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Abstract. Gaseous Electron Multipliers (GEM) are well known for stable operation at high particle fluxes. We
present a study of the intrinsic limits of GEM detectors when exposed to very high particle fluxes of the order of
MHz/mm?. We give an interpretation to the variations of the effective gain, which, as a function of the particle
flux, first increases and then decreases. We also discuss the reduction of the ion back-flow with increasing
flux. We present measurements and simulations of a triple GEM detector, describing its behaviour in terms
of accumulation of positive ions that results in changes of the transfer fields and the amplification fields. The
behaviour is expected to be common to all multi-stage amplification devices where the efficiency of transferring

the electrons from one stage to the next one is not 100%.

1 Introduction

Gaseous Electron Multipliers (GEM) [1] are known to
maintain stable gains when exposed to 6 keV X-ray fluxes
of at least 10° Hz/mm? for a single stage device operated
at a gain of about 10? [2], and at least 10° Hz/mm? for
double stage devices operated at a gain of 2x10* [3]. For
triple stage devices it was observed that at high fluxes of
soft X-rays the effective gain as a function of the flux first
increases and then decreases [4l]]. This effect was assumed
to be due to space-charge effects resulting in field distor-
tions in the detector. Considerable efforts have been made
to reduce the back-flow of positive ions into the conversion
volume of multi GEM detectors to reduce space-charge in-
duced field distortions [3][[6]. Further studies [[7] show a
decrease of the ion back-flow of a triple GEM detector due
to ion space-charge when exposed to high X-ray fluxes.
In sections Rland 3] we will explain the experimental setup
and methods used. Section [ contains measurements and
models describing the observed effects. Conclusions and
outlooks are found in section[3

2 Experimental setup

A standard triple GEM detector with double-conical holes
of 70 um (50 um) outer (inner) hole diameter and pitch of
140 um in an active area of 10 x 10 cm? is used. The drift
gap is 3 mm long, all other gaps are 2 mm in length. A
schematic representation of the detector is shown in fig-
ure [[I All electrodes of the detector are powered either
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Figure 1: Schematic representation of the setup.

by resistor divider (results in figure [2)) or individually (re-
sults in figure [3)) using high current resolution power sup-
plies with a resolution of 50 pA for all stages. The drift
cathode is powered individually for all results discussed in
the following sections. The read-out anode is read with
a pico-amperemeter (Keithley 6487) with a resolution of
approximately 5 x 107> times the monitored current. To
facilitate event by event measurements of the signals, a de-
coupling capacitor of 2.2 nF connects the bottom electrode
of the third GEM to a charge pre-amplifier (ORTEC 142)
and a shaper (ORTEC 572) chain connected to a Multi-
channel Analyzer (AMPTEK MCA-8000D). The detector
is continuously flushed with an Ar/CO, 70/30 gas mixture
at SL/h. Collimated 8keV X-rays of about 1 mm? beam
diameter generated by a copper X-ray tube are used to pro-
duce the primary ionisation charges of approximately 290
primary electrons in the conversion volume. The X-ray
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flux is adjustable by changing the X-ray tube intensity or
using calibrated attenuators.

3 Experimental methods

The observed effects are checked to be unrelated to global
effective gain variations, e.g. due to changing of ambient
parameters. A reference position P, is continuously
irradiated with an Fe-55 source. The peak position of the
5.9 keV peak in the pulse height spectra is continuously
monitored when the shutter of the X-ray tube is closed.
All electrodes are powered for at least one hour before
starting the measurements to ensure stability of the
currents monitored. Charging-up effects [8] are excluded
as the origin of the observed behaviour by waiting until
the currents /;,, and the peak position of the 8 keV peak
in the pulse height spectra are stable after starting the
irradiation at low flux, and by repeated measurements
going from low to high X-ray flux and vice versa. The
currents collected at the drift cathode, GEM electrodes
and read-out anode are calculated as I; = I;on — Ipeamofsys
by measuring the currents Ipeqmoryr, taking into account
the charge collected when the detector is continuously
exposed to low flux X-ray of the Fe-55 source as well
as leakage currents from electrodes to ground, and /;,,
during irradiation with high X-ray fluxes of the Cu X-ray
tube.

The effective gain is calculated as G.ry = I4/(Rnye)
with the current I, collected at the read-out anode, the
estimated interaction rate R, the number of primary elec-
trons n, ~ 290 for the gas mixture used and the electron
charge e. The ions per primary electron are calculated
in a similar way as G;,, = Ic/(Rnpe) with the current
Ic collected at the drift cathode. The ion back-flow is
defined as the ratio /IBF = Ic/I, of the currents collected
on cathode and anode.

4 Measurements

As shown in figure [2] the effective gain, as a function of
the X-ray flux is stable up to a few kHz/mm? for the nom-
inal effective gain studied. Increasing the flux results in
a slight rise of effective gain, which becomes prominent
when increasing the flux above a few hundred kHz/mm?.
When reaching a flux of about 1 MHz/mm? the effective
gain reaches a peak before decreasing significantly at a
flux of the order of 10 MHz/mm?>.

The number of ions per primary electron show an inverse
behaviour up to 1 MHz/mm?, with the value decreasing.
When the effective gain reaches the peak and start decreas-
ing again, the ions further decrease, with the slope of the
curve getting flatter with increasing X-ray flux.

The ion back-flow starts decreasing significantly when
the effective gain increases. At a flux of the order of
4 x 10° Hz/mm?, the ion back-flow reaches a plateau.

The observed change in effective gain is strongly depen-
dent on the nominal effective gain of the detector (Fig. ).
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Figure 2: Dependence of the effective gain, the number
of ions per primary electron, and ion back-flow on flux
of 8 keV X-rays for a nominal effective gain of approx.
7x10% in Ar/CO, 70/30 gas mixture.
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Figure 3: Dependence of effective gain on 8 keV X-ray
flux for nominal effective gains of 5x10°, 10* and 2x10*.

Since the effect is related to the charge density in the detec-
tor, increasing the nominal effective gain will lead to the
appearance of the observed effects at lower particle fluxes
while a decreased gain will shift the effect towards higher
fluxes.

The behaviour of the triple GEM detector is simu-
lated using the Finite Element Analysis software package
COMSOL Multiphysics® [9]. The electron and ion distri-
butions in the detector are described macroscopically by
numerically approximating the solutions of a set of partial
differential equations of second order: the drift and dif-
fusion equations for electrons and ions, and the Poisson
equation for the potential distribution. Electron transport
coefficients are computed using Magboltz 8.97 [10], and
the amplification is calculated with the Townsend coef-
ficient corrected for Penning transfer [11]]. The ion mo-
bilities are taken from [12]. A two-dimensional axial-
symmetric geometry is used to simulate the effect in a
triple GEM detector. The modelled GEMs therefore only
contain a single GEM hole, with the holes of all three
GEMs perfectly aligned.
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Figure 4: Computation of the field distortions in the
transfer gaps for X-ray fluxes of 0.1 MHz/mm? (red),
1 MHz/mm? (green) and 10 MHz/mm? (blue) along the
hole axis. The nominal fields are 2 kV/cm in the Drift
gap and 3.5 kV/cm in the other gaps.
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Figure 5: Computation of the ion concentrations in the de-
tector for X-ray fluxes of 0.1 MHz/mm? (red), 1 MHz/mm?
(green) and 10 MHz/mm? (blue) along the hole axis.
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Figure 6: Computation of the ion charge density close to
the bottommost GEM for X-ray fluxes of 0.1 MHz/mm?
(left), 1 MHz/mm? (center) and 10 MHz/mm? (right) along
the hole axis.

The ions created in the GEM holes during the elec-
tron avalanches drift upward into the transfer and conver-
sion volumes. The dynamic equilibrium of production and
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Figure 7: Computation of effective gain and number of
ions per primary electron for different X-ray fluxes at a
nominal effective gain of approx. 5x10°.

evacuation results in an accumulation of positive ions in
these volumes. This leads to a steady space-charge dis-
tribution that modifies the electric field. For increasing
X-ray flux the fields get distorted in a way that the fields
close to the top of the GEM electrodes are reduced and
the fields close to the bottom electrodes are increased (fig-
ure[d)), with the nominal field as the average over the length
of the gap. The effect becomes stronger for each succes-
sive stage of amplification, with the smallest distortion in
the Drift gap and the largest in the Transfer 2 gap. The
distortions in the Induction gap are minimal due to an ab-
sence of ions in this region.

The electron collection and extraction efficiencies of a
GEM are strongly dependent on the fields applied above
and below the GEM, respectively ]. This results in two
effects: first, both the collection and extraction efficiencies
for electrons are increased. With the efficiencies for elec-
trons not being 100% for the nominal fields applied, this
results in an observable increase in effective gain up to the
point where the collection and extraction efficiencies reach
100%. Secondly, at the same time the collection and ex-
traction efficiencies for ions are decreased. This leads to
a significant reduction of the ion back-flow. Effective gain
and ions per primary electron for the simulations are cal-
culated as already described in section Bl As can be seen
in figure[7] the simulations are semi-quantitatively compa-
rable to the measurements shown in figure 21

After reaching the effective gain peak at approximately
1 MHz/mm?, space-charge effects in the amplification re-
gions become dominant. With the ion extraction decreas-
ing significantly, the ions start accumulating close to the
top of the GEM holes. Due to the presence of the ions the
fields are further decreased, additionally reducing the ion
extraction. Ions generated during an avalanche are now
accumulating in great number in the GEM holes, thus re-
ducing the fields and decreasing the effective gain of the
detector. This effect is simulated and can be seen in fig-
ure[3l At the same time the transfer fields are modified in
a way, such that the evacuated ions get collected by the top
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electrode of the GEM in increasing number, leading to a
reduced ion back-flow. This effect can be seen in figure 6]
While the effects described are observed in all stages of the
triple-GEM detector, the last GEM foil is the one dominat-
ing the behaviour of the detector.

5 Conclusions

Space-charge effects for high fluxes of 8 keV X-rays in a
Ar/CO, 70/30 gas mixture were studied. At high particle
flux ion space-charge modifies the transfer fields and the
amplification fields such that, as a function of the flux, the
effective gain first increases and then decreases. The ion
back-flow is decreasing with increasing particle flux. The
field distortions are dependent on the flux and the nominal
effective gain of the detector. Increasing the nominal ef-
fective gain leads to the appearance of the observed effects
at lower X-ray flux while a decreased gain shifts the effect
towards higher flux. The effects are modelled for stan-
dard triple-GEM detectors and quantitatively understood.
Further systematic studies of the energy resolution will be
soon published elsewhere.
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