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Overview 
• Premise for CMS GEM Upgrade 

• Benefits for CMS Muon Physics & Trigger 

• Gaseous Detectors at LHC 

• Micro-Pattern Gas Detectors & RD51 

• Gas Electron Multipliers (GEMs) 

– The Basics  

– Current Uses at LHC 

• GEM Detectors for CMS Upgrade 

– Overview  

– Detector R&D  

– GEM foil production 

– GE1/1 production design 

– Electronics design 

– New strip readout 

– Plans, Summary & Conclusions 

•  “Other Uses:” GEMs for Homeland Security → Muon Tomography 
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PREMISE & MOTIVATION 
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Premise for CMS GEM Upgrade 
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• CMS was designed with a “hermetic and redundant muon 

system” – Joe Incandela, CERN “Higgs Discovery” Event 7/4/12 

 

• But: CMS currently has the least redundancy in the most 

challenging muon region at |η| > 1.6  (RPCs descoped)  

 

• Long-term functioning of the muon system into LHC Phase II 

(beyond Long Shutdown 3) is of vital interest for CMS 

• The high-η muon region in particular needs robust and 

redundant tracking and triggering due to higher rates 

 Additional muon detectors with high spatial and temporal   

    resolution in the high-η endcap region could bring benefits  

    in muon triggering, reconstruction, and ID 



GEM Endcap Chambers 
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The currently un-instrumented high- RPC region of the muon endcaps 

presents an opportunity for instrumentation with a detector technology that 

could sustain the radiation environment long-term and be suitable for 

operation at the LHC and its future upgrades into Phase II: GEM Detectors 

GE3/1 
GE4/1 

GE1/1 in YE1 nose 

GE2/1 on 
back of YE1 



BENEFITS FOR CMS MUON 

PHYSICS & TRIGGER 
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Initial Reconstruction & Trigger Studies  
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M. Maggi (Bari) – GEM Workshop 3 

# GEM strips / # RPC strips per orig. TDR  

Acceptance impact:  distribution of 4 muons in H → ZZ → 4µ Expected gains in momentum resolution at high-pT 

Paolo Giacomelli (Bologna) & Markus Klute (MIT) – GEM Workshop 3 

1.6<<2.4 

Simulated L1 RPC muon pattern trigger turn-on curves (Warsaw, TP)  

Using 

RE1/1-4/1 

only 

With 

GE1/1  

+ GE2/1 

(8× strips)  

for  one GEM station 



GASEOUS DETECTORS AT 

THE LHC 
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ATLAS - TRT 
(straws) 

- - - MDT (drift 
tubes), 

CSC 

RPC, TGC 
(thin gap 

chambers) 

CMS 
 

-       
 

- - - Drift 
Tubes, CSC 

RPC, CSC 
 

TOTEM   - GEM - - - - - 

LHCb - Straw 
Tubes 

- - - MWPC MWPC, 

GEM 

ALICE - TPC 
(MWPC) 

TOF(MRPC), 
RICH pad 
chamber, 

TRD (MWPC) 

- - Muon pad 
chambers 

RPC 

Gaseous Detectors  

in the current LHC experiments 
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ATLAS TGC 

LHCb Outer 
Tracker (Straws) 

ALICE  
Multigap RPC ALICE RICH 

(MWPC - pad readout) 

Examples for Gaseous Detectors  

at the LHC 
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ALICE TPC 
(MWPC readout) 

CMS CSC CMS RPCs 



MICRO PATTERN GAS 

DETECTORS & RD51 

Overview 
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MSGC (ILL, A. Oed) 

GEM (CERN, F. Sauli) 

MicroMEGAS (CEA Saclay, I. Giomataris) 

m-PIC (A. Ochi, T. Tanimori) 

Capillary plate (Yamagata U., H. Sakurai) 

RD51 

InGrid 

RD28 

MPGD Development Timeline 
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From A.Ochi ADA2012@Kolkata (updated) 

(Many more micro-pattern structures were developed)   

LEM (Periale) 
THGEM(Chechik) 



µM Aging Resilience:  

~ 20 LHC years 

 

 High Rate Capability 

 

 High Spatial 

Resolution 

 

 Decent Time 

Resolution 

 

 High Efficiency 

 

 Excellent Radiation  

    Hardness 

 

 High Gain 

 

 Good Energy 

Resolution 

 

 Ion Backflow 

Reduction 

 

 

Micromegas 

GEM 

GEM 

s time ~ few ns 

sspace ~  12 - 40 mm  

up to MHz/mm2 

Micromegas 

MPGD Performance Overview 
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t [ns] 

GEM  ~ 98% 



 80 institutes worldwide  
 ~ 450 people involved 
 hosted by CERN 
 Participation from Europe, Asia 
North/South America, Africa 

Mission: “RD51 aims at facilitating the 
development of advanced gas-avalanche 

detector technologies and associated 
electronic-readout systems, for applications 

in basic and applied research” 

Kobe, Japan, September  2011 

RD51 contributes to the LHC 
upgrades, BUT the most important is: 
 
 RD51 serves as an access point for  
MPGD “know-how” for the world-wide 
community 

2007: RD51 Collaboration for 

“Development of MPGD Technologies” 
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http://rd51-public.web.cern.ch/RD51-Public 

Consolidation around common projects: Large-area Micromegas, GEM, THGEM R&D; 
Software Tools; Common Electronics Developments (SRS), CERN/MPGD production 
facility, Industrialization, RD51 test beam facility 

RD51 Working Groups 
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= most 

relevant  

for CMS 

GEMs 

http://rd51-public.web.cern.ch/RD51-Public
http://rd51-public.web.cern.ch/RD51-Public
http://rd51-public.web.cern.ch/RD51-Public
http://rd51-public.web.cern.ch/RD51-Public
http://rd51-public.web.cern.ch/RD51-Public


Scalable Readout System  
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4/2012 

Tomography 



GEM BASICS 
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Gas Electron Multiplier 

July 25 & 26, 2012 Topic-of-the-Week Seminars, LHC Physics Center at Fermilab - Marcus Hohlmann 18 

μ- 

 

e- 

GEM foil under electron microscope 

V=const. 

~400 V 

Gas Gain ~ O(104) 

GEM detector is a Micro Pattern Gaseous Detector (MPGD) 

F. Sauli, NIM A 386 (1997) 531-534. 
M.C Altunbas, et al., NIM A 515 (2003) 249-254. 

Handout ! 



Objective: Understanding 
the gain in standard GEM 

 
• ANSYS: model & mesh the GEM 

• Magboltz 8.9.6: relevant cross  

  sections of electron-gas interactions 

• Garfield++: simulate e- avalanches 

• Animation of the avalanche process (electrons are blue, ions are red, the GEM is orange) 

 

• Simulation → keep track of electron and ion drifting and ion losses at the upper GEM electrode 

Courtesy: Sven Dildick,  

Heinrich Schindler, 

Rob Veenhof 

Developed within the framework  

of the RD51 WG4 Software Activities 

http://garfieldpp.web.cern.ch/garfieldpp/examples/gemgain 

Electron Multiplication  
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• Edrift   = 1 kV/cm (above GEM) 

• Einduc = 3 kV/cm (below GEM) 

• VGEM  = 400 V (across GEM) 

A voltage of  400V is  applied between 
the two GEM electrodes. The primary 
electrons created by the ionizing particle 
drift towards the GEM holes where the 
high electric field triggers the electron 
multiplication process. 

• Single electron-ion pair created 

• Ar/CO2 70:30 

http://garfieldpp.web.cern.ch/garfieldpp/examples/gemgain


A fast signal is induced only by e- on the lower readout 
electrode. Readout electrodes are at ground potential. 

Induction gap 

 e- 

 e- 

I + 

Fast Signal Induction 
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Cartesian  

(COMPASS, 

LHCb) 

Small angle R- strips  

& pads 

(TOTEM) 

Full decoupling of amplification stage (GEM) 

and readout stage (PCB anode strips or pads) 

Readout Strips 

Zigzag strips 

(Fl. Tech,  

 CMS) 

GEM 

Readout Strip Designs 



GEMS FOR CMS  
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GEM Endcap Chambers 
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The currently un-instrumented high- RPC region of the muon endcaps 

presents an opportunity for instrumentation with a detector technology that 

could sustain the radiation environment long-term and be suitable for 

operation at the LHC and its future upgrades into Phase II: GEM Detectors 

GE3/1 
GE4/1 

GE1/1 in YE1 nose 

GE2/1 on 
back of YE1 



Expected Muon Rate Environments 
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Region LHC   

 

(1034 cm2/s) 

High Luminosity  

LHC (> LS 2) 

(2-3 × 1034 cm2/s) 

 LHC Phase II  

(> LS 3) 

(1035 cm2/s) 

Forward Rates [Hz/cm2]  

ME,RE 1,2,3,4  || < 1.6 

100 Few 100 ~ kHz  

Expected accumulated 

charge in10 years 

0.05 C/cm2 0.15 C/cm2 ~ C/cm2 

Forward Rates [Hz/cm2]  

GE 1,2,3,4  || > 1.6 

500 - 1000 Few kHz/cm2 Few 10’s  

of kHz/cm2 

Expected accumulated 

charge in10 years 

GE 1,2,3,4  || > 1.6 

(0.05-1) C/cm2 few C/cm2 several C/cm2 



GEMS FOR CMS:  

DETECTOR R&D  
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GEM Timing Studies (2010)  

Using optimized HV divider for standard triple-GEM 

 

Clear effects of gas mixture, and induction and drift field 

 

Required timing resolution of 4 ns reached 

25 7/24/2012 HEP Division Seminar, ANL - Marcus Hohlmann 

4 ns 



Tech. Advance: Single-mask GEM foils 

Comparison of fabrication procedures for single-mask and double-mask GEM 

26 

reality 
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2009 1996 

Max. size 40cm × 40cm 

due to precision and  

alignment of top and 

bottom masks 

Max. size 200cm × 60cm  

limited by size of base 

material and machines 

(Copper-clad kapton) 

Masks 

Mask 



Single-mask GEM performance (2010) 
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High 
achievable 

gain! 

Efficiency Plateau 

150 GeV muon beam  
VFAT thresh = 25 uVFAT 

VFATMSPL= 4 (100ns) 

Single-mask GEM shown to achieve same performance level as double-mask GEM;  

used for large-area CMS GE1/1 prototypes 

Standard double-mask GEMs 

Ar/CO2 70:30 3/2/2/2 mm gaps b/w GEMs 

 

Standard double-mask GEMs 

Ar/CO2/CF4 45:15:40 3/2/2/2 mm gaps 

 

Standard double-mask GEMs 

Ar/CO2/CF4 45:15:40 3/1/2/1 mm gaps 

 

Single-mask GEM 

Ar/CO2/CF4 45:15:40 3/1/2/1 mm gaps 

 

 

 



Design of first full-size CMS GE1/1 
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~1m 

Triple-GEM 

Prototype 

 

Shielding 

Readout (PCB w/  
256 strips) 

Frame 

GEM 
Foils 

HV 
divider 

Drift 
plane 

Al frame  
with gas  distrib. 
grooves 

Openings for  
VFAT electronics 

Spacers 

3 mm Al base plate 
A. Sharma, S. Colafranceschi 

Largest GEM detector 

built to-date (CERN): 

28 

35 HV sectors per GEM foil  
with area of ~100 cm2 each 

 

Single mask GEM foil with spacer frame at CERN 
(active area: 990 mm long & 220-455 mm wide) 

A. Sharma, S. Colafranceschi 

2010 

28 



CMS-RD51 Test Beams (H4@SPS 2010) 
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• VFAT2 frontend electronics 

     (fast binary readout) 

 

• 20 million events taken with 

CMS Prototype I 

GEM Tracking telescope 

CMS full-size 

GE1/1 detector 



SINGLE MASK 

RUN = 175 

HV = 4.50 kV 

I = 738.90 uA 

Thr = 40 Vu 

η = 99.5% 

Position = P1 

Gas: Ar/CO2 (70:30) 

RUN = 37 – 181 

Thr = 40 Vu 

Lat = 14 

Position = P1 
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Good performance observed: 

• ≥ 98% efficiency 

• 230 µm resolution  

    (  pitch/12 for binary electronics) 

• uniform performance in different 

sectors 

 

 

1st full-size CMS GE1/1 prototype (2010) 

30 

Track residuals Efficiency 

ge11_residuals 
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2nd CMS full-size GE1/1 prototype (2011) 

• Smaller GEM gap sizes: 3/1/2/1 mm 

• More partitions (3 columns × 8 rows)  

• Smaller strip pitch 

• At CMS we expect at most B ~ 0.6T 

(while B// ~ 3T ) and ∢(𝑩, 𝑬)~ 𝟖° 

B ^ E = 900 

B ^ E = 900 

B ^ E = 300 

GE11_II:3/1/2/1[128ch_1D] 

ArC02CF4(45:15:40) 

MuonBeam150GeV-H2@06_11 

THR=40 

31 7/24/2012 HEP Division Seminar, ANL - Marcus Hohlmann 

H2 beam line @ SPS 

∢(𝑩, 𝑬) = 𝟗𝟎° 

∢(𝑩, 𝑬) = 𝟗𝟎° 

∢(𝑩, 𝑬) = 𝟔𝟎° 

B (T) 

Simulation   

(no diffusion) 

 

Measurements 

𝑬 = main direction of field in GEM 

Magnet test 
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2nd CMS full-size prototype w/ SRS (2011) 

RD51 Scalable Readout System (SRS) 
Successful data taking with analog APV chip and Scalable 

Readout System in addition to TURBO/VFAT2 DAQ system;  

allows cog centroid calculation for hit position using pulse heights 

 

 

Measured GE1/1 resolution: σx < 103 μm  

in section with smallest pitch 

μ-/π - beams 

Δxhit measurement : 

Tracker GEM vs. CMS full-size GE1/1 

32 

<cluster size> = 3.4 

<cluster size> = 2.6 
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Strip cluster size 

K. Gnanvo (Fl. Tech), Sep 2011 



Evolution - GEM foil stretching 
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1. Thermal stretching in large oven (CERN) 



Evolution - GEM foil stretching 
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2. In situ thermal stretching in clean room with infrared heating lamps (Fl. Tech) 

• 1”-diameter aluminum rods support the frame – 

allows for greater versatility and mobility.  Several 

stations can easily be set up on the same optical 

table 

 

• Sixteen 125W heat lamps; stretch foils at 35°C 

 

• Two 30x30 cm2 Triple-GEM built with this technique 

Before heating Heated & Stretched 



Evolution - GEM foil stretching 
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3. Current state-of-the-art: Self-stretching assembly without spacers (CERN) 

Readout 

PCB 

GEMs 

Drift electrode 

Tightening the 

horizontal screws  

tensions the GEMs 

& seals gas volume 

Detector base pcb 

R. De Oliveira, CMS-GEM/RD51Workshops CERN & U. Gent 

Allows re-opening of 

assembled detector 

for repairs if needed. 

only glue joint in assembly 

2012 



3rd CMS GE1/1 Prototype: Self-stretched  
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GEM tensioning 

GEM foil in inner frame assembly 

GEM foil with inner & outer frame 

Inside of readout board with O-ring seal 
Chamber closed by 

readout board with 

Panasonic connectors 

for frontend electronics 

compact HV divider 

Vias for strips 

sealed w/ kapton 

HV noise 

filters 

-sector with  

384 radial 

readout strips 

(12.4 cm long) 

2012 

No spacers in active volume 



GE1/1 Production Status & Plan 

• 2 chambers completed at CERN            
• currently in SPS test beam 

• 2 chambers in production at CERN 
• some issue with dust particles from fiberglass frame 

getting into active GEM area 

• investigating:  

• micro sand blasting & polyurethane coating of frames  

• change to different material (PEEK) for inner frame  

• 1 chamber to be assembled and commissioned    

      at Florida Tech this fall 
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2012 



3rd GE1/1 Prototype: Self-stretched 
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Preliminary 2012 test results  

(bench tests & beam test at SPS H4) 

10

100

1000

10000

2900 3100 3300 3500 3700

sector1-4

sector2-5

sector1-5

sector3-5

sector2-7

sector1-7

Fe55 spectrum 

Rate plateau 

Gain uniformity 



GEMS FOR CMS:  

GE1/1 GEM FOIL PRODUCTION 

7/24/2012 HEP Division Seminar, ANL - Marcus Hohlmann 39 



GEM Foil Production: CERN & Industry 
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CERN: Currently located in building 102; 

well suited for prototyping & small series 

productions; new machines in 2011/12 

 

Next year the workshop will be capable of 

processing GEM foils of sizes up to  

2m × 0.6m (0.6m imposed by raw material) 

TE-MPE-EM  

F. Formenti / 

R. De Oliveira 

Expected rate for 2012 : 250 GEMs / year  

Will move to new building  

w/ better infrastructure: 

INDUSTRY: Newflex, Seoul, S. Korea 

 

 

 

 

 

Technology transfer from CERN ongoing 

• Small-size foils produced and tested with 

good results: 

 

 

 

 

 

 

 

 

 

 

• Large-size foils being tried gradually 

Gain comparison CERN vs. New Flex GEMs 

Need O (1000 m2) GEM foils for project      



• Already producing medium-size GEM foils (for STAR Forward Tracker) 

• Contact refreshed by CERN in January 2012 

• Declared interest to upgrade to GEM single mask process -> CERN to explain procedure 

• Concerning large sizes (0.5 ×1.2m2): TechEtch can’t deal with long foils, yet (polyimide etching) 

• TechEtch seeking collaboration with MIT for R&D money for large -area single-mask GEMs  

• Waiting for their feedback on status of this project 

GEM foil production in US ? 

7/24/2012 HEP Division Seminar, ANL - Marcus Hohlmann 41 

TechEtch, Plymouth, MA 

F. Formenti, CERN, RD51 mini-week, June 2012 



GEMS FOR CMS:  

GE1/1 PRODUCTION DESIGN 
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Exploded GE1/1 View 
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Cover 

Connectors & FE Hybrids 

A. Conde Garcia, CERN 

Cooling 

Self-stretch GE1/1 Triple-GEM Chamber 



GE1/1 Mechanical Design 
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Position of HV Divider 

Cooling pipe and copper sheets for FE hybrids 

DC-DC Converters 

 GBT’s 

A. Conde Garcia, CERN 



GE1/1 Installation  
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GE1/1  

positioning 

in YE1 nose 

Current GE1/1 production design 

          w/ FE electronics & cooling  

Space budget in YE1 nose: 10 cm 

Integration studies show there is 

enough space to insert overlapping 

sandwiches of two Triple-GEM GE1/1 

detectors (Super-Chambers) 

 

Gives two space points  stub vector 

 

Makes use of installation fixtures 

originally foreseen for RPCs 



GEMS FOR CMS: 

ELECTRONICS DESIGN 
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Baseline Electronics Design  
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Effort led by Paul Aspell, CERN 

Radial readout strips: 

    3  columns 

  10  rows 

(new chip designs; 64 or 128 ch.) 

Implementation targeted for 2015 

Components for one GE1/1 10o super-chamber (2 ch.): 

Design based on GigaBit Transceiver  (GBT) architecture 

(CERN-wide DAQ R&D project on data transfers with  

multi-Gbps speed for SLHC experiments) 



Frontend: Two related options 
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P. Aspell 



Goals – Electronics Development 
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P. Aspell 

LS1 prototype           LS2 demonstrator 



GEMS FOR CMS: 

ZIGZAG STRIP READOUT 

R&D Effort at Fl. Tech 
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Motivation 

• Cost is one of the biggest current issues for 

the CMS GEM upgrade project 

• The single-largest budget item in the original 

GEM budget estimate is electronics:   

    ~3M out of 6.4M total (TP CMS IN 2012/001)  

• Clearly, we should seriously look for ways to 

reduce the electronics cost if possible 

– One potential real cost saver would be the  

   significant reduction of readout channels  

 Can a zigzag strip readout help with that? 

 7/24/2012 HEP Division Seminar, ANL - Marcus Hohlmann 51 



Previous Work @ BNL 
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Zigzag strips: 

• Charge sharing among adjacent strips allows quite sensitive position-interpolation in x-direction 

 

• We are sacrificing the measurement of the 2nd coord. (y) to gain precision in the 1st coord. (x) 

 

• CMS GE x/1 detectors are currently intended for 1D-coordinate measurements, so the zigzag 

approach is applicable to these detectors 

x (measured coordinate) 

Previous exp. studies show <100 µm resolution with 2 mm strip pitch is possible: 

y 

52 

Concept: 

ava-

lanche 

BNL 



Zigzag Strip Readout Board 

7/24/2012 

Readout Board 

for std. CERN 

10cm×10cm 

Triple-GEM Det. 

2 sets of 10cm zigzag strips with different zigzag pitch (along strip) 

BNL / Fl. Tech / Stony Brook Collaboration 
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2 mm 
2 mm 

24 fine 

zigzag 

strips 

24 coarse 

zigzag 

strips 

LEMO footpads 
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Au plated 



Strip Cluster Characterization 
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Mean = 2.7 Strips hit 

 

(note: incidence angles up to 

30o from perpendicular 

incidence) 

Mean = 1.1 Clusters 

Cluster Charge Distribution 

Strip Cluster Size Distribution Strip Cluster Multiplicity 

x (measured coordinate) 

y 

ava-

lanche 
Sample of 

11k mip pulses 

using cosmics 

 

Ar/CO2 70:30 



2012 CMS beam test @ SPS 
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M. Staib (FIT) 

Zigzag  

Resolution = s/2 = 73 µm 

looking for hit in 5mm window centered on track 

150 GeV/c  

µ &  beams 

 

June 2012 



Zigzag strips vs. straight strips 
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Can reduce # of  

readout channels 

(and electronics  

cost) by 70% of  

current design 

Improve resolution  

by factor 3-4 

Pitch  

[mm] 

Typical Resolution  

[µm] 

Zigzag strips & analog r/o 2.0 80 

Straight strips & VFAT 

(current design, short end) 

0.6 300 

Improvement factor  

w/ zigzag strips 

3.33 3.75 

A “figure of merit”:   3.33 × 3.75 = 12.5 

 

  ~ Potential for order of magnitude improvement over current design 

 

  Well worth a try! 

& 



GEMS FOR CMS: PLANS, 

SUMMARY, CONCLUSIONS 
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Hardware 

• Now: To be established with summer 2012 beam test data: 

– full viability of self-stretched, spacerless, large-area GE1/1 chambers 

– 4ns time resolution in large-area GE1/1 chambers with optimized E-fields 

• Medium-term:  

– Installation of 4 GE1/1 production chambers  

     (2 super chambers) in CMS during LS1        

– Targeting electronic readout using first prototype  

     of final DAQ using µTCA 

• Long-term: Installation of a demonstrator system in LS2 

– ~ 90o sector in one endcap with all 4 muon stations instrumented:  

     9×2 GE 1/1, 4×2 GE2/1, 4×2 GE3/1, 4×2 GE4/1  (pending CMS decisions) 

Software 

• Develop G4 simulation tools for GEM system and integrate into CMSSW 

• Detailed muon reconstruction and physics studies of expected performance 

CMS GEM Plans 
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GE1/1 ME1/1 

 GE1/1 

ME1/1 

GE2/1 
ME2/1 

YE1 

IRON 

 GE1/1 

possibly in LS1 



 

• Detector development 

– In-depth detector R&D program has demonstrated large-area GEM detectors that perform well 

– Positive implications for future mass production efforts 

• Chamber construction techniques being continuously improved and simplified  

• Industrial GEM foil production appears achievable 
 

• Electronics development  

– FE and DAQ design well underway; in synch with other CMS and LHC electronics projects 

– potential cost saving designs under study (zigzag) 

 

 

 

• Integration and services in CMS 

– studied in sufficient detail 

– no show stoppers found  

 

• GEMs have promise of improving CMS muon tracking and triggering substantially for Phase 2 

– High- redundancy and robustness would increase muon acceptance × efficiencies 

– Hardware input of GEM information to CSC L1 track-finding garnering interest 

– GEMs will improve muon momentum resolution for high-pT muons 
 

 

 

 

Summary & Conclusions 

We gratefully acknowledge here the RD51 Collaboration for its strong support of our  

detector construction, testing and data-taking and for the many fruitful discussions 
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GEMS FOR  

MUON TOMOGRAPHY 

And now for something different… 
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Recent news… 
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By Douglas Frantz, Updated: Sunday, July 15, 4:05 PM  

 

The Obama administration has failed to meet a legal deadline for scanning all 

shipping containers for radioactive material before they reach the United States, 

a requirement aimed at strengthening maritime security and preventing terrorists 

from smuggling a nuclear device into any of the nation’s 300 sea and river 

ports.  

The Department of Homeland Security was given until 

this month to ensure that 100 percent of inbound 

shipping containers are screened at foreign ports.  

 

But the department’s secretary, Janet Napolitano, 

informed Congress in May that she was extending a two-

year blanket exemption to foreign ports because the 

screening is proving too costly and cumbersome. She 

said it would cost $16 billion to implement scanning 

measures at the nearly 700 ports worldwide that ship 

to the United States. 

 

Instead, the DHS relies on intelligence-gathering and 

analysis to identify “high-risk” containers, which are 

checked before being loaded onto ships. Under this 

system, fewer than half a percent of the roughly 10 

million containers arriving at U.S. ports last year were 

scanned before departure. The DHS says that those 

checks turned up narcotics and other contraband but that 

there have been no public reports of smuggled nuclear 

material. 

… 

The DHS says monitors scan 99 percent of the 

containers for radiation after they arrive at U.S. ports. 

But experts say the monitors at U.S. ports are not 

sophisticated enough to detect nuclear devices or 

highly enriched uranium, which emit low levels of 

radiation.  

… 



… on an old problem 
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Colorado Sen. Eugene Millikin pressed Oppenheimer about how to find a bomb hidden in a city: 

 

Sen. Millikin: “We... have mine-detecting devices, which are rather effective... I was wondering if 

anything of that kind might be available to use as a defense against that particular type of use of 

atomic bombs.” 

 

Dr. Oppenheimer: “If you hired me to walk through the cellars of Washington to see 

whether there were atomic bombs, I think my most important tool would be a screwdriver to 

open the crates and look. I think that just walking by, swinging a little gadget would not 

give me the information.” 

Transcripts from the National Archives 

That candid assessment shocked the senators, who then asked the Atomic Energy Commission to examine 

the problem. Robert Hofstadter and Wolfgang Panofsky, a veteran of the Manhattan Project team that built 

the atomic bomb, produced a still-classified assessment, which came to be known as the Screwdriver 

Report.  

 

Panofsky, now the director emeritus of the Stanford Linear Accelerator Center, says the assignment was to 

detect 1 cubic inch of highly enriched uranium or plutonium hidden inside a crate and smuggled 

across a land border. "The conclusions of that report are still valid because the laws of physics have not 

changed one bit," Panofsky tells U.S. News. "You still can't detect a nuclear device unless you are, say, 10 

feet away from it - and even then it can be quite easily shielded." 

US News & World Report, 2/18/07 



μ μ 

Fe U 

Large 
Scattering 

Small  
Scattering 

μ Iron 

Small  
Scattering 

Uranium 
μ 

Large 
Scattering 

μ μ 

Incoming muons (from natural cosmic rays) 

Note: Angles 
Exaggerated!  
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

Tracking 
detectors 

Multiple Coulomb scattering to 1st order produces Gaussian 
distribution of scattering angles θ with width σ = Θ0: 

𝑝 → Momentum 

𝑍 → Charge Number 

𝛽𝑐 → Velocity 

𝑋0 → Radiation Length 

𝑥 → Width of Medium 𝑋0 =
716.4 g cm-2 ∙ A

Z(Z + 1)ln⁡(287  𝑍 )
 

Where 𝑋0 may be approximated by  

Towards a solution… 
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Muon Tomography Concept 



Brass Cu 

Pb W 

Fe 

Al 

Original idea from Los Alamos (2003): 
Muon Tomography with Drift Tubes 

Reconstruction of 1 inch thick Pb letters 

J.A. Green, et al., “Optimizing the Tracking 
Efficiency for Cosmic Ray Muon Tomography”, 
LA-UR-06-8497, IEEE NSS 2006. 

INFN : Muon Tomography with spare CMS 
Muon Barrel Chambers (Drift Tubes) 

S. Presente, et al., Nucl. Inst. and Meth. 
A 604 (2009) 738-746. 
  

1.4 m 
4.3 m 

1 
2 

3 

Decision Sciences Corp.:  Multi-Mode Passive 
Detection System, MMPDSTM 

 

INFN 

CMS 

Decision Sciences prototype using drift 
tubes large enough to scan a vehicle. 

C. Milner, et al., “Non-Invasive Imaging of Reactor 
Cores Using Cosmic Ray Muons”, SMU Physics 
Department Seminar, March 2012. 

Drift Tube Muon Tomography 
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1 ft3 

 

active 
volume 

30 cm  30 cm GEMs 

Fl.  Tech Cubic-Foot MT Prototype 

U 

W Pb 

Fe Sn 

GEM Muon Tomography 
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Top View 

Side views 

30cm × 30cm 

Triple-GEMs 

Point-of-closest-approach reconstruction for incoming & exiting track 



Uranium Shielded w/ Bronze 

• Mixed track selection 

• 187,731 reconstructed tracks 

• NNP cut = 10 

• 2 mm x 2 mm x 40 mm voxels 

40 mm XY slices descending in Z by 5 mm per frame 
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Tin-bronze shielding  

(83% Cu, 7% Sn, 7% Pb, 3% Zn)  

with X0 = 1.29 cm & 1.7 cm walls 

 

. 

1.7cm 

DU 



With Lead Shielding 

Lead 

Tantalum 

Tungsten 

Uranium Tin Iron 
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Lead box with 3.4mm thick walls 



Muon Tomogram 

The shielded targets are clearly 

visible in the reconstruction 

Lead 
Tantalum 

Tungsten 

Uranium Tin Iron 

• Combinatoric track selection 

• 292,555 reconstructed tracks 

• NNP cut = 5 

• 2 mm x 2 mm x 40 mm voxels 
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40 mm XY slices descending in Z by 5 mm per frame 



Thank you for your time! 

Acknowledgments: 

 

Many thanks to Paul Aspell (CMS GEMs, CERN), Eraldo Oliveri (Pisa), Archana Sharma (CMS GEMs, CERN),  

Mike Staib (Fl. Tech), Maxim Titov (RD51, Saclay) for making slides available for the preparation of this presentation. 
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LHC Phase 2: CMS Muon Issues 
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D. Contardo, J. Spalding, 

CMS week 06/25/12 

• New Muon Strategy Group organized by Muon IB for long-range muon planning to deliver an 
initial report in July and more complete plan in Dec 2012: 

- Detector longevity, trigger sustainability & evolution, new muon detectors 
 

• Muon chambers are generally expected to survive into LHC phase 2 (= beyond LS3)  
- Simulated rate increase with luminosity compares well to data  
- Barrel DT and RPCs should sustain 75 Hz/cm2 at 5 × 1034 with some margin; no known 

radiation dose issues for detector and electronics  
- CSCs designed for 30 years of LHC (needs re-evaluation) - full exposure of M1/1 chambers 

to be foreseen – rates capabilities being investigated 
- RPCs should sustain rates in  
     || < 1.6 – investigate hot  
     spots at GIF++, though!  
 

• Investigate new technology  
     opportunities for ||>1.6:  

- GEMs  
- Glass RPCs (recent) 

Improve crack regions 

Provide redundancy 

|| = 1.6 - 2.4 

Increase coverage 

|| > 2.4 ? 



Importance of Redundancy 
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• ME1/1 data: 

– White spaces are dead on-chamber electronics 

 (currently lost due to lack of redundancy) 

• CSC ME 1 trigger stub finding inefficiency 

     (2009 studies @ PileUp=400)  

– Track finding algorithm has since improved  

– Losses due to stub timing mismeasurements 

have fundamental causes and are hard to fix 

 

Inefficiency due to  

CLCT-ALCT timing 

mismatching 

GEMs ? 

Alexei Safonov (TAMU) 



Full Physics Studies to come 

• Plan to develop GEANT & CMSSW tools for full 

simulation of GEM system within CMS upgrade 

• Study potential benefits for physics with muons 

– Multi-muon final states, e.g. H → ZZ → 4µ 

– Exotica high priority analyses, e.g. Z’→ 2µ 

– Boosted topologies with muons, e.g. Z’→ 𝑡𝑡 → 2µ+X 

– Forward-backward asymmetries 

– Low rate channels, e.g. H → 2µ 

– B-physics using semileptonic decays (?) 

– … 
• Effort started recently (K. Hoepfner, M. Maggi, M. Schmitt, et al.) 
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Muon trigger efficiency issues 

• Example: L1_SingleMu16eta2p1 (seed of HLT_Mu40eta2p1) 

• One may ask: 
– Is it good enough? 

– Will it degrade at higher luminosity? 

Jay Hauser (UCLA), Muon Strategy Meeting,  

CMS Week June 2012 
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GEM GEM 

Main CSC challenge @ HL is triggering: 

 
• High background rates in forward region  

– Trigger rate is dominated by junk muons 

reconstructed as high pT muons 

 

• Muon trigger stub losses drive inefficiency 
– Dead electronics, spaces between 

chambers, but also algorithmic losses 

– Especially undesirable in station ME 1, 

which is key for momentum resolution 

 

• Inefficient for events w/ 3+ nearby muons 
– Predicted in new physics models; we don’t 

want to miss our next discovery due to 

electronics limitations 

Alexei Safonov (TAMU), 2-day GEM Electronics meeting, July 2012 

→ Use GEM hits as additional input for  

       CSC trigger stub generation at L1 



Tech. Approach - GEM Physics Study 
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• Identify reference analyses for comparison with present CMS geometry 

 

• Provide GEM input, geometry, and digitization 

 

• Generate samples 

• Smaller signal samples to verify performance (private production) 

• Single muon gun with fixed muon pT (private production possible) 

• Larger background samples 

 

• Run existing analysis with present selection (non optimized for high lumi 

scenario). Compare performance with new geometry against 2011/12 

physics analyses. 

 

• Optimize analysis for higher Pile-Up (e.g. ~50 PU, now ~20 PU) and  

     HL-LHC conditions, e.g. different triggers, muon ID, etc. 

K. Hoepfner (Aachen), GEM software meeting, May 2012 



CURRENT GEM USES @ LHC 
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GEMs @ LHCb 
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12 Double Triple-GEMs in front of calorimeter; total area 0.6 m2 

GEMs for LHCb L0 Muon Trigger: 

• Operating since LHC startup 
• Rate up to 500 kHz/cm2 

• Efficiency > 96% in 25ns window (using OR) 
• Time resolution 4.5 ns (rms) 
• Rad-hard up to integrated charge of  
      ≥ 2 C/cm2 (15 LHCb years) 

Readout: 1cm  × 2.5 cm pads 

20x24 cm2 GEM module 

Double 

3-GEMs 



GEMs @ LHCb 
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2.9ns 
r.m.s. 

Time resolution for two OR’ed chambers 

Ar/CO2/CF4=45/15/40 

 

Drift  =  3.5 kV/cm 

Transfer = 3.5 kV/cm 

Induction = 3.5 kV/cm 

Measured efficiency in 25ns window 

t [ns] 

M. Alfonsi (Frascati), MPGD Workshop, CERN, Sep 2007  

9.7ns 5.3ns 

4.5 ns 4.5ns 

98% 



GEMs @ TOTEM 
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Triple-GEM Telescope T2: 

CSCs 3.1≤ || ≤ 4.7:  

very forward at 5.3 ≤ || ≤ 6.5 

T1, T2: Charged Particles in Inelastic Events 

E. Oliveri (INFN Pisa), 3rd CMS GEM Upgrade Workshop, April 2012 

CMS 

 

•  360o  coverage 

•  Readout Granularity: 

•  d r ≈ 400mm [pitch] 

•  d = 2.9o [pitch] 
 

• 4 quarters with 10 detectors aligned each 

About 99.5% of all non 

diffractive minimum bias events 

and 84% of all diffractive events 

have charged particles within 

the acceptance of the TOTEM 

detectors,T1 and T2. 



TOTEM T2 GEMs 
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“Naked” TOTEM Triple GEM 

Fully Equipped TOTEM Triple GEM 

TOTEM GEM Foil  TOTEM 2D Readout Plane  

(strips & pads) 
Strips (r):  

  512 strips  

  2  sectors of 256 each 

  400mm pitch, 80mm width 

  mean cluster size ≈ 2.5-3 
 

Pads (triggering & ): 

  1560 pads 

   65  sectors of 24 each 

   d = 2.9o, d = 0.05 

   mean cluster size ≈ 1.2-1.5 

E. Oliveri (INFN Pisa), 3rd CMS GEM Upgrade Workshop, April 2012 

VFAT 

hybrids 



TOTEM T2 Tracker 
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Sensitive 

area 

 
Δϕ=192o 

Δϕ=192o 

E. Oliveri (INFN Pisa), 3rd CMS GEM Upgrade Workshop, April 2012 

Open Closed 



TOTEM GEM Frontend chip 
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Triggering and 

tracking  

 
Synchronous front-end ASIC 

designed primarily for the 

TOTEM experiment and 

characterized by: 

 

• 128 preamplifier-shaper-

comparator readout chains 

to detect signals above 

a programmable 

threshold 

 
• Fast-OR lines (up to 8)  

that merge channels of 

programmable sectors to 

provide a trigger signal. 

E. Oliveri (INFN Pisa), 3rd CMS GEM Upgrade Workshop, April 2012 



TOTEM Efficiency w/ VFAT2 
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E. Oliveri (INFN Pisa), 3rd CMS GEM Upgrade Workshop, April 2012 



HDMI 

Gb Ethernet 

APV25 Hybrid ADC FrontEnd 

Concentrator 
• 128 channel APV25 chip 

• 192-deep analog sampling memory 

• Master/slave configuration 

• Diode protection against discharge 

• RD51 standard 130-pin Panasonic 

connector interfaces to detector 

• HDMI mini (type C) connector 

• 2 x 12-Bit Octal ADC 

• 8 x HDMI input channels (16 APV hybrids) 

 

• Virtex LX50T FPGA 

• SFP/Gb Ethernet/DTC interface 

• NIM/LVDS GPIO (trigger, clock synch, etc.) 

DAQ Computer 

• Data Acquisition using DATE  (ALICE @ 

CERN) 

• Support added for data transfer via UDP  

• Slow control via ethernet 

• Online and offline analysis using custom 

package for AMORE (ALICE @ CERN) 

J. Toledo, et al., "The Front-End Concentrator card for the RD51 Scalable Readout System,"  

in Topical Workshop on Electronics for Particle Physics, Vienna, 2011. 

RD51 Scalable Readout System 
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128 ch. 



Current Muon Hit Rates 

CSC and DT single-layer hit rates: 

• Highest rate in ME 1/1 

• Scale well with luminosity 

• Rates slightly lower than 
simulations in most cases 

 

Endcap RPC single-gap hit rates: 

• Simulation uses 0.1/1.0% sensitivity  

    to neutrons/photons 

• Similar to simulation 

• Grow linearly with luminosity 
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Jay Hauser (UCLA), Muon Strategy Meeting, CMS Week June 2012 



GEM Collaboration & USCMS 

Participation by USCMS groups 

• Fl. Tech: detector R&D and 

production, beam tests, mgmt. 

• Wayne State: beam tests & 

electronics 

• Texas A&M: interest in trigger 

studies 

• Purdue Calumet: interest in 

simulations 

• U. Virginia (tbc): interest in    

detector R&D  

• Northwestern: interest in muon 

reconstruction and physics studies 
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CMS GEM Collaboration (institutes signing 2012 TP) 

 Good spectrum of tasks 

     for USCMS institutions 



R&D Project Milestones 
• 2009   

– Small prototypes, bench tests; picked GEMs among MPGDs for further study 

– Established that 4 ns time resolution achievable 

– Large-area GEM foils become available 

• 2010 

– First large-area GE1/1 prototype; beam test 

– Workshop 1 

– SLHC R&D proposal 10.02 submitted to CMS 

• 2011 

– Second redesigned GE1/1 prototype (smaller gaps b/w GEMs) 

– “GEM Collaboration (GEMs for CMS)” constitutes  

     itself in May CMS week (76 collaborators from 15 inst.) 

– Summer beam tests (including first test in CMS test magnet) 

– Established 100µm (300µm) res. with analog (binary) r/o chip 

– “Self-stretch” GEM foil assembly technique w/o spacers  

– Preliminary electronics design starts 

– Workshop 2  & Project presented to Muon Institution Board 
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R&D Project Milestones cont’d  

• 2012 

– Internal Technical Proposal for two stations GE1/1 & 2/1 in LS2 submitted to 

Upgrade Mgmt. (Feb, CMS IN 2012-001, 104 pp., 35 inst., 176 signatories)  

– Internal peer review organized by CMS Upgrade Project Office (March) 
• Much interest in technology  

• Concerns raised about projected project cost (~ 6.5M CHF, mainly in electronics) 

• Suggestion: scaled-down “demonstrator system” in context of overall CMS muon upgrade strategy 

– Workshop 3 (April; 3 days) 

– Formally approved as R&D project of interest to CMS: RD10.02 (April 20) 
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– Construction of 5 production-style GE1/1 prototypes (May) 

– 5 weeks of beam test for production GE1/1 with RD51 coll. at SPS (June-July) 

http://cmsdoc.cern.ch/cms/electronics/html/elec_web/docs/slhcusg/proposals/proposal_list.htm 

… 

… 



3mm PCB 

6mm 

Cu 

pipe 

1mm Cu strip 

VFAT 

chip 
Cu pipe 

6mm/8mm 

at 18o C 

VFAT PCB 

Panasonic 

connectors 

Soldered to the pipe 

6.5mm 

GE 1/1 Cooling System 
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VFAT power – 600mW 

VFAT chip dimensions ~10×10mm 

Connectors – 6mm high 

44mm 
5
0
m

m
 

VFAT 

PCB 

• The cooling system has been studied/simulated taking into account electronics 

power dissipation (based on VFAT). 

 

• The cooling system will ensure a chamber temp. uniformity of (20  1) 0C. 

E. Da Riva [EDMS No. 1157976 v.2] 



GEM Electronics Mini-Workshop 

July 10 & 11; active group attracting more recruits - including CSC elec. & trigger people 
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Frontend Evolution 
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P. Aspell 



DAQ System Evolution 
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P. Aspell 



VFAT2 with Scalable Readout System  
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Have on order 1000 chips in hand; both types w/ and w/o diode protection 

 

P. Aspell 



DAQ Prototype System for LS1 
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P. Aspell 

FPGA  also with link to new 

CSC Trigger Mother Board 

Gigabit Link Interface Boards 



Electronics Timeline 
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P. Aspell Readout of demonstrator system in LS2 (90o section) 



Upgrade CERN shops 
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Last three large PCB machines in place:  

• CERN funding major upgrade of workshops 

• Machines arrived May 23rd  

• Some infrastructure to be updated in workshop (electricity + piping) 

• 5 days planned installation time (w/ people coming from manufacturer) 

• Installation planned for 3Q12 (fitting production priorities and people from manufacturer) 

F. Formenti, CERN, RD51 mini-week, June 2012 



GEM qualification procedure for Newflex 
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• RD51 asked Newflex to carry out a basic QC test for GEM foil validation 

• Will only buy good foils from them, but would like to have a full QC report 

Validation methods: 

Visual inspection 1 

Microscope inspection 

(few areas) 

2 

 

Open air HV test 3 

70 µm ± 2 µm 

50 µm ± 5 µm 

Lighter area <0.1 mm2 

2 defects max, <1 mm2 

Ileak<10 nA @ HV=600 V 

 tr=12 s 

 tamb, 1 amt, RH=35% 

 no sparks  
F. Formenti, CERN, RD51 mini-week, June 2012 



GEM FOIL 

PRODUCTION 

DRIFT 

 ELECTRODE 

PRODUCTION 

READOUT 

ELECTRODE 

PRODUCTION 

MECHANICS 

PRODUCTION 

ASSEMBLY SITE 

Quality Control procedures: 
 

1. QC-Drift Electrode 

2. QC-GEM foils  

3. QC frames (mechanical tolerances) 

4. QC readout PCB 

5. QC Gain uniformity test 

6. QC leak test 
 

Electronics 

Production & 

QC 

Transport to 

CERN 

Installation 

Commissioning 

CERN? 

US? 

India ? 

Quality Control for Production 
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L. Franconi 



Noise measurements 
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Pedestal Width (rms) recorded with APV & SRS 

Floating APV channels 

(not connected) 

24 + 24  

zigzag strips  

 

fine  

zigzag  

strips  

 

coarse  

zigzag  

strips  

 



Two-Strip Cluster w/ SRS 
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Raw Hit Data Pedestal Subtracted Hit Data 

Zero Suppressed (5σ RMS) Hit Data Time Evolution of Zero Suppressed Pulse Signal 

Floating channels 

(not connected) 

48 zigzag 

Readout 

Strips 

Strip Number 

Strip Number Strip Number 

COSMICS DATA 



Impact on electronics design 
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 Potential for eliminating need for 2/3 of the electronics of current baseline design:  

from Paul  

Aspell’s 

talk on Thu. 
1 



Zigzag Implications 
• Potential for saving 70% of readout channels and ~50% (?) of 

electronics cost, could mean potentially saving 1-1.5 MCHF on 

the project (using Tech. Proposal baseline: full GE1/1 & GE2/1) 

 

• Simplifies cooling, cabling, power  additional cost savings 

 

• Total project cost < 5 MCHF possible ?!  

 

• Analog pulse height measurement is mandatory for charge 

interpolation, so VFAT3 would not work  

    → would need a GdSP design for front-end electronics 

 

• Plan: Develop a full-size GE1/1 zigzag readout board & test 
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CMS GEM Goals for LS1 
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• Installation & Integration of 2 GE1/1 super chambers (possibly 1 super ch.GE2/1) 

• Install new pre-production CSC TMB prototypes on chambers that overlap with GEMs 

 

Measure: Background rates / Noise / Stability / Uniformity / Efficiency in situ 

• Space & time resolution  

– In real high-η environment  

– In real magnetic field 

• Provide signal to CSC and participate in L1 trigger and reconstruction 

• Prove that the electronics design works and demonstrate in situ that we can operate 

CSC TMB with GEM input, in various operating regimes (nominal, DCFEB on/off etc).  

• Test reduction of CSC X-Y ambiguity and ghost in situ   

• Once we go into operations, measure muon trigger rates and efficiency in the overlap 

regions with and without GEMs input 

Participate in CRAFT 2014  


