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Abstract: A cylindrical GEM detector is under development, to serve as an upgraded inner tracker
at the BESIII spectrometer. It will consist of three layers of cylindrically-shaped triple GEMs
surrounding the interaction point. The experiment is taking data at the e+e− collider BEPCII in
Beijing (China) and the GEM tracker will be installed in 2018.
Tests on the performances of triple GEMs in strong magnetic field have been run by means of
the muon beam available in the H4 line of SPS (CERN) with both planar chambers and the first
cylindrical prototype. Efficiencies and resolutions have been evaluated using different gains, gas
mixtures, with and without magnetic field. The obtained efficiency is 97−98% on single coordinate
view, in many operational arrangements. The spatial resolution for planar GEMs has been evaluated
with two different algorithms for the position determination: the charge centroid and the micro time
projection chamber (µ-TPC) methods. The two modes are complementary and are able to cope with
the asymmetry of the electron avalanche when running in magnetic field, and with non-orthogonal
incident tracks. With the charge centroid, a resolution lower than 100 µm has been reached without
magnetic field and lower than 200 µm with a magnetic field up to 1 T. The µ-TPC mode showed to
be able to improve those results.
In the first beam test with the cylindrical prototype, the detector had a very good stability under
different voltage configurations and particle intensities. The resolution evaluation is in progress.

Keywords: Particle tracking detectors (Gaseous detectors),Micropattern gaseous detectors (MSGC,
GEM, THGEM, RETHGEM, MHSP, MICROPIC, MICROMEGAS, InGrid, etc)
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1 Introduction

The CGEM-IT will be the Inner Tracker of the BESIII experiment [1] (Beijing, China) by 2018.
The BEijing Spectrometer III (BESIII) has been taking data since 2009 at the e+e− Beijing Electron
Positron Collider II (BEPCII, [2]). It is a charm and τ factory, with the energy in the center of
mass in the range of 2 − 4.6 GeV. In 2016, the design luminosity of 1 · 1033 cm−2 s−1 was reached.
The current tracking system, the Main Drift Chamber (MDC), is composed by an Inner and an
Outer Tracker, sharing the same helium based gas mixture. In fig. 1 (left) the performances of
the MDC are summarized. Due to the increasing luminosity, the MDC has been exposed to a
radiation dose sufficient to produce an aging problem (fig. 1 (right)). The relative gain loss of the
innermost layers is around 4% per year. To cope with the potential MDC Inner Tracker breakdown,
its substitution with a Cylindrical Gas Electron Multiplier Inner Tracker (CGEM-IT) has been
proposed and accepted by the collaboration. The CGEM-IT consists of three layers of cylindrical
triple-GEMs. It can provide the 3D position of the charged particle at each plane, since the anode
has strips both parallel to the cylinder axis and tilted of a large stereo angle (> 30◦). The CGEM-IT
foresees an improved (w.r.t MDC) z coordinate resolution (better than 1mm), granting the same r-φ
spatial andmomentum resolutions. The outcomewill be a more precise reconstruction of secondary
vertices. The new tracker will guarantee the data taking up to the desired deadline of 2022.
Other key points of the CGEM-IT are the very low material budget (X0 < 1.5%), the capability to
sustain the high particle rate (∼104 Hz/cm2) and the increased angular coverage (93%).

2 The GEM detector

As already stated, the CGEM-IT is a cylindrical-triple-GEM detector.
The Gas Electron Multiplier (GEM) is a distributed flat electron amplifier in gas invented in 1997
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Figure 1. MDC tracker performances (left); gain relative loss per year of the MDC tracker (right) [3].

Figure 2. Scheme of the BESIII CGEM-IT (measures are in mm).

by F. Sauli [4]. A detector based on GEM operates in general as a standard gas tracker, i.e. a
charged particle ionizes the gas, the produced electrons drift toward the anode, undergo avalanche
multiplication and produce the signal which is readout. The peculiarity stands in the multiplication
stage. The GEM foil is a metal coated polymer (50µm kapton + 3µm copper), pierced with holes
of ∼50µm diameter. A voltage of some hundreds of Volts is applied between the two copper layers
and the whole foil is immersed in an electric field (to produce the electron drifting). The voltage
applied to the GEM sides is enough to create an intense electric field (some tens of kV/cm) in the
very small holes and generate the avalanche multiplication of the electrons drifting through them.
Gains up to 104 are reachable with moderate voltages.
By three GEM foils between anode and cathode, instead of one, the same (or higher) gain values
can be obtained, operating the GEMs at lower voltages, thus decreasing the discharge rate [5].

2.1 The CGEM: history and new features in BESIII

The very first cylindrical triple GEM belongs to the KLOE-2 experiment (Frascati) [6]. BESIII
borrows the construction procedure from it, with some improvements. The GEM and electrode foils
are produced in plane and then shaped on cylindrical molds. The assembly is performed inside the
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Vertical Inserting Machine, built specifically for KLOE-2 and conveniently modified for BESIII.
BESIII will possess the first CGEM working with analog readout inside a magnetic field, providing
the simultaneous measurement of the deposited charge and the time of arrival of the signal.
More original features are present. The adoption of Rohacell 31 instead of Honeycomb as support of
the anode/cathode and the placement of the permaglass rings only outside the active area minimize
the material budget. A dedicated ASIC is being developed: theTorino IntegratedGEMElectronics
for Readout (TIGER) [7]. A jagged strip anode is used, to lower the inter-strip capacitance [8].

3 The test beam measurements

Both planar chambers and the first cylindrical prototype have been tested on the H4 line of the SPS
(North Area, CERN) [9]. The planar chambers are 10×10 cm2 triple GEMs, with x/y view readout

Figure 3. H4 environment (left); a planar GEM (center); first test beam setup of the CGEM (right).

and 3mm or 5mm drift gap. Ar:CO2 (70/30) and Ar:i-C4H10 (90/10) gas mixtures were used. The
cylinder is the first prototype of the Layer 2, with 3mm drift gap, filled with Ar:i-C4H10 (90/10).
The main goal of the test beam measurements was to evaluate efficiencies and resolutions, to study
the different high voltage and field settings in order to decide the working point and the gas mixture.

3.1 Track reconstruction methods

Two modes for track reconstruction are available: the charge centroid and the micro-TPC.

The charge centroid In the case of a Gaussian charge distribution on the anode, the weighted
average of the firing strip positions is enough to evaluate the x position of the charged track1:

< x >=
∑

i xiqi∑
i qi

(3.1)

The micro-TPC (µ-TPC) When the charge distribution is not Gaussian, the charge centroid
method fails and another solution is needed: the µ-TPC mode [10]. In this case the drift gap works
as a tiny time projection chamber and the position of each primary ionization zi is obtained by
knowing the drift velocity of the electrons and the signal time on the strip. The xz points are then
fitted with a line z = ax + b and the position2 is then calculated by:

x =
gap

2 − b
a

(3.2)

1on the anode.
2in the middle of the drift gap, in order to minimize the error on it [10].
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In the following, the fields of applications and the performances of the two modes are shown.

3.2 Orthogonal tracks and B = 0

Events with orthogonal tracks and no magnetic field are the simplest, due to the perfectly Gaussian
shape of the charge distribution. Only the diffusion process and the avalanche multiplication apply.
The charge centroid is very accurate and resolutions < 100µm have been achieved (see fig. 4). More
results can be found in [11].

Figure 4. Charge centroid resolution for orthogonal tracks without magnetic field.

3.3 Inclined tracks and B , 0

In a more realistic case, the tracks are inclined with respect to the GEM planes and the whole setup
is immersed in a magnetic field. The electrons experience the Lorentz force: this affects the charge
distribution shape and the number of firing strips becomes higher. The resolution worsens almost
linearly with the incident angle and with the magnetic field (see fig. 5). The situation is critical when

Figure 5. Charge centroid resolution worsens for inclined tracks (left) and in a magnetic field (right).

both angle , 0 and B , 0 at the same time. A focusing or defocusing effect appears, depending on
the fact that the incident and the Lorentz angles are concordant or discordant (see fig. 6).
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Figure 6. Inclined tracks inside a magnetic field produce a larger/smaller charge distribution.

3.4 Results

Fig. 7 points out that the charge centroid and the µ-TPC methods are complementary and that their
combination can provide the required spatial resolution of ∼130µm in xy plane.
Layer 2 prototype was tested under extreme conditions, i.e. HV = 400V for each GEM foil

Figure 7. Comparison between charge centroid (red dots) and µ-TPC (black dots) in the case of angle , 0
and B = 0 (left) or B , 0 (right). The graphs were obtained in Ar/CO2 where the Lorentz angle is 20◦ [12].

(corresponding to gain of 105 [5]) and under a high intensity pion beam, up to some tens of
kHz/cm2. It showed great stability and no current peaking problem.

4 Conclusions

With the planar chambers, efficiencies and resolutions have been evaluated under several working
settings (HV, fields). The planar chambers are very stable and show a very good resolution at
different incident angles and with magnetic field, provided the use of the charge centroid and µ-TPC
alternatively. A composition of the two methods is ongoing to give the best resolution everywhere.
Likewise, the cylindrical chamber showed high stability under various settings and also under high
intensity beam. Tests with a radioactive source and cosmic rays are ongoing to get efficiency and
resolution plots comparable to the planar chamber ones.
The complete CGEM-IT is under construction and will be completed in 2018.
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