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LCTPC: GEM Readout Results and 
TPC Software

1 supported by the US National Science Foundation

Daniel Peterson, Cornell University 1
Outline:

R&D towards a GEM-amplification pad readout (pad size 4 to 12 mm2)
GEM concept [p2]

signal size [p3], broadening to meet resolution requirements [p4,5]
small prototypes [p6] 
GEM resolution results 

signal width [p7] spatial resolution [p8-11], longitudinal resolution [12] track separation [p13]
ion feedback [p14]
use of a GEM for ion feedback gating

GEM transparency to electrons and ions [p15,16]
summary [p17]

GEM end cap tracker
concept [p18], prototypes [p19]

Software
overview and software framework [p20]

walk-through of physics generation, detector simulation and reconstruction [p21-23]
machine background simulation [p24]
magnetic field distortion simulation and reconstruction [p25]
detailed TPC signal simulation [p26]
parametric TPC signal simulation 

simulation [p27],  TPC reconstruction efficiency [p28], ionization center simulation [p29]
plans for reconstruction and analysis [p30]

Conclusions [p31]
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GEM introduction

300-400V

Wires used in existing TPCs
STAR
Alice

Signal is too wide

Alternative gas amplification
GEM
(Micromegas in next talk)

50 µm   copper clad foil
70 µm   holes

140 µm  hole pitch
up to 80 kV/cm in hole

gain ~ 100
at 400V
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Signal size

Wires: wide inductive signal

GEM: narrow transfer signal

Measured signal width:
3-GEM
strip anodes
B= up to 5 Tesla

~ 250 µm at B=4 Tesla

A. Vogel, Aachen, Durham 2004
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Signal size, and other requirements for a TPC

Signal is very narrow

results in deteriorated resolution
at small drift

due to insufficient charge sharing
(hodoscope effect)

hodoscope effect decays faster 
with increased diffusion.

improved resolution at all drift requires 
- narrow pads, or 
- diffusion within the gas amplification .

( creative pad shapes 
do not improve resolution )

158      119      130       220     260       174
Resolution (mm) 

B. Ledermann, Karlsruhe, Vienna 2005

Particular case:

Pad width = 2.3mm

Pad Distribution Function=δ
D=469, 285, 193 µm/(cm)1/2

Kobayashi, KEK, Bangalore 2006
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Use of diffusion in the transfer field

Gas: P5

D. Karlen, Victoria, Paris 2004

Diffusion properties of
the gas can be used to
defocus the GEM signal.

optimal resolution 
Signal size (σ)  ~ ¼ pad width
2mm pad width → 0.5mm signal

transfer and induction gaps
can be increased to 
defocus the GEM signal
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The small prototypes

DESY

Karlsruhe

Victoria

MPI/Japan

Cornell

Chambers used to study GEMs
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signal size, diffusiongas characteristics
extracted from fit variance
on event-by-event basis

“TDR” Ar:CH4:CO2 93:5:2  230 V/cm
“P5” Ar:CH4 95:5  90-160 V/cm

pad width: 2.0 mm , 1.2 mm

intercept → defocusing term
Slope → diffusion constant

TDR gas, signal width at zero drift
σ0=.92 mm (0T)

.51 mm (1T)

.32 mm (4T)

diffusion constant
D=348 µm/cm1/2 (0T)

205 µm/cm1/2 (1T)
70  µm/cm1/2 (4T)

P5, σ0 = .38 mm(4T)
D= 34 µm/cm1/2 (4T) ref slide 5 D. Karlen, Victoria, Snowmass 2005

(m
m

2
)
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Transverse resolution,
signal size

DESY measurements
3-GEM, each 325V
Transfer gaps: 2mm, 2mm, 3mm 

Ar:CH4:CO2 93:5:2  
pad width: 2.2 mm
B = 1, 2, 4 Tesla
cosmics

σ= 0.15 x 2.2mm
= 0.33mm (2 Tesla) K. Ikematsu, DESY, Bangalore 2006

Rise indicates pad size is 
too large for signal width at 4 Tesla

staggered
non-
staggered

width derived from
fraction of 1-pad hits
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Transverse resolution,
signal size

MPTPC (build at MPI) measurements
3-GEM, each 330V
Transfer gaps: 1.5, 1.5, 1.0 mm

Ar:CH4:CO2 93:5:2   220V/cm
Ar:CH4  95:5           100V/cm

pad width: 1.27 mm staggered 
B =1 Tesla
4 GeV/c pion beam

with σ0
2 = 0.2mm2, σ0= 0.45mm

4σ0 (90% containment) = 1.8mm

TDR gas, 1T, D=207 µm/cm1/2

(ref 205 from Victoria measurement )

cm

M. Kobayashi, KEK, Bangalore 2006
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Transverse resolution,
signal size

Width measurements
TDR gas, σ0=.92 mm (0T)

.51 mm (1T)

.32 mm (4T) D. Karlen, Victoria, Snowmass 2005

Victoria measurements
2-GEM, 372V, 380V

Transfer gaps: 2mm, 5mm 

Ar:CH4:CO2 93:5:2  230 V/cm
Ar:CH4  95:5  90-160 V/cm

pad width: 2.0 mm , 1.2 mm

B = 0, 1, 4 Tesla
cosmics

P5, 4 Tesla TDR, 4 Tesla

Various B, TDR,
1.2 mm pads 

Copied from
 page 7
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Track angle effects

Victoria

Karlsruhe

D. Karlen, Victoria, Snowmass 2005

B. Ledermann, Karlsruhe, Vienna 2005

But, momentum resolution dominated
by scattering for P > 50 GeV/c;
entrance angle,  α > .04 radian 
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Longitudinal resolution
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Longitudinal
resolution 

B field as shown

(Not a property 
of the GEM)

G. Rosenbaum, Victoria, Victoria 2004

P5 gas

TDR gas
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2-track resolution

Z separation:
10 mm

∆x=3.8 cm, ∆z=0

D. Karlen, Victoria, Snowmass 2005

P. Wienemann, DESY, Stanford 2005

Transverse
separation:

1.5 pad width
σ0 = .32 mm (4T)
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Ion feedback (back drift)

Optimization

Edrift 240V
UGEM1 small influence
ET1 MAXIMUM
UGEM2 small influence
ET2 minimum
UGEM3 MAXIMUM
Eind MAXIMUM

DESY
3-GEM
Novorod GEM
TDR Gas

Aachen
3-GEM
B=4 Tesla
for Geff=1000, 
QIB~2.5 Qprimary

A. Vogel, Aachen, Durham 2004

P. Weinemann, DESY, Berkeley 2003
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Possibility of using a GEM ion gate

D. Peterson, Cornell, Valencia 2006

suppressed ion feedback in GEMs
may not be as low as 1/gain

must consider implementing a gate
wire gates are complex
investigate use of a GEM gate

Measure GEM transparency e- and +ions
GEM mounted on MWPC 

MWPC: electron measurement, ion source
field gage termination, ion measurement
anode traces 82 µs full scale, ion 656 µs
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GEM transmission

F. Sauli et al, IEEE Nucl. Sci Symp NS-50 2003 803

D. Peterson, Cornell, Valencia 2006

should be careful designing a gate

Measurements will be repeated 
in a magnetic field.

Expand to measure ion feedback
from various gas amplification.

Electron measurement does not agree
with source/current measurements.

Ion measurement does agree, 
not sensitive to mixture. 
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Summary

with drift distance: 250 cm
and diffusion constant 70 µm/cm1/2 (TDR gas),
and  27 primary ions
contribution to resolution, from diffusion…

213 µm, will be dominant contribution

with P5, improved transverse resolution
degraded longitudinal resolution

“TDR Gas” Ar:CH4:CO2 93:5:2     B=1 Tesla                      B=4 tesla
transfer    pad      signal   diffusion transverse     signal  diffusion    transverse

GEMs gap        width      s       constant    resolution        s constant   resolution
total                  drift=0        (10cm drift)    drift=0               (10cm drift)

Data set            (mm)     (mm)    (mm)   µm/cm1/2 (µm)             (mm)    µm/cm1/2 (µm)

DESY         3        7           2.2                          160            0.33 (2T)              165
Victoria      2        7           2.0       0.51              0.32         70      105

MPI/CDC    3        4           1.27     0.45         207      140 
Victoria      2        7           1.2       0.51         205  120              .032          70       75

M. Kobayashi, KEK, Bangalore 2006
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GEM end cap tracker

L. Sawyer, Louisiana Tech, 2007

An end cap tracker is an
integral part of the TPC implementation

matching point at entry to Ecal

pattern recognition in TPC

improved d(1/p) for ~7o < θ < ~16o

Silicon detectors is one option.

Louisiana Tech is investigating a
GEM device.
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GEM end cap tracker

L. Sawyer, Louisiana Tech, 2007

10cm x 10cm built and tested

30cm x 30cm built Fall 2006

foils are 3M, in cooperation with 
Arlington digital-Hcal

Beam tests at Fermilab in Spring 2007

Developing curved GEM foils 
for endcap geometry

Small chamber comparison of 
Fe-55 source and pulsed x-ray
gas: Ar:CO2 70:30

400 µm strip pitch
3-GEM
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SOFTWARE
Software in Europe uses a framework as shown.

Based on Pythia, Mokka, Marlin, Geant4, LCIO, LCCD 
( JSF software in Asia (Jupiter, Uranus) has similar functionality.)

Will walk-through a description of 
using European framework

Will describe 
ongoing development of tools: 
specific design questions 

effects of 
hit overlap,
noise simulation
magnetic field distortions.

Will mention the efforts to organize the 
reconstruction for prototypes, especially the large prototype.
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Physics event generation: Phythia

run Pythia

input 
beam parameters
event type

output
track list
(escaping interaction)

HEPEvt file
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Detector Simulation: Mokka and Geant

MySQL geometry database describes detector
(using a custom geometry, includes tpc07 )

Mokka requires the geometry, HEPEvt file
outputs to LCIO, SimTrackerHit

simplified geometry GEAR file
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Reconstruction, Analysis, Visualization: Marlin

Marlin requires 
LCIO and GEAR files
specification of processors

SimTrackerHit

TPCDigiProcessor (Gaussian smearing) 

Full reconstruction, 
95% efficiency in TPC 

TPCTrackerHits

A. Raspereza, MPI, Valencia 2006 S. Alpin, DESY, Cambridge 2006
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Realistic noiseSimulate radiation in the TPC in Mokka

Input
TESLA TDR/Stahl beam parameters
Guinea Pig pairs from 5 simulated beam crossings 
different geometries and magnetic fields
neutron production enabled in Geant 4

Output
write out hits on all detectors to LCIO files
monitor all particles entering the TPC

future: 
overlay beam background hits 

on physics events

A. Vogel, DESY, Vienna 2005
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Magnetic Field Distortions
Magnetic field distortions
change the trajectory of particles

Primary Particles
drifting electrons in the TPC

The field must be mapped -
Hall probe
Then use data to find corrections.

dB/Bz < 2 x 10-5 is required

Simulation is implemented using Mokka
Allows parameters to be stored in a MySQL database 

and accessed with drivers
Gas composition, Geometry, Field distortion

Reconstruction is within Marlin
Modular pieces are being developed in parallel
Signal calibration
Pattern recognition / Seed Track
TrackFitterLikelihood (Victoria)

J. Abernathy, Victoria, Vancouver 2006

Bφ(r,z)

D. Peterson, Cornell, Snowmass 2005

distortions due to DID
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Detector response and digitization full simulation

(2) drift the electrons to the readout

A. Münnich, Aachen, Valencia 2006

(1) primary ionization:
clusters and cluster size,
track trajectory

ionization in drift volume 

(3) properties of GEM 
gas amplification
transmission, width 

(4) electronics (shaper, ADC)

resulting simulated pad response  

duplication of prototype measurements

future parameterization in Mokka



D. Peterson, “LCTP: GEM Readout Results and TPC Software”, WWS R&D Panel Review, Beijing, 2007 02 05
27

Simulation of signal overlap

Simulated “ionization centers”
Gaussian spreading pad distribution function
Multiple hits on pads
Create FADC time response for each pad

Future: implementation in Marlin 

A cone with +/- 4.7 cm is “active”
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Results of reconstruction

D. Peterson, Cornell, Vienna 2005

Reconstruction …
in time
in rφ

99.5% efficiency

3 mm pads sufficient
(Resolution is the 
determining factor
for pad size) 

2.5% loss in efficiency
with 
3.6% voxel occupancy

~21% of hits 
are touched by noise
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Improvements in hit creation: Mokka

A. Vogel, DESYMokka creates TPC hits  
previously intersections of track helixes with idealized detector cylinders
now equally spaced points in material, true “ionization centers”

needed for implementation of the signal overlap treatment in Marlin,
which has been started
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Beginnings of an Organized Analysis

Currently:
within the TPC community
diversity of simulation

reconstruction
analysis

Starting a common framework
for Large Prototype
to some extent, small prototypes

Large effort with groups in 
Germany and Canada

Marlin Processors
GEAR for static information
LCCD for conditions data

(the things we often call
“constants”, which are not)

C. Hansen, Victoria, Vancouver 2005
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Conclusions

GEM readout:
resolution goal demonstrated with 1.2 mm pads, 

probably 1.5 mm pads can be used with more diffusion defocusing
resolution goal at full drift requires a gas mixture

with lower transverse diffusion in the drift field
consider a gate to reduce the ion feedback
consideration of a GEM gate requires understanding of the transparency

GEM endcap tracker
tests of a large prototype and development of curved foils, this year

Software
developed frameworks for simulation and reconstruction 

in both Europe and Asia
working on sophisticated simulations to address detailed TPC design
organized analysis in development         


