Note that the primary ionization does still reach the GEMs from the drift field in this
case, but this has clearly much less impact on the detector stability. This is due to the fact that the
density of the charge that arrives at the GEM holes is reduced by diffusion and will therefore have less
probability to create a spark. In all following measurements the source distance is adjusted to the position
of the maximal discharge rate in Fig. 3.20, which can then be considered as a worst-case scenario for the
detector stability.
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Figure 3.20: Discharge probability as a function of the distance between the alpha source and the GEM stack. In the measure-
ment, the mixed nuclide alpha source was placed on top of the cathode, sending the alpha particles perpendicular
to the GEM foils. Upper limits for the discharge probability for a given distance are indicated with arrows.

The track inclination and the track length scan indicates that the development of a spark in a GEM foil is
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130×
130× (v ∆t) µ 3

α ν = 0.2

σx,y = D
√
∆z

σz = D
√
∆z

∆t ≈ 100 z
∆z = v ∆t v

Appendix B

2D simulated plots

Figure B.1: 2D plot of the spatial distribution of the created electrons, that are
normalized per incoming event, within the GEM structure: from top left (10 mm
distance from source) to bottom right (55 mm distance) in 5 mm steps.

45

NEXT STEPS 
Ongoing – more results soon!  

Plot number of high ionization clusters as a function of drift gap; add drift and diffusion; 1GEM measurement! 

 

 

 

Electron density maps (e-/mm2) for mixed source in Ar-CO2 (90-10) for 
different distances between SRC and 10x10 cm2 GEM. ED = 0 

PRELIMINARY d = 15 mm 

d = 55 mm 
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DISCHARGE PROBABILITY VS. DRIFT FIELD  

trons is in a fairly good agreement with the shape of discharge
curves in Fig. ??. Curves obtained for Ne-based mixtures show
similar plateau region and a smooth, decreasing slope toward
large distances. In case of Ar-based mixtures, a rather sharp
drop of the curve has been reproduced however in case of dis-
charge studies, it is observed at the larger distance of 50 mm.
This discrepancy may be explained by additional influence of
the drift and di↵usion of electrons in the drift field present in
the real experiment.

Nevertheless, the track inclination and the drift gap scan
indicates that the development of a spark in a GEM foil is influ-
enced mainly by the total charge in the single hole rather than
total charge integrated over the whole foil area.

Figure 8: GENAT4 simulations of the charge liberated in a detector by alpha
particles from the mixed nuclide source. The number of electrons has been in-
tegrated for di↵erent distances between the source and the GEM plane within
the 10x10 cm2 area corresponding to the active area of a GEM foils in the pro-
totype.

2.5.3. Influence of a drift field
The influence of the drift field (ED) on discharge behaviour

of a triple GEM detector has been checked by measuring the
discharge probability in with the mixed nuclide source shoot-
ing perpendicular to the GEM plane from a distance of 9.5 mm.
Figure ?? shows the results of the measurement. One immedi-
ately sees an interesting e↵ect, that the discharge probability is
non-zero even for ED = 0. This is consistent with the previous
observations. At the distance of 9.5 mm, most of the alpha par-
ticles have a chance to penetrate the GEM plane, thus liberate
the charge in the closest vicinity of the GEM hole, which may
lead to the creation of a spark. There is no significant change
in the discharge probability between the drift field values of 0
and 100 V/cm. Then, increasing drift field up to 400-500 V/cm,
one observes the sudden increase of discharge probability by a
factor of 5̃0. After this value, the discharge probability reaches
a plateau. The shape of the distribution may be explained in
several ways. First of all, at low drift fields the recombination
of the electron-ion pairs from the primary ionisation may take
place, thus leading to the decreased amount of charge approach-
ing the amplification region. The recombination is lower, or

completely insignificant at higher fields. Secondly, one should
consider the gas properties such as drift velocity and di↵usion
(both longitudinal and transverse) for the di↵erent values of ED.
The di↵usion may influence the spread of a charge approaching
the GEM foil. Higher di↵usion means that the charge is shared
between GEM holes which e↵ectively lower the probability of
exceeding the Raether’s limit in a single hole. Concerning the
drift velocity, in it increases with a drift field up to 600 V/cm,
where it saturates [? ]. At lower drift velocities, primary elec-
trons may be lost in a drift volume due to the attachment to
the oxygen atoms resulting, as in case of the recombination, in
lower charge arriving at the GEM stack.
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Figure 9: Discharge probability as a function of a drift field measured in with
the mixed nuclide source, shooting from a distance of 9.5 mm perpendicular to
the GEM foils.

2.5.4. Di↵erent HV settings
As mentioned before, all the measurements were performed

using the so-called ”standard” HV settings, inherited from COM-
PASS[] experiment, which were optimised for the stability of
the triple GEM detectors. In such a HV configuration, the high-
est amplification occurs in the first (top) foil in a stack. How-
ever, the amplification order in HV settings optimised for the
is usually reversed, which means that the highest amplification
takes place in the last (bottom) foil. In such a case, high den-
sity of a primary charge arriving at the stack, may be spoiled
by the charge spread between subsequent GEMs. In order to
check this possibility the drift gap scan has been performed for
the di↵erent HV settings applied to the stack. Figure ?? shows
again the results obtained for standard settings in mixture for
various lengths of the drift gap. For comparison, measurements
of discharge probability were performed at the drift lengths of
40, 50 and 60 mm, for the ”reversed” HV settings (where the
amplification order is reversed with respect to the ”standard”
configuration, keeping the transfer fields the same) and the set-
tings optimised for the lowest (in addition to the ”reversed” so-
lution, value of the second transfer field ET2 is substantially
lower). In all cases, a drop of the discharge probability for the
drift gaps longer than 40 mm can be observed which is related
to the range of alpha particle in a given gas mixture. However,
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ß Measurement in Ar-CO2 (90-10) with 9.5 mm drift gap. 

Gain = 30000 (55Fe); standard HV settings 

 

Dependence of discharge probability on a drift field ED 
–  gas properties (drift velocity, diffusion) 
–  Primary electron recombination at low ED 
–  Attachment 
–  Others? 

Non-zero probability for ED = 0 

 

All R&D with ED = 400 V/cm (ALICE) 
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SETTINGS
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

-810

-710

-610
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-410

-310

Standard HV; G=6000; 40 mm

Reversed HV; G=5000; 40 mm

 HV; G=5100; 40 mmT2Low E

IBF HV; G=5100; 40 mm

FIELD SCAN WITH HIGH RATE SOURCE 
•  Standard, Reversed, Low ET2, “IBF” 

•  Comparison at G=5000-6000, drift gap: 40 mm; gas: Ar-CO2 (90-10) 

•  Results à similar to 220Rn; significant increase of probability toward IBF settings 

•  Focusing effect of low ET2 enhances discharge probability? 
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DRIFT GAP SCAN FOR DIFFERENT SETTINGS 

•  Gas: Ar-CO2 (90-10) 

•  Influence of high charge deposition still visible 

•  Drop of probability at d > range less steep (at least for IBF settings)  

– influence of IBF settings, reversed amplification order, low ET2 27 
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1GEM STUDIES 
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DISCHARGE PROBABILITY FOR DIFFERENT GAS MIXTURES 

•  Ne-CO2 (90-10) more stable than Ar-CO2 

(90-30) 

•  high charge density at a single GEM hole  
–  consider Bragg peaks 

•  In principle, discharge curves follow the 

hypothesis of charge density 

•  Additional factors (e.g. gas properties: drift 

velocity, diffusion for a given ED) may influence 

the final numbers 
–  May be more significant in multi-GEM 

structures 

TPC Upgrade TDR Addendum 3

Figure 5.3

been performed for the very high gains of the detector to acquire statistically significant number of sparks
with a low-rate 220Rn source (see Sec. 5.1.2). The HV settings used with the detector were ?standard?
settings (see Sec. 5.2.4 in the TDR), typically used for triple GEM structures, scaled in order to vary the
total gain.

Figure 5.4

One can immediately observe an influence of the different gas mixtures on the results. First of all, slope
of the discharge curves in Ar-based mixtures is steeper than in Ne-based which suggests better spark
quenching at lower gains (although it is hard to predict this dependency in a low-gain region). This
observation is in agreement with a fact, that the amplification in Neon starts at lower fields than in Argon
(higher Townsend coefficient). This would also explain significant increase of stability after the addition
of 5% N2 to the Ne-CO2 (90-10) mixture or increasing the amount of quencher in Ar-CO2.

On the other hand, the effect of the charge density, described in the previous section, seems to be not
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ED AND EIND CONSIDERATION (Ne-CO2-N2) 

•  Slight dependence on ED (drift, diffusion) 

•  P≠0 also for ED<0 à high ionization close to a GEM hole 

•  No dependence on EI 

Chapter 5 Discharge studies

Figure 5.3: Discharge probability plotted against the drift field for different induction
fields

Since the gain was slightly linearly correlated to the drift field, and also linearly but
a bit stronger to the induction field, one expects also a dependence on the discharge
probability. So the discharge probability in dependence on ED is represented in
figure 5.3. From which one sees, that the discharge probability is constant with
changing drift field. Maybe one could argue, that for lower induction field, there is
a slight shift towards a higher discharge probability. This could be explained by a
higher extraction of the electrons out of the GEM hole, and thus less are guided to
the bottom side of the GEM, as discussed for the gain in subsection 4.3.3. A quite
surprising result can be seen from the two points at negative drift field. Which is
counter intuitive, since one expects no discharges if no electrons arrive at the GEM
hole to get amplified, which was shown in subsection 4.3.3. This is also why the
discharge probability against the induction field was monitored for a negative drift
field.

The summary for the induction field scan at different drift fields is shown in
figure 5.4. Here one can see, that the discharge probability is also constant and thus
independent on the induction field. There is also no change for different drift fields
visible. Except the above mentioned drop for negative drift fields which is lower
then excepted. First of all, this can be explained with the possibility, that the 220Rn
source can decay randomly inside the active volume and thus also just above or

36

5.2 Measurements with the gaseous 220Rn source

Figure 5.4: Discharge probability plotted against the induction field for different
drift fields

inside a GEM hole. An additional explanation can be found if one have a look at
the thorium decay chain in figure 3.8. Where one can see, that 220Rn decays via
Polonium in 212Pb which is a unstable lead isotope with a half life of roughly 10.6 h
which then decay again. Since lead is laying on the GEM foil when it decays, it
could trigger another discharge, even for negative drift fields.

5.2.3 Rate of discharges

To determine if the results are biased by other effects which trigger a discharge such
as cosmics or a broken foil, measurements was done without 220Rn. To get rid of
the remaining 220Rn inside the detector when measuring without the source it was
always flushed at least for more than 12 h without source. In order to see all the
effects which could trigger discharges without any radioactive source inside, the
measurements was carried out with Standard Settings.

Moreover, to make sure, that this is not an effect coming from the gas, the mea-
surements are done in Ne-CO2-N2 (90-10-5) and Ar-CO2 (70-30). But to check this,
one needs to introduce the discharge rate

DR ⌘ Ndisch
t

(5.3)
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5.2 Results and comparison to the TDR addendum

Figure 5.1: Discharge probability measured in a single GEM setup with a gaseous
220Rn source in ArCO

2

(90-10)

Figure 5.2: Reference data of the Technical Design Report for Upgrade of the ALICE
Time Projection Chamber citetwentyfour

27

1-GEM: S VS. LP 

•  Comparison of discharge curves (220Rn source) for Standard (140 um) and Large Pitch (280 um) foils 

•  Different detector (42 mm drift, field cage) 

•  Different foils à nice agreement with previous 1GEM measurement 

•  No significant difference between S and LP à for higher gains discharge probability factor ~2 larger in LP 

à larger pitch, higher charge density per hole? 
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SUMMARY OF DISCHARGE PROBABILITY STUDIES 

-  Extensive R&D on GEM stability for the ALICE TPC upgrade launched 

-  Stability of the baseline solution for the upgraded TPC (4-GEM optimized for IBF) 

comparable to the “standard” 3-GEM configuration. Tests with alphas and at the SPS. 

-  Discharge studies with single- and multi-GEM structures point to the charge density 

hypothesis as a main contribution to the spark induction 

-  Try to reproduce measurements with a simple G4 simulation of alpha energy loss in 

detector medium – work ongoing 

-  Studies continue 
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DISCHARGE PROPAGATION STUDIES 
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POWERING SCHEME FOR GEM-ROC FOR THE ALICE TPC UPGRADE 

-  GEM1: not segmented side facing Central Electrode (drift volume) 
•  Minimize distortions in case of a shortened segments 
•  Minimize distortions at the chamber edges (functionality of a Cover Electrode) 

-  GEM2,3,4: segmented side facing Central Electrode 

-  CONCERN: DISCHARGE PROPAGATION AFTER SPARK IN GEM1 
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SETUP 

•  Standard GEM (CERN, 140 um pitch, double mask) 

•  Alpha source (Pu, Am, Cm) shooting through a 

7 mm diameter hole in a 1.5 mm thick PCB cathode 

•  Rate = 569 ± 3 Hz 

•  Gas mixture: Ar-CO2 (90-10) 
•  Learn and debug the system 
•  Define thresholds 
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SRC 

•  Also resistor chain supply 

•  HV settings (SF=100%): 
•  Edrift = 400 V/cm (constant) 
•  ΔV = 399 V 
•  EIND = 3006 V/cm 

RGND RGND 



EFFECTIVE GAIN 

Measured using Ianode/Iprimary  technique (with alphas) 

Fair agreement with other 1GEM setups we used 
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DISCHARGE PROPAGATION 
Methodology 

- Increase ΔV and observe “normal” (GEM) discharges. 

- Slowly increasing EIND, at some point one starts seeing propagated discharges. 

- Amplitude of a propagated discharge ~order of magnitude higher than “normal” one. 

- Large signal can be associated with a spark development between GEMBottom and padplane. 

Experiment: 

- ΔV = 403 V (SF=101%), ~40 dB attenuator 

- GEM discharge amplitude: ~300 mV 

- Propagated discharge amplitude: ~3 V 

- Count GEM and propagated discharges 

 - UTHR-GEM = 150 mV 

 - UTHR-PROP = 1 V 

- Save waveforms and measure signal details 

 - amplitude, shape, width, 

  time of occurrence 

 - photography, LV script in preparation 
37 



COMPARISON TO LITERATURE 

as seen in Fig. 15. For this measurement, and to
limit the signal induction due to capacitive
couplings, small groups of strips in the readout
board were connected to the recording oscillo-
scope, properly terminated. In the case of a
standard non-sectored 10! 10 cm2 GEM, the
detected pulse has an amplitude of around 2V,
and corresponds to about 4 nC of collected charge,
generally considered harmless for the electronics.

The flow of charge is larger by more than an
order of magnitude in the case of a fully
propagating spark, see Fig. 16. The released
energy in this case is determined by the capaci-
tance between the read-out board and the lower
GEM electrode, around 50 pF, and the operating
voltage (1.6 kV); it corresponds to about 50 nC.

The probability for a GEM discharge to evolve
into a full discharge to the anodes depends both on
the induction field strength and on the energy of
the primary discharge, as shown in Fig. 17 that
provides the fraction of propagating discharges.
The four dashed lines labeled ‘‘Sectors Up’’ are an
eye fit through measurements made on a detector
having the sectored GEM (the second of two in
cascade) with the partitions towards the drift
electrode. A propagating discharge in this case
takes place between the anode plane and the full
lower GEM electrode. Thanks to the power supply
scheme used for segmented electrodes, with
individual protection resistors (see Section 2), a

discharge in the multiplier results only in a small
(10%) increase of the field in the induction gap.
The upper, or transfer field, is of course locally
increased, but this does not affect the downward
propagation probability.

The two unconnected points (open symbols)
provide instead the propagating discharge prob-
ability measured inverting the last GEM, with the
four sectors facing the anodes; the noticeable raise
in discharge probability is consistent with the
sudden increase of the induction field during the
discharge due to the resistor protection scheme.
This suggests the addition, whenever possible, of a

Fig. 15. Discharge signals on anodes for increasing GEM
capacitance, obtained by grouping one to four sectors.

Fig. 16. Anode signal for a fully propagating discharge.

Fig. 17. Discharge propagation probability as a function of
induction field for a sectored GEM.

S. Bachmann et al. / Nuclear Instruments and Methods in Physics Research A 479 (2002) 294–308 303
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DISCHARGE PROPAGATION 
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-  Clear separation of both curves.  

-  Onset of propagation for field values below Townsend amplification 

points to the streamer mechanism 

-  Propagation probability depends on primary spark energy (ΔVGEM) 

-  In case of a spark in a flipped foil, UBOT increases towards UTOP, 

thus EIND goes up resulting in enhanced probability of full propagation. 
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Figure 3.2: Radial and azimuthal distortions for four gas mixtures as a function of r at z = 0, where the distortions are largest.
The parameter e is defined in Eq. (4.2).

In the anticipated configuration of our GEM system rather large transfer fields are used. However, at
fields around 4 kV/cm amplification starts in Ne-CO2, as shown in Fig. 3.3, which reduces the ion back-
flow performance and also reduces the stability. An increased concentration of CO2 rapidly decreases
the drift velocity unless the field cage voltage is increased beyond its certified limits. The addition of N2
alleviates both issues as shown in the figure and explained in [1].
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Figure 3.3: Effective Townsend coefficient for three gas mixtures as a function of the electric field strength. The onset of gain
is shifted by 1 kV/cm by the admixture of N2 to the neon mixture. For the argon mixture it is substantially higher.

The base gas mixture is therefore Ne-CO2-N2 (90-10-5). The basic properties of the most interesting gas
mixtures is summarized in Tab. 3.1.

Gas Drift velocity Diffusion coeff. Eff. ionization Number of electrons per MIP
vd DL DT wt energy Wi Np (primary) Nt (total)

(cm/µs) (
p

cm) (
p

cm) (eV) (e/cm) (e/cm)

Ne-CO2-N2 (90-10-5) 2.58 0.0221 0.0209 0.32 37.3 14.0 36.1
Ne-CO2 (90-10) 2.73 0.0231 0.0208 0.34 38.1 13.3 36.8
Ar-CO2 (90-10) 3.31 0.0262 0.0221 0.43 28.8 26.4 74.8
Ne-CF4 (80-20) 8.41 0.0131 0.0111 1.84 37.3 20.5 54.1

Table 3.1: Properties of a few gas mixtures used in modern TPCs. The diffusion coefficients are evaluated at 400 V/cm.
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PROPAGATION TIME 
Time between primary and propagated discharge 

-  Finite propagation time; clear dependence on EIND 

-  Points to the electron/ion streamer mechanism of propagation? (photon mechanism 

would be immediate) 
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ΔV DEPENDENCE 
Ar-CO2 (90-10), RL = 10 MΩ, INDEP. HV,  RGND-T/B = 5/10 MΩ 

-  Slight dependence on EIND 

-  Absolute value at 415 V biased by 1.2 s gate after a discharge signal (dead time) à underestimated 
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ΔV DEPENDENCE 
Ar-CO2 (90-10), RL = 10 MΩ, INDEP. HV,  RGND-T/B = 5/10 MΩ 

-  No significant dependence on ΔV in this narrow range (403-415 V, SF = 101 – 104%) 
-  discharge rate too low for SF < 101 % or too high for SF >104% 
-  Discharge propagation should depend on the energy of a primary spark: 

Ecapacitor = ½ C×ΔV2 
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LITERATURE 
Primary spark energy dependence 

C studies (F. Sauli et al.) 

-  1 sector (x nF) – propagation onset @ 9.5 kV/cm 

-  4 sectors (4x nF) – propagation onset @ 7 kV/cm 

-  Visible probability spread for 4x or 2x larger 

capacitance (à energy) 

 

ΔV studies (this work): 

-  (415 V)2/(403 V)2 = 1.06 

-  Too small differences to see anything? 

-  What about RL, RGND used in a setup? 

as seen in Fig. 15. For this measurement, and to
limit the signal induction due to capacitive
couplings, small groups of strips in the readout
board were connected to the recording oscillo-
scope, properly terminated. In the case of a
standard non-sectored 10! 10 cm2 GEM, the
detected pulse has an amplitude of around 2V,
and corresponds to about 4 nC of collected charge,
generally considered harmless for the electronics.

The flow of charge is larger by more than an
order of magnitude in the case of a fully
propagating spark, see Fig. 16. The released
energy in this case is determined by the capaci-
tance between the read-out board and the lower
GEM electrode, around 50 pF, and the operating
voltage (1.6 kV); it corresponds to about 50 nC.

The probability for a GEM discharge to evolve
into a full discharge to the anodes depends both on
the induction field strength and on the energy of
the primary discharge, as shown in Fig. 17 that
provides the fraction of propagating discharges.
The four dashed lines labeled ‘‘Sectors Up’’ are an
eye fit through measurements made on a detector
having the sectored GEM (the second of two in
cascade) with the partitions towards the drift
electrode. A propagating discharge in this case
takes place between the anode plane and the full
lower GEM electrode. Thanks to the power supply
scheme used for segmented electrodes, with
individual protection resistors (see Section 2), a

discharge in the multiplier results only in a small
(10%) increase of the field in the induction gap.
The upper, or transfer field, is of course locally
increased, but this does not affect the downward
propagation probability.

The two unconnected points (open symbols)
provide instead the propagating discharge prob-
ability measured inverting the last GEM, with the
four sectors facing the anodes; the noticeable raise
in discharge probability is consistent with the
sudden increase of the induction field during the
discharge due to the resistor protection scheme.
This suggests the addition, whenever possible, of a

Fig. 15. Discharge signals on anodes for increasing GEM
capacitance, obtained by grouping one to four sectors.

Fig. 16. Anode signal for a fully propagating discharge.

Fig. 17. Discharge propagation probability as a function of
induction field for a sectored GEM.
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INFLUENCE OF RL AND RGND 

-  No significant influence of the resistors values 

-  Same onset of propagation for both (TOP/BOT) configurations 

-  RL quenches the discharge, limits the current flowing from the PS, but do not influence the energy of a 

primary discharge, thus propagation probability 

0 

0.2 

0.4 

0.6 

0.8 

1 

3000 3500 4000 4500 5000 5500 6000 

pr
op

ag
at

io
n 

pr
ob

ab
ili

ty
 

EIND (V/cm) 

407 V, 10M (TOP), GND 5/10 

407 V, 10M (BOT), GND 5/10 

403 V, 1M (TOP), GND 5/10 

407 V, 1M (TOP), GND 2/3.3 

407 V, 10M (TOP), GND 2/3.3 

407 V, 10M (BOT), GND 2/3.3 

407 V, 5M (TOP), GND 5/10 

407 V, 5M (BOT), GND 5/10 

44 



RESISTOR CHAIN 

•  In case of a resistor chain (IRC = 0.5 mA) the propagation onset is shifted 

by750-1000 V/cm towards higher fields for the standard orientation 

•  No (significant) change for the flipped option (onset at ~4 kV/cm) 
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9 nF TO GND 
•  To simulate an 80m HV cables 9 nF capacitors to GND were added in each HV channel. 

•  Two scenarios: RL TOP or BOTTOM 

•  Two HV supply systems: Independent (grounded with RGND-T/B = 5/10 M) channels and resistor chain 

•  10k decoupling resistor in case of the electrode connected directly to HV (see indep. channels) 

•  No decoupling resistance in R-Chain “flipped” scenario (a mistake!) 
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9 nF TO GND 
•  Many trips à low stat. Propagation probability may be overestimated; onset should be well described 

•  RL on TOP: 
•  Independent channels: propagation starts with 100 – 150 V/cm lower fields 
•  R-chain: no influence of additional capacitance 

•  RL on BOT: 
•  Independent channels: onset of propagation at ~200 V/cm lower fields 
•  R-chain: onset of propagation at ~500 V/cm lower fields!! No decoupling resistance? 
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SUMMARY OF DISCHARGE PROPAGATION STUDIES 

-  Discharge propagation studied in Ar-CO2 (90-10) for many HV configurations 
-  Discharge probability depends on gain (obviously) 

-  Propagation probability depends on energy of the primary discharge (only?) 
-  No differences observed for  different ΔV (small variations studied) 

-  No differences observed for different RL, RGND 

-  Higher propagation threshold when using R-Chain and RL on top 

-  Lower propagation threshold when adding C-to-GND (additional energy stored 
in the system) 

-  In parallel: SPICE simulation of different HV supply systems to understand the tripping 
behavior 

-  OUTLOOK: studies in Ne-CO2-N2 for the evaluation of the final ROC design 
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BONUS 
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GEM FOIL 

•  Hundreds (thousands?) of sparks 

•  Hundreds of propagated discharges 

•  “Repeated” discharges 

•  Many mistakes: 
•  Trip only one channel 
•  Set wrong ΔV (>500 V) 

•  Ileak < 100 pA 

•  Stable gain 
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DISCHARGE CINEMA 
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