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Overview  
• Introduction of Gaseous Electron Multiplier (GEM) detectors 

 Brief history 

 Operating principle and basic performances 

 Availability from industry 

• Applications of GEMs in Europe (mainly at CERN): 

 HERA-B, COMPASS, and LHCb 

 Compact Muon System (CMS), TOTEM 

 KLOE-2, ALICE 

• Applications of GEMs in the US: 

 SBS, SoLID at JLab 

 PHENIX, RHIC, and Electron Ion Collider (EIC) at BNL 

• Other applications (muon tomography, radiography, double-phase 

detection, astrophysics observations) 

• Summary 
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GEM detectors -- invention 
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Close view of the first GEM foil, with holes 140 μm 

apart on a 50 μm thick, copper coated polymer foil. 

Invented GEM 

detectors in 1997. 

Microscopic picture of a “standard” GEM: 70 μm 

hole diameter at 140 μm pitch in a triangular pattern. 

70 μm 

50 μm 

A section through a hole with a double-

conical shape. 



GEM foil producing procedures 
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Older technique: double-mask 

manufacturing  

Newer technique: single-mask 

50 μm 

Kapton/apical foil, 

with 5 μm copper on 

both surfaces  



GEM detectors  

-- operating principle  
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Field simulation of a single-layer GEM 

detector in GARFIELD 
Schematics of a single-layer GEM detector with 

Cartesian reading out strips.  



Performances of a single-layer GEM detector 
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Effective gain of a single-layer GEM 
Spectrum for 5.9 keV X rays  

measured by a single-layer GEM 

• A single layer GEM (small area) can reach an effective gain of 103 in normal Ar-based 

gas mixtures.  

• And its energy resolution is ~17% FWHM (for 5.9 keV X rays). 



Performances of triple-GEM detectors 
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Effective gain of a triple-GEM in Ar based gases Long term stability of a triple-GEM detector 

• With a multi-GEM-layer structure (up to 5 layers), very high total effective gain (up to 

106, in some gases) can be attained with each GEM layer working at very lower gain 

(therefore much less prone to discharges). 

• Usually a triple-GEM configuration gives enough gain and good long term stability 

(no obvious aging problem). 



Rate capability and discharge probability of GEMs 

8 

Rate dependence of a single GEM 

106 Hz/mm2 

Rate dependence of a triple-GEM 

Discharge prob. of a small (30 cm) triple-GEM 

Discharge prob. of a large (1 m) triple-GEM 

105 Hz/mm2 



Spatial and timing resolutions 
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Timing res. of triple-GEM detectors < 10 ns. 

Residual distribution of a triple-GEM 

• Spatial resolution of a GEM detector 

depends on readout strips that are 

applied. A typical resolution is ~70 μm. 

• The above result is from a GEM 

prototype (30cm by 30cm) for the 

COMPASS experiment. The readout 

strips have a pitch of 400 μm. Spatial 

resolution reached ~46 μm after 

deconvoluting uncertainties. 



GEM foil manufacturers 
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• CERN workshop, the main GEM foil provider (from Rui De Oliveira). 

1 m GEM produced at CERN 

South Korea 

• South Korea, has produced 10cm GEM 

foils, to be tested at CERN. On the way to 

producing 1-m long GEM foils. 

• India, plans 

on producing 

10 cm and 30 

cm GEMs. 

India (tank for 30 cm GEM etching) 

• China is also 

interested in 

making GEM 

foils. A 30 cm 

GEM foil was 

successfully 

produced. 
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GEM foil manufacturers 

• Tech-Etch Inc. in the US, is able to provide up to 50 cm (single-mask) GEM foils. 

• B. Surrow et al. at Temple University are capable of scanning GEM holes with CCD 

camera  setup. 

• By now the foils’ electrical characters and hole uniformity are measured to be very 

good. Detector performances with the 

    foils will be tested this year. 



GEM applications: HERA-B Inner tracker 

12 

The HERA-B detector at DESY. The inner tracking system started commissioning in June 1999. 

MSGC-GEM 

MSGC 

principle 



GEM applications: HERA-B Inner tracker 
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• It showed some aging problem and discharges to the MSGC-GEM detectors 

• This is an earlier application of GEMs. 

Problems are mainly due to MSGC 

detectors, also people gained 

experience by applying GEM detectors 

at such an experiment. 



GEM applications: COMPASS tracker 
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COMPASS (COmon Muon and Proton Apparatus for Structure and Spectroscopy) has 

been installed at the Super Proton Synchrotron accelerator (SPS) at CERN and began 

data taking in Summer 2001. 

Triple-GEM detectors: 31 cm by 31 cm 
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GEM applications: COMPASS tracker 

Material budget is a key factor for tracking-purpose detectors. 



GEM applications: COMPASS tracker 

16 

2-D readout strips, 400 μm pitch in both 

coordinates. 

APV25 chip 

(128 ch./chip) 

A COMPASS GEM detector has 

128*6=768 strips in each direction, 

 

A detector needs 12 APVs for 

reading out. 



GEM applications: COMPASS tracker 
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Gain uniformity 

Energy resolution 

uniformity 

Cluster size 

Charge correlation 
Hit map 

Residual dist. 

GEMs at COMPASS 

experiment became very 

successful. 
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The LHCb spectrometer 

Triple-GEM in the inner region of the first muon station (M1R1) 

GEM applications: LHCb Muon Level 0 Trigger 



GEM applications: LHCb Muon Level 0 Trigger 
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Triple-GEM with an area of 20cm by 24 cm, 

Readout: 8*24 gold-plated pads  

(size 25 mm by 10 mm). 

Time responses in different gases. 

@gain 105 @gain 

 3×104 

@gain  

1×104 @gain  

2×104 

Efficiency >96% in a 20 ns window. 



GEM applications: CMS Muon Upgrade at LHC 
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A quadrant of R-z cross section of the CMS detector. 

Trigger rate is expected 

to be reduced with the 

help of GEMs in the 

GE1/1 region 
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Generations of the GE1/1 GEM chambers: short (1 m long) chambers. Chamber opening 

angle 10 degrees. 

GEM applications: CMS Muon Upgrade at LHC 

Dimensions of the short 

and long GEM foils 
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Details of a GEM foil. 

GEM applications: CMS Muon Upgrade at LHC 

Mechanical stretching 

of a GEM detector. 

Readout strips, with a pitch of 463 μrad in azimuthal direction. 

Strip length ~12 cm, total channels 128*3*8 for a short GEM. 
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Detector assembly 

GEM applications: CMS Muon Upgrade at LHC 
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Mass assembly/testing  

sites: 

 CERN, 

 U. Of Gent, 

 INFN-Bari, 

 INFN-LNF, 

 Florida Tech, 

 India BARC 

GEM applications: CMS Muon Upgrade at LHC 
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Electronics system: 

Binary VFAT3 chips (128 ch./chip) 

GEM applications: CMS Muon Upgrade at LHC 

An opto-Hybrid board (for data 

transferring/receiving) plugs into a 

GEB (GEM Electronic Board) 

board which is mounted on the 

back of an readout board. 
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GEM applications: CMS Muon Upgrade at LHC 

Long-term stability in a sector on 

a prototype 

Simulated timing res. 

with VFAT3 r/o chips 

Detection efficiency to MIPs. 

Spatial res. Measured by (analog) APVs 
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GEM applications: CMS Muon Upgrade at LHC 

36 GE1/1 super GEM chambers to be installed here during the long shutdown of LHC in 

2017/2018. 

A slot for a superchamber (a pair of GEM 

chambers). 
Back flange showing 

the GE1/1 chamber 

support rails. 
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GEM applications: CMS Muon Upgrade (Phase 2) 

ME0 GE2/1 
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GEM applications: CMS Muon Upgrade (Phase 2) 
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GEM applications: CMS Muon Upgrade (Phase 2) 
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GEM applications: TOTEM at LHC 

Total Cross-section, Elastic Scattering 

and Diffraction Dissociation at LHC 
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GEM applications: TOTEM at LHC 
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GEM applications: TOTEM at LHC 

COMPASS-like readout structure 

512 concentric strips measuring radial coordinates of traversing particles; 

A matrix of 1560 pads give azimuthal coordinates, delivering trigger info. 
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GEM applications: TOTEM at LHC 

Diagram of a VFAT2 

Front-end electronics 
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GEM applications: TOTEM at LHC 
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GEM applications: Inner Tracker at KLOE-2 experiment 

• Four layers of cylindrical triple-GEMs, 70 cm long; 

 

• Very low mass detector! 



GEM applications: ALICE TPC 
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TPC 
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GEM applications: ALICE TPC 
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GEM applications: ALICE TPC 

A prototype 
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GEM applications: GEM trackers for SBS at JLab 
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GEM applications: GEM trackers for SBS at JLab 
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GEM applications: GEM trackers for SBS at JLab 
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GEM applications: GEM trackers for SBS at JLab 
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GEM applications: GEM trackers for SOLID at JLab 

SOlenoidal Large 

Intensity Device 
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GEM applications: GEM trackers for SOLID at JLab 

The first prototype 
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GEM applications:  

Forward Tracking, TPC for RHIC, ePHENIX, Electron Ion 

Collider 
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GEM applications:  

Forward Tracking, TPC for RHIC, ePHENIX, Electron Ion 

Collider 
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GEM applications:  

Forward Tracking, TPC for RHIC, ePHENIX, Electron Ion 

Collider 
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GEM applications:  

Forward Tracking, TPC for RHIC, ePHENIX, Electron Ion 

Collider 

Quintuple-GEM based RICH detector 
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Forward & backward 

GEM trackers 

EIC Concept design 

Basic requirements:  

low mass, high spatial 

resolution(≤100um),  

high efficiency, and cost 

effective. 

GEM applications:  

Forward Tracking, TPC for RHIC, ePHENIX, Electron Ion 

Collider 
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GEM applications:  

Forward Tracking, TPC for RHIC, ePHENIX, Electron Ion 

Collider 

NIMA 811 (2016) 30-41 
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Other GEM applications: Muon Tomography 

Muon Tomography System at Florida 

Tech, 8 triple-GEM detectors (30 cm 

by 30 cm). 
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Other GEM applications: Irradiation Imaging 
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Other GEM applications: Neutron detectors 

Fast neutron detection 

Thermal neutron detection 
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Other GEM applications: Two phase avalanche detectors 
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Other GEM applications: in astrophysics 

TPC for High-energy Astrophysics and Polarimetry from MeV to GeV  

Negative Ion TPC X-ray polarimeter  

A Pair Production Telescope for Medium-

Energy Gamma-Ray Polarimetry  



Summary 

• GEM detectors have been successfully applied in 

many aspects of fields. 

• It is anticipated that GEM detectors, as well as other 

Micro Pattern Gaseous Detectors (MPGDs) will be 

continued used in future experiments. 

• Glad to see that Chinese groups are involved in 

GEM foil manufacturing and in different applications! 

57 



F. Sauli, NIM A 386 (1997) 531-534; RD51-NOTE-2012-007; NIM A 805 (2016) 2-24. (GEM 

invention and reviews) 

 

GEM foil production: 

M. Posik and B. Surrow, arXiv:1411.7243. 

M. Posik and B. Surrow, NIM A 802 (2015) 10-15. 

L. M. Pant et al., Proceedings of the DAE Symp. On Nucl. Phys. 59 (2014) p844-845.  

M. S. Ryu, R&D Status of GEM Research at Korea, Biweekly hardware meeting of the CMS GEM 

collaboration, Dec. 2015.(talk) 

X. Li, The progress of GEM foil at CIAE, annual meeting of the State Key Laboratory of Particle 

Detection and Electronics, 2014. (talk) 

J. Liu, GEM Status and Progress from Chinese Collaboration, SoLID Collaboration Meeting, Nov. 

2014. (talk) 

 

Hera-b experiment: 

T. Zeuner for the HERA-B Inner Tracker Collaboration, NIM A 446 (2000) 324-330. 

T. Hott for the HERA-B Inner Tracker Collaboration, NIM A 515 (2003) 242-248. 

 

COMPASS experiment: 

B. Ketzer et al., Triple GEM Tracking Detectors for COMPASS. 

B. Ketzer et al., NIM A 535 (2004) 314-318. 

C. Altunbas et al., NIM A 490 (2002) 177-203. 

F. Simon, Commissioning of the GEM detectors in the COMPASS experiment, 2001 thesis, 

Technische Universität München. 

References 



LHCb 

M.P. Lener, Triple-GEM detectors for the innermost region of the muon apparatus at the LHCb 

experiment, 2006 PhD thesis, Università degli Studi di Roma Tor Vergata. 

M. Alfonsi et al., NIM A 518 (2004) 106-112. (high rate triggering with GEM) 

 

CMS 

M. Abbrescia for the CMs collaboration, The European Physical Society Conference on High 

Energy Physics, July 2015, Vienna, Austria. 

CMS Technical Design Report for the Muon Endcap GEM Upgrade, CERN-LHCC-2015-012, CMS-

TDR-013, 30 Sep. 2015. 

M. Hohlmann, GEM Phase 2 R&D & Plans: GE0 and GE2/1 Chambers, USCMS Annual 

Collaboration Meeting, Cornell U., May 2015. (talk) 

 

TOTEM 

K. Kurvinen for the TOTEM collaboration, conference record for the 2007 IEEE NSS/MIC 

conference. 

O. Eraldo, The forward inelastic telescope T2 for the TOTEM experiment at the LHC, PhD thesis, 

University of Siena. 

S. Lami et al. for the TOTEM collaboration, Nuclear Physics B (Proc. Suppl.) 172 (2007) 231-233. 

 

KLOE2 

D. Domenici for the KLOE-2 collaboration, 2014 JINST 9 C09012. 

G. Morello for the KLOE-2 IT group, Exploring Hadron Structure with Tagged Structure Functions, 

Jan. 18th, Newport News (VA) 

References 



GEM-TPC, RICH and tracking 

B. Ketzer et al., arXiv:1303.6694 

D. Silvermyr, ALICE Upgrade Program, june 2014 (talk). 

C. Woody, MPGD 2015 Proceedings. (GEM TPC/Cherenkov) 

K. Gnanvo et al., NIM A 808 (2016) 83-92. 

A. Zhang et al., NIM A 811 (2016) 30-41. 

K. Gnanvo et al., NIM A 782 (2015) 77-86. 

N. Liyanage, GEM chambers for SoLID.(talk) 

B. Yu et al., Study of GEM Characteristics for Applications in a Micro-TPC. 

W. Anderson et al., NIM A 646 (2011) 35-58. (HBD GEM) 

M. Blatnik et al., arXiv:1501.03530 

 

Other applications 

M. Hohlmann et al., poster at the 2012 IEEE NSS/MIC conference. (Muon Tomography) 

K. Gnanvo et al., NIM A 652 (2011) 16-20. (Muon Tomography) 

S. D. Hunter et al., A Pair Production Telescope for Medium-Energy Gamma-Ray Polarimetry, 

arXiv:1311.2059. 

P. Gros et al., HARPO – TPC for high energy astrophysics and polarimetry from the MeV to the 

GeV, Technology and Instrumentation in Particle Physics 2014, June 2014, Amsterdam, the 

Netherlands. 

Z. R. Prieskorn, Design and testing of a NITPC X-ray polarimeter with applications for the 

measurement of SGR burst polarization,  2011 PhD thesis, University of Iowa. 

B. Esposito et al., Characterization of a GEM-based fast neutron detector, NIM A 241 (2014) 196-

204. 

References 



A. Bondar et al., Two-phase argon and xenon avalanche detectors based on Gas Electron 

Multipliers, NIM A 556 (2006) 273-280. 

A. Bondar et al., Two-phase and gaseous cryogenic avalanche detectors based on GEMs, Detector 

Development Symposium, SLAC, April 2006. 

A. Bondar et al., Further studies of two-phase krypton detectors based on Gas Electron Multipliers, 

NIM A 548 (2005) 439-445. 

 

Disclaimer: this reference list may be not complete in the sense of reflecting all GEM 

related studies and applications, the speaker hereby respect and thanks to all the hard 

work that has been done by others on GEM detectors.  

References 


