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Abstract

We have studied the charge and breakdown limits of Microstrip Gas Counters (MSGC’s) with two different
preamplification structures: the Gas Electron Multiplier (GEM) and the Parallel-Plate Avalanche Counter (PPAC). It
was found that in both cases the breakdown limit was increased by 1—2 orders of magnitude compared to the bare MSGC
and that this was due to the spreading of the primary electron cloud during pre-amplification. This spreading reduces the
charge density in the final MSGC avalanche, permitting much higher total gains before streamers form. The real practical
gain limitations in these two-stage detectors arose not from sparking, but from a loss of proportionality due to space
charge effects. ( 1998 Elsevier Science B.V. All rights reserved.

1. Introduction

As was shown in our previous papers [1—3],
gain-limiting breakdown in MSGCs is caused by
surface streamers, which, because of their attach-
ment to the substrate, are unquenched and once
started transit rapidly to sparks. This limits the
maximum achievable gains in conventionally de-
signed MSGCs to about 104. It was thus concluded
that the substrate represented a weak point and
that in optimized designs, in which the role of
substrate was reduced, one could achieve much
higher gains [2].

A different approach to increasing the MSGC
gain was proposed in Ref. [4], where a new pre-
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amplification structure — The Gas Electron Multi-
plier (GEM) — was suggested. The combination of
GEM and the MSGC (GEM#MSGC), where the
GEM is used to preamplify the charge signal before
it enters the MSGC, permitted much higher total
avalanche charges before sparking appeared [5].

We have studied the achievable gain limits in
MSGCs combined with the GEM. We present our
findings, and as a direct result of these encouraging
measurements, we have also investigated an alter-
native approach using a Parallel-Plate Avalanche
Counter (PPAC) as a preamplification front end for
the MSGC.

2. Experimental set up

Our experimental set up is shown schematically in
Fig. 1 and consists of a test chamber inside of which

0168-9002/98/$19.00 ( 1998 Elsevier Science B.V. All rights reserved.
PII: S 0 1 6 8 - 9 0 0 2 ( 9 8 ) 0 0 6 4 9 - 4



Fig. 1. Schematic drawing of the test chamber.

was installed a “detector” and, directly above it,
a “preamplification structure”. As preamplification
structures both the GEM and a PPAC were tested.
The GEM was obtained from CERN, Switzerland,
and had a 10]10 cm2 active area. The specifics of
its geometry are described in detail in Ref. [5]. The
PPACs were assembled from two round frames
with inner diameters of 5 cm. On the top of each
frame a metallic mesh, of 90% optical transpar-
ency, was stretched and glued. Two PPACs were
tested: one with a 3 mm gap between the meshes
and the other with a 1.5 mm gap.

As detectors, we tested not only MSGCs, but
also a Multiwire Proportional Counter (MWPC),
and the PPACs described above. Two different
MSGCs were used, the first (MSGCd1) having
a straight 1 mm anode pitch over its whole active
area and the other (MSGCd2) having a split pat-
tern, one half with 200 lm pitch and the other with
a 400 lm pitch. The 1 mm pitch unit had 20 lm
wide anodes and was fabricated by IMT, Switzer-
land, to a design described in Ref. [6]. The
200/400 lm pitch unit had 10 lm wide anodes and
was manufactured by Max Levi, USA, to a design
described in Ref. [7]. In some MSGC measure-
ments neighboring anode strips, that were normally
all connected, were separated from the group and
connected to individual preamplifiers. The MWPC
detector was made from a plane of 20 lm diameter
anode wires, on a 2 mm pitch, sandwiched between
two orthogonal planes of 0.7 mm-diameter cathode
wires, also on a 2 mm pitch. Its active area was
2]3 cm2.

The distances between the preamplification
structure and the detector was between 4 and
10 mm, depending on the particular measurement.
The drift region, above the preamplification struc-
ture, was variable between 1 and 5 cm. Measure-
ments were performed in various Ar and Xe-based
mixtures at pressures from 0.1 to 1 atm. As in Ref.
[1], Fe55 (6 keV), Cd109 (22 keV), an X-ray gun
(6 keV photons) and alphas were used to produce
primary ionization. To enable visual recording of
the streamers, the test chamber was equipped with
a transparent window (see details in Ref. [2].)

3. Results

3.1. GEM#MSGC and GEM#M¼PC

Our measurements with the GEM preamplifica-
tion structure coupled to both microstrip detectors
and multiwire counters, GEM#MSGC and
GEM#MWPC, confirmed the results obtained in
Ref. [5]. As an example, Fig. 2 shows the total gain
on the MSGC vs. the voltages applied to the
MSGC and GEM, measured with Fe55. One can
clearly see that when preamplification is used, the
total overall gain (or total avalanche charge) in the
MSGC, before breakdown, increases dramatically.
Similar results were obtained with the MWPC. At
high GEM gains, the overall system gains were so
large that space charge effects in the MSGC ava-
lanche were the performance-limiting factor. These
results, the total gain increase and the onset of
space charge effects, were confirmed in various Ar
and Xe-based mixtures at pressures from 0.1 to
1.5 atm. In Ar-based mixtures, at low pressures, the
space charge effect was, however, much less pro-
nounced. Typical energy resolutions with GEM
were around 19—20% FWHM at 6 keV at very low
gas gains ((5) degrading to around 22—25%
FWHM at higher gains.

While in full agreement with others, the overall
gain results are somewhat surprising. It is well
known [3] that the transition of avalanches to
breakdown-forming streamers depends mostly on
the total charge in the avalanche or, to be more
precise, on the charge density. A large increase in
total charge, must therefore be accompanied by
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Fig. 2. Total gain vs. voltages for MSGCd1# the GEM pre-
amplification structure measured with Fe55. The gas mixture
was Ar # CH

4
(5%) at 1.05 atm. The numbers near the curves

correspond to the voltages applied to GEM. The distance be-
tween the GEM and the MSGC was 10 mm.

a correspondingly large decrease in total charge
density to avoid breakdown conditions.

3.1.1. The effects of preamplification on the charge
cloud size

In an attempt to understand the resulting charge
densities under preamplification conditions, we
performed calculations of diffusion for a GEM-like
multiplication geometry (see Fig. 3 and the Appen-
dix). These calculations indicated that the primary
electron charge cloud may experience a strong dif-
fusion in the GEM structure, resulting in a much
lower charge density for the preamplified signal.

As an independent check, we also performed
measurements of diffusion of the primary electrons
when undergoing preamplification. In these
measurements, the X-ray (iron-K) beam from
a generator was collimated with a slit 6 cm long
and 100 lm wide. To minimize divergence of the
beam, and diffusion of the charge cloud before
preamplification, the drift and absorption gap was
kept at a practical minimum, in this case 10 mm.
For similar reasons, the transfer gap, between the

Fig. 3. Calculated evolution of the electron cloud for a constant
field (a) and for a GEM-like focusing—defocusing field (b). The
focusing factor is 10 (see the appendix for more details.) The
dashed lines represent field lines. The solid line at y"0 defines
the center of the drifting electron cloud. The other solid lines
denote the boundary of the diffused cloud.

preamplification structure and the detector was
kept to just 4 mm for this set of measurements.
With this geometry, the effective X-ray-beam width
was estimated to be less than 200 lm.

Three sets of measurements were performed. In
the first set, the signal was taken from a single
anode strip and the collimated (Fe K) X-ray beam
was scanned normal to the anode. In these
measurements we attempted to align the GEM’s
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Fig. 4. (a) Number of counts as a function of the beam position for a threshold 15% below the maximum peak height (1). Curves (2) and
(3) correspond to the cases where the GEM and the PPAC were used as preamplification structures, both at effective gains of 50.
Measurements were done in P10 gas at 1.05 atm. The MSGC d2 with a 200 lm pitch was used and the gap between the GEM/PPAC
and the MSGC was 4 mm. (b) The same as in Fig. 4(a), but for a threshold of 25% below the maximum anode peak height. (c) Number of
counts for three neighboring strips for a fixed collimated beam position using the 400 lm section of MSGCd2 with the GEM positioned
4 mm above it. The gas mixture was again P10 at 1.05 atm. The dashed lines represent two independent runs without the GEM. The
solid line, with the GEM preamplification.

holes parallel to, and centered on the microstrip
anodes. To register the events, the MSGC with the
200/400 lm pitch was used. When the X-ray beam

illuminated a particular strip, the pulse-height
spectra from this strip contained the rather broad
main line at 6.4 keV and the argon escape peak at
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3.4 keV. When the beam was moved some distance
away to neighboring regions the pulse-height
spectra from the strips contained only the argon
fluorescent lines at 3 keV. To avoid measuring this
fluorescent feature, scalar thresholds 15% and 25%
below the maximum peak height were set and
events counted as a function of beam position.
Results of these measurements are presented in
Fig. 4(a) and Fig. 4(b). In spite of some misalign-
ments, one can see that after multiplication in
GEM the electron cloud becomes larger, although
the effects are somewhat masked by additional
broadening due to the beam width and the initial
charge cloud size. In the second set of measure-
ments the position of the collimated beam was fixed
and signals were taken from three neighboring
strips with the scaler threshold once again adjusted
15% below the maximum signal amplitude.
Fig. 4(c) shows the results of these measurements.
Depicted are the number of counts from two neigh-
boring strips for two conditions; with and without
preamplification in GEM. These results are in
agreement with those obtained in the first set of
measurements, and show an increase in charge-
cloud size after preamplification, of roughly 15%.
This measured profile, however, is a convolution of
the cloud size and the beam width, and hence
corresponds to a proportionally larger increase in
charge cloud size. A best estimate of this is around
a factor of two.

Since the above two sets of measurements rejec-
ted many events due to the necessarily high thre-
shold cuts, and were thus strictly speaking not true
diffusion measurements, we also performed a third
set using a more standard approach. Here, we mea-
sured the time duration of the current pulse, pro-
duced by 6 keV X-ray photons, with and without
preamplification by the GEM structure. For these
measurements, the MSGC detector was replaced
by a PPAC with a 3 mm gap (GEM#PPAC)
which allowed operation at gains high enough to
measure current pulses. All the measurements were
done in Argon #10% Methane at a total pressure
of 1 atm. The gap between GEM and the PPAC
was held, for practical reasons at &1 cm.The pulse
durations measured were 25 and 12 ns FWHM,
with and without GEM preamplification, respec-
tively, and while it is very difficult to determine

precise longitudinal extents from these data, they
nevertheless indicate a substantial additional
spreading of the charge cloud after multiplication
in the GEM

Now, it is known that, at low gains, avalanches in
MSGCs and MWPCs start to develop close to the
strips or wires, typically at a distance comparable
to the electrode diameters [8,9]. Therefore, typical
avalanche sizes in both MSGCs and MWPCs, are
a few tens of microns. In this case a small diffusion
of the primary electron cloud, say around 100 lm,
will cause a spreading of the avalanches compara-
ble to their sizes and as a result the charge densities
will drop noticeably. In the case of PPACs, how-
ever, the avalanche size is much greater. Our esti-
mates, based on diffusion models [9,10], predict
avalanches on the order of 200—300 lm rms at
1 atm, in agreement with published data [11—13].
In this case, the additional broadening due to pre-
amplification will have a much smaller effect on the
overall charge density, so that one can expect that
preamplified PPACs will show little improvement
in gain characteristics. To test this, measurements
were performed with the GEM#PPAC combina-
tion.

3.2. GEM#PPAC

The GEM#PPAC combination was now used
to explore its gain characteristics. At first, the
PPAC gain was kept relatively low so that the effect
of increasing the gain in the GEM structure could
be carefully explored. Here, Fe55 was used as
a source of ionization. Then, for a given GEM gain,
the voltage on the PPAC was slowly increased until
breakdown appeared. By measuring the current
pulse from the PPAC just before breakdown, one
can calculate the total charge deposited in the ava-
lanche.

The results of measurements with the GEM
#PPAC are presented in Fig. 5. One can see that
in spite of multiplication in GEM there is no big
increase in the total collected charge in the PPAC
detector. This confirms qualitatively our expecta-
tions, that spreading of the charge cloud by the
GEM does not noticeably affect the charge density
in the final (PPAC) avalanche, and that the overall
gain, therefore, is not noticeably increased.
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Fig. 5. Total charge in the avalanches (in electrons) at which
breakdowns appear, in the 3 mm gap PPAC detector, as a func-
tion of GEM preamplification gain. Measurements were done
with Fe55 in Ar # CH

4
(5%). The distance between the GEM

and the PPAC was &1 cm.

3.3. PPAC#MSGC

As was found with the GEM # MSGC and
discussed above, a large overall charge would also
be expected for the PPAC-amplified MSGC. Our
measurements fully confirm this assumption. Fig. 6
shows the total charge collected on the MSGC, as
a function of the voltages on the MSGC and
PPAC. No MSGC breakdowns were observed dur-
ing these measurements at high PPAC gains, the
plotted limit being set by strong charge saturation
only. Indeed, provided the MSGC voltage was kept
below 760 V (Fig. 6), then no breakdowns would
ever be observed, and any desired gain could be
achieved simply by increasing the effective pre-
amplification. Breakdowns appeared at total gains
'106 but in the PPAC rather than the MSGC.
This is because only part of the charge is extracted
from the PPAC in to the MSGC, so its gain is also
igh (see discussion for more details). It is known
that the transparency of meshes for electron clouds
is proportional to the ratio of the field on both
sides. In our case, this field ratio was typically 3%
and so the transparency was of the same order. The

Fig. 6. Total gain vs. voltage for the PPAC (3 mm gap)
#MSGC d1 configuration in Ar#CH

4
(5%) at 1.05 atm. The

numbers near the curves correspond to the voltages applied to
the PPAC. The distance between PPAC and MSGC was 10 mm.

design of our test chamber prevented this from
being increased significantly. We were not able to
reduce the gap between PPAC and MSGC to less
than 4 mm and our HV feed-through could not
withstand voltages more than 5 kV. This limited
the available transfer field and hence the effective
transfer ratio.

Comparing Figs. 2 and 6, it can be seen that the
overall gain with the PPAC-preamplified MSGC is
about factor of 3 higher than with GEM. A key
factor may be the relatively large distance over
which avalanches form in the PPAC, which would
be expected to give a correspondingly large in-
crease in charge cloud size, relative to GEM. This
in turn would provide a significant additional
lowering of the charge density in the MSGC and
a correspondingly higher gas gain.

To investigate this, we performed diffusion
measurements with a PPAC as a preamplification
structure. These measurements were performed in
a similar way to the GEM measurements described
in Section 3.1.1, and the results are presented in
Fig. 4. One can see that the cloud spread is indeed
larger than in the case of GEM.
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Fig. 7. Pulse-height spectrum from the MSGC d1 with the
PPAC (3 mm gap) as a preamplification structure. The distance
between PPAC and MSGC was 10 mm. (b) Energy resolution
vs. total gain for MSGC d1 (1, 2) and for MSGC d1 with
a PPAC (3 mm gap) as a preamplification structure (3, 4). For
curves (1) and (3) the gas mixture is P10. For curves (2) and (4),
the gas mixture is Xe # Isobutylene (3%). Total pressure in all
measurements was 1.05 atm, and the input energy was 5.9 keV.

We also studied the breakdown limits of the
preamplified MSGC in the presence of alpha par-
ticles. In these measurements the alphas were
collimated perpendicular to the PPAC mesh and
entered the drift region 5 cm above the PPAC. An
effective “preamplification” of charge passed to the
MSGC from the PPAC of &10 could be achieved

before sparking appeared in the PPAC. Reducing
the drift space proportionally increased this gain as
it reduced the amount of charge that enters.

Fig. 7 shows the resulting energy resolution of
the MSGC coupled to the PPAC preamplification
structure. Remarkably good resolution was ob-
tained (15% FWHM at 5.9 keV), even up to very
high gains, and was approximately equal to that of
the PPAC alone at the same total gain.

Finally, we also tested a PPAC with a smaller
gap. The distinct advantage of this approach is its
lower operating voltage, but unfortunately worse
energy resolution (&19% at 6 keV) was obtained
probably due to poorer control of geometrical inac-
curacies. Its overall gain performance was the same
as the larger gap device.

4. Discussion

Our previous study [14] showed the limitation in
maximum achievable gains in microstrip-type de-
tectors. In small pitch ((1 mm) detectors with
substrates, this maximum is around 104 whereas in
designs without substrates, this maximum could
reach 105. In both cases (with and without substra-
tes), limitations came from streamers which appear
at some critical charge density in the avalanches. It
is unfortunately quite difficult to restrict streamer
development. They appear when the space charge
of the avalanche starts to disturb the external elec-
tric field. In this case, photoelectrons produced by
avalanche emission tend to collect in the remaining
ion cloud, starting new avalanches, and this con-
tinuous process leads to streamer formation (see
Ref. [3] for more details).

A way to significantly reduce this effect, as we
have seen above, is by using preamplification
structures to force diffusion of the primary charge
cloud and permit higher gains at lower charge
densities. However, as one can see from Fig. 2, in
spite of this one cannot eventually avoid space
charge effects and this puts an ultimate limit on
the maximum collected charge of 2]105 in the
GEM#MSGC configuration, after which a
significant deviation from proportionality appears.
This limit, &2]105, was typical for all
mixtures tested at pressure of 1 atm. In the case
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of the PPAC # MSGC, Fig. 6 shows that a higher
overall gain was obtained &106, and this was due
to the fact that the PPAC structure gives higher
diffusion than GEM.

One of the drawbacks of the PPAC as a pre-
amplification structure is its previously mentioned
low electron transparency. This problem is well
known from the experience of exploring two-step
PPAC amplification, where studies showed that the
transparency is proportional to the ratio of the field
outside to that inside the PPAC. In our case, the
field ratio was 3% and the resulting transparency
was on a similar level. It is well established that
breakdown in PPACs occurs at a total charge of
108 [15]. This gives a primary-charge-dependent
limitation on the maximum achievable gain in the
PPAC. For example, for 6 keV photons, the max-
imum achievable gain will be &106 and for alphas
&103. Since the transmission of our PPAC was
a few %, a maximum “preamplification” gain of the
PPAC is around 104 for 6 keV and &10 for alphas
and other heavily ionizing particles.

It is known that PPACs can give very good
energy resolutions, typically around 15% FWHM
at 5.9 keV. Since at low MSGC gains the injected
charge from the PPAC dominates the amplification
statistics, the energy resolution of the PPAC#

MSGC is similarly good (see Fig. 7).
It is interesting to compare the PPAC and GEM

preamplification structures. Certainly GEM has
a lot of advantages. It is a convenient and flexible
structure which operates at very low voltages and
has good transparency for electron clouds [5].
Conversely, the PPAC can give higher overall
gains, provide superior energy resolution, operate
at higher rates and is undamaged by sparks. Its
drawbacks are the higher voltages needed for op-
eration and the careful design necessary to ensure
the parallelism of electrodes over the whole active
area. As the transparency of the PPAC can be
increased through higher field ratios, the high
achievable overall gain is probably the most impor-
tant feature of the PPAC#MSGC combination,
since it then requires only one step of preamplifica-
tion. In this heavily preamplified case, the MSGC
may serve mainly for position measurements and
may be replaced by any strip structure. Other pre-
amplification structures may work equally well

though, and our short-term plans include evalu-
ation of MICROMEGAS [16,17].

Finally, we should note that the PPAC was used
earlier as a successful preamplification structure
for wire chambers [18,19]. Results obtained
in Ref. [19] were very similar to ours with the
MSGC: higher gains and much better energy
resolutions were achieved compared with the bare
MWPC.

5. Conclusion

Our previous study showed the fundamental lim-
itations on maximum achievable gas gains in
microstrip-type detectors. For conventional de-
signs with substrates this is around 104 while for
designs without substrates, 105 is possible. In this
study, the addition of preamplifying structures was
found to dramatically increase these values (up to
106), to a point where space-charge non-linearities
were the dominant limitations. An additional bene-
fit of greatly enhanced energy resolution at high
gains was found for the case where the microstrip
gas counter was preamplified by a parallel plate
avalanche chamber.
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Appendix A

If we denote by n(P, t) the density of free electrons
in a gas then its evolution is given by the electrons
transport and diffusion equation

Ln

Lt
"S!+ ) (n�)#D+ 2n, (A.1)

where P"(x, y, z) is the position vector,
�(P)"(v

x
, v

y
, v

z
) is the velocity field, D is the elec-

trons diffusion coefficient and S is a source term
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given by

S(P)"aD�Dn,

a being the first Townsend coefficient.
We are interested in the solution of this equation

in the presence of a focusing or defocusing velocity
field. To keep the problem simple we will consider
a few physically reasonable simplifications that will
allow us to derive an analytical solution:

(1) The velocity field is linearly approximated in
the volume of interest,

�(P)"V
0
#JP,

(J is the Jacobian matrix of � with respect to P) and
J is diagonal, taking � the form

v
u
(P)"»

0u
#J

uu
u, u"Mx, y, zN.

A material particle moving in this velocity field will
follow the curve P

0
(t)"(x

0
, y

0
, z

0
), with

u
0
(t)"Au0#

»
0u

J
uu
Bexp(J

uu
t)!

»
0u

J
uu

, u"Mx, y, zN.

(2) The source term is considered to be constant
over the volume of interest and equal to its value at
P
0
, becoming then a function of t only.

S"S(t).

(3) The initial cloud is of a Gaussian shape with
its center at position P

0
(t"0).

Under the above simplifications Eq. (A.1) is sep-
arable and its solution is given by

n(P, t)"N
0
s(t)g

x
(x, t)g

y
(y, t)g

z
(z, t);

with

s(t)"expAP
t

0

S(q) dqB,

g
u
(u, t)"

exp(!p(u!u
0
)2/B

u
)

JB
u

, u"Mx, y, zN,

B
u
(t)"AB0u

2pD

J
uu
Bexp(2J

uu
t)!

2pD

J
uu

, u"Mx, y, zN.

The usual Gaussian parameter p is given by

p"JB/2p and N
0

is the initial number of elec-
trons.

For Fig. 3 the following physical parameters
were used:

»
0x
"5 cm/ls »

0y
"»

0z
"0, S"0;

J
xx
"0,D"0.1 m2/s,J

yy
"J

zz
"0 for Fig. 3(a) and

J
yy
"J

zz
"$57 ls~1 for Fig. 3(b),

corresponding to a constant (saturated) velocity
along the x-axis and a focusing (J

yy
(0) or defocus-

ing (J
yy
'0) effect along the y- and z-axis. The

linear diffusion parameter is p
0
"200 lm/Jcm.
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