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Abstract

Triple-GEM chambers, so far used in the inner region of the M1 muon station, are the ideal candidates
to replace the MWPCs in the regions where, after the upgrade, the particle rate will be as high as
2 MHz/cm?. Testing the triple-GEM efficiency and time resolution with different gaseous mixtures
is therefore a significant step in evaluating the expected performance of the muon system after the
upgrade scheduled in 2018, when the luminosity at LHCb will reach 2 x 103 ecm~2s~1.

In this note, the study of the GEM efficiency and time performance is presented. Two gas mixtures are
used for the measurements: Ar/CO,/CF, 40:55:5 and 45:15:40. A preliminary simulation of the gas
mixtures properties is performed using the software GARFIELD, focusing on electron drift velocity
and specific ionization. Several measurements of efficiency and time performance of the triple-GEM
were then made by means of cosmic rays by changing the detector electric fields and the voltages
across the GEM foils. The experimental results agree with the computed simulation: with the 5 % CF,
gas mixture a detection efficiency in a 25 ns time window of about 80% is reached, while the 40 % CF,
gas mixture permits the triple-GEM to reach more than 90 % efficiency at moderate voltages.
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1 Introduction

The LHCb muon system [1, 2, 3] is composed by 5 rectangular stations (M1-M5) along the beam axis.
Each station is divided into 4 regions (R1-R4) equipped with MWPCs. In the central region (R1) of
the M1 station, where the particle flux is higher, 12 triple-GEM detectors are used [4]. During the
last years of LHCb operation, GEM chambers have shown remarkable rate capability and high aging
resistance, and are the natural candidates to constitute the future inner region of the muon system,
after the upgrade scheduled in 2018.

So far, the triple-GEM detectors were operated with a gas mixture containing 40% of CF,, different
from the one in use for the MWPCs, where this component is 5%. If it will be possible to operate
the entire muon detector with a single gas mixture after the upgrade, the gas system will be unique
and the costs will therefore be reduced. Testing the triple-GEM efficiency and time resolution with
different gaseous mixtures is therefore a significant step in evaluating how to upgrade the muon
system when the luminosity in LHCb will reach 2 x 1033 em~2s~!. For this purpose, a triple-GEM
detector was tested with the two gas mixtures currently in use at LHCb: the mixture so far used in the
GEM chambers and the one used in the MWPCs.

2 The triple-GEM detector

A Gas Electron Multiplier (GEM) is made by a 50 ym kapton foil, clad on each side with a 5 pm copper
layer and perforated with a high density of channels. By applying a voltage difference between the
copper sides, a high electric field is generated into the holes (Figure 1 left), which act as multiplica-
tion channels. A triple-GEM detector consists in three GEM foils sandwiched between an anode and
a cathode, as shown on the right of Figure 1, filled with a suitable gas mixture. The primary electrons
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Figure 1 Left: schematic view and typical dimensions of the hole structure in the GEM amplification
cell with electric field lines (solid) and equipotential lines (dashed). Right: cross section of a triple-GEM
detector.

generated in the drift gap are multiplicated by passing through the three GEM foils, and induce a sig-
nal on the anode pads. In this layout, high gain (i.e. high electrons multiplication) can be reached with
relatively low voltages across the GEM planes, therefore reducing the discharge probability. Suitable
choices of the electric fields between the GEM planes permit to operate in a high efficiency region with
a fast response, even at the high particle flux encountered in M1R1.

3 The tests with cosmic rays

Performance analysis of the triple-GEM detector were conducted with cosmic rays, at the Sapienza
University of Rome. Several measurements were taken using two gas mixtures with the following
volume percentages:
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* Ar/CO,/CF, 40:55:5 (named A gas mixture),
* Ar/CO,/CF4 45:15:40 (named B gas mixture),

so far used in the LHCb MWPCs and GEMs, respectively. The gases are contained in premixed gas
bottles.

3.1 The experimental setup

The experimental setup is sketched in Figure 2. An aluminum structure houses two 1.5 m long scintil-
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Figure 2 The experimental setup.

lator paddles and a 10 x 10 cm? scintillator. The coincidence between these detectors gives the trigger
signal to the DAQ. A lead filter was used to select penetrating particles. Two large MWPCs are used
to reconstruct the muon direction and to select vertical tracks. For a complete description of the ex-
perimental setup, see [8, 9, 10, 11].

3.2 The triple-GEM chamber under test

In the LHCb muon system, couples of GEM chamber are logically ORed to ensure the desided de-
tection efficiency. The detector in test is made by only one triple-GEM chamber. The anode plane is
segmented in pads following a chessboard texture where each pad is 1 x 2.5 cm? wide. The signals
are read-out and discriminated by means of the CARDIAC-GEM Front-End Board (FEB) [12]. Each
FEB manages 8 pads from the tested GEM chamber, for a total of 64 active channels (i.e. 1/3 of the
GEM total active surface). Figure 3 shows the instrumented GEM and its acquired area. The FEBs are
controlled by mean of a service board using I2C protocol. A specifically designed VisualC software
permits the setup of the boards (e.g. thresholds setting, channel masking) and the noise rate monitor-
ing.

4 Gas simulation with GARFIELD

The main request for the muon chambers at LHCb is a high detection efficiency in the bunch crossing
time window (25 ns). Thus, beside to a high overall efficiency, the detectors must ensure a good time
performance, which in the GEM chamber is related to the statistics of clusterization in the drift gap.

For a minimum ionizing muon traversing the GEM, the number of ionization clusters produced in
the drift gap follows a Poissonian distribution, with a mean value that depends on the gas mixture.
Therefore, the distance x of the ionization cluster closer to the first GEM follows the probability distri-
bution P(z) = ne~"*, with o(x) = 1/n, and n being the number of ionization clusters per unit length.
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Figure 3 Photo of the tested GEM chamber. On the right, the acquired pads; each group of 8 pads is
read by one FEB.

If the first cluster is always detected, the detector time resolution would be o(t) = 1/nvgy; . Thus,
to improve time resolution, a gas mixture with large clusterization and high drift velocity should be
used.

The software GARFIELD [5] is employed to perform a simulation of the two gas mixtures involved
in the experimental study, focusing on the clusterization (n) and the electron drift velocity (varif:).
To study the specific clusterization caused by a minimum ionizing muon traversing the gas, muons
that vertically traverse a 3 mm gap are generated, under a 3 kV/cm electric field. The mean number of
clusters produced per track is n4 = 46, 4 clusters/cm for the 5% CF, mixture (Figure 4) and np = 57,4
for the 40% CF, mixture (Figure 5).
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Figure 4 Distributions of the number of clusters and number of electrons per track in the A gas
mixture.
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Figure 5 Distributions of the number of clusters and number of electrons per track in the B gas
mixture.

Figure 6 (left) shows the simulated electron drift velocity as a function of the electric field: the larger
CF,4 component leads to a higher drift velocity, resulting in a faster detector response. By combining
the aforementioned results, Figure 6 (right) shows the o(t) term, representing the statistical contri-
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Figure 6 Simulated drift velocity for the two Ar/CO,/CF, mixtures. On the right, statistical contribution
to the time resolution.

bution to the time resolution. This quantity sets a limit to the time resolution of gap-based gaseous
detectors, as previously described. It can be observed that for an electric field value of about 3 — 4
kV/cm, which are typical values for the field in the GEM drift gap, the larger CF, percentage in the
gas mixture is expected to allow better time performance of the detector.

5 Experimental measurements

In order to study the performance of the triple-GEM chamber with the two gas mixtures and to check
the results of the simulation, several measurements were taken with cosmic rays. In each data taking
run, 20000 events were acquired. The signal arrival times were recorded by a 128 channel TDC and
the data were subsequently analysed by using a specific ROOT [6] program.

Figure 7 shows typical time spectra of the triple-GEM chamber: their width is an indicator of the
chamber time resolution.
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Figure 7 Response time spectra of the GEM chamber, in the electric configuration F; = 3.0 kV/cm
Eyn = Ep = 3.0 kV/em E; = 5.0 kV/cm with a total tension of Viem = Vgem1 + Vgema + Vgems = 1315
V. On the left, the spectrum is measured with the A gas mixture, while the right spectrum is obtained
with the B mixture. The time is measured in TDC registers where 1 reg = 0.8 ns.

5.1 Measurements with the Ar/CO,/CF, 40:55:5 mixture

A first set of measurements was taken by using the A gas mixture. The detection efficiency is measured
varying the voltage applied to the GEM foils. The increase of the sum of the voltages (Vyem = Vyem1 +
Vgem2 + Vgems) leads to a higher signal amplification, i.e. a higher gain. As can be observed in Figure
8 (left), the efficiency settles on a plateau at € ~ 95% when Vi, > 1270 V.

page 5



Analysis of the performance of GEM chambers for the upgrade of the LHCb muon system Ref: LHCb-14-2015

Public Note

Issue: 1

Efficiency

0.

©

0.9

Efficiency in 25 ns

0.

©

08 0

0.

=)

H\\‘HH‘\\H‘HHTHH‘HH‘HH‘H

0.7,

L L L B B B B B

—e— Ed=4.0 kV/cm 0% L
0.6
= 0.4 i
—— Ed=3.0 kV/cm
ol Lo Lo Loy Loy 1oy L 0 Lo b e Ly | P I
1200 1220 1240 1260 1280 1300 1320 2 25 3 3.5 4 4.5
Vgem (V) Edrift (kV/cm)

Figure 8 Left: detection efficiency as a function of the total voltage applied over the 3 GEM foils, for
E; =3 kV/ecm and 4 kV/cm. Right: measured 25 ns efficiency as a function of £y, at Ve, = 1255 V.

5.1.1 Optimization of the detector electric fields

A detailed analysis of the GEM performances is carried out in order to find the optimal values of the
chamber electric fields. In this work, the voltage on the GEM foils is kept to an intermediate value
of Vgem = 1255 V, where the sensitivity to efficiency variations is higher: in a region of saturated
efficiency, fluctuations would be barely observable.

The drift field In Figure 8 (right), a systematic study on the effect of the drift field value is shown. As
one can expect from the GARFIELD simulation, the increase of the drift field from 3.0 to 4.0 kV/cm
leads to a faster electron drift, which in turns leads to better detector time performance: the 25 ns
efficiency increases, reflecting the trend seen in Figure 6. On the other hand, the detection efficiency
is quite unaltered. Note that setting a too high electric field value prevents the field lines in the gap to
match up with the GEM field lines, leading to electron defocussing effect and therefore to inefficiency.
As a results of this analysis the drift field was set to 4 kV/cm.

The transfer fields For values above 2 —3 kV/cm, transfer fields do not alter the GEM performance
in a significant way, as can be seen in Figure 9. We therefore fix E;; = Ei2 = 3.0kV/cm = E;.
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Figure 9 Left: efficiency as a function of E;. Right: 25 ns efficiency as a function of E.

Increasing the field in the transfer gaps causes electron clouds to drift faster: Figure 10 (left) shows
the mean time shift caused by higher transfer field values. The behaviour of the response time and
the total time anticipation (12.8 ns) are well compatible with the simulated drift velocities and a 3
mm total path for the two transfer gaps. This result therefore confirms that the simulation is able to
correctly reproduce the electron drift process within the gas mixture.
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Figure 10 Left: mean GEM response time shift caused by the transfer field rise. The time value Tp = 0
is assigned when E; = 3.0 kV/cm. Right: 25 ns efficiency as a function of the GEM tension, measured
with the B gas mixture.

5.2 Measurements with the Ar/CO,/CF, 45:15:40 mixture

The tests on efficiency were repeated in the same way for the B gas mixture. A little improvement in
the detection efficiency is observed and, more importantly, the detection efficiency in 25 ns is found
to be significantly higher: values over 90 % are measured at intermediate voltages (Figure 10, right).
Rising the drift field from 3 to 4 kV/cm increases the detector time performances slightly, as can be
expected from the simulated drift velocity for this gax mixture (Figure 6, left). It is thus possible to
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Figure 11 Measured values of the 25 ns efficiency in the two gas mixtures, with £ = 3.0 kV/cm.

conclude that the performance measured with this setup for a triple-GEM detector operated with the
B gas mixture are in very good agreement with the ones found in all previous tests and on the LHCb
apparatus [13, 14, 15].

5.3 Comparison between the two gas mixtures

The results obtained with the different gas mixture are compared. Figure 11 shows the measured
detection efficiency in 25 ns for the two gas mixtures. The advantage of the large CF4 component
in the B mixture is clear: the time performances are rather better when the drift velocity and the
ionization yield are larger, as anticipated in Section 4.
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5.4 The pad cluster size

Another fundamental parameter to monitor is the pad cluster size (CS), defined as the number of pads
fired in each event within a 25 ns time window. This measurement is performed by only considering
the horizontal size of the cluster, crucial for the momentum resolution of the LHCb muon spectrom-
eter. As shown in Figure 12 (left), the cluster size for the A gas mixture is always under 1.05, largely
below the 1.2 limit required in the experiment for the GEM chambers. Higher cluster size values are
observed in the B mixture, but still below the 1.2 limit. The observed CS values are also indications of
the gain values for the gas mixtures. A larger CS suggests a higher gain for the B mixture that can be
explained by the larger Ar/CO; ratio®.

The 25 ns efficiency and cluster size are monotonically increasing functions of the gain, and they only
weakly depend on the other gas properties like the specific ionization and the drift velocity. If the
latter dependence could be neglected, the dependence of the 25 ns efficiency on the cluster size would
be independent of the gas mixture. As shown in Figure 12 (right), the two datasets (A and B) occupy
two separate regions of the o5 — CS plane. In particular, the B mixture has higher performance and
higher cluster size, indicating a higher gain. On the other hand, the A gas mixture seems to have a
lower gain for all voltage values taken into account. The lower gain, along with the lower electron
drift velocity and lower clusterization, explain the lower performance provided by the A mixture.
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Figure 12 Left: mean value of the cluster size as a function of the GEM voltage, measured in the two
gas mixtures. Right: eo5 vs CS for the two gas mixtures.

6 Conclusion

With the incoming LHCb upgrade in 2018, the triple-GEM chamber performances have been investi-
gated with two different gas mixtures, so far used in the LHCb MWPCs (Ar/CO,/CF, 40:55:5) and
GEM detectors (Ar/COy/CF, 45:15:40).

After several studies of electric fields optimization, measurements of detection efficiency and cluster
size were performed by varying the voltage applied to the GEM foils. As predicted by the GARFIELD
simulation, the results confirmed a drop of the GEM time performances if the CF4 component in the
mixture decrease from 40% to 5%. At the same time, cluster size results suggest a lower gain for the
5% CF, mixture.

The results from the present work provide useful functional GEM parameters for an evaluation,
through an extended Monte Carlo simulation, of the global performances of the 2018 LHCb muon
system.

2For a description of the Ar/CO /CF4 properties in a gaseous detector, consult [7].
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