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ALICE	  upgrade	  aJer	  LS2	  

2	  

•  Chief	  goal:	  improvement	  of	  ALICE	  	  
	  	  	  	  	  	  	  measurements	  of	  key	  observables	  in	  Pb-‐Pb:	  

	  -‐	  heavy	  flavor	  
	  -‐	  quarkonia	  
	  -‐	  low-‐mass	  dielectrons	  
	  -‐	  jets	  
	  -‐	  an2-‐	  and	  hypernuclei	  

•  Implies	  TPC	  readout	  at	  full	  minimum	  bias	  rate,	  	  
	  	  	  	  	  	  	  i.e.	  at	  50	  kHz	  in	  Pb-‐Pb	  

•  Present	  TPC	  readout	  rate	  is	  limited	  to	  ~3	  kHz	  

à  significant	  TPC	  upgrade:	  

	  -‐	  readout	  chambers	  
	  -‐	  frontend	  electronics	  	  
	  -‐	  online	  calibra2on	  and	  reconstruc2on	  scheme	  

•  TPC	  upgrade	  TDR	  submiZed	  today	  to	  LHCC:	  
	   	  CERN-‐LHCC-‐2013-‐020	  
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key	  issues	  for	  the	  TDR	  
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Development	  of	  a	  GEM-‐based	  readout	  system	  that	  minimizes	  IBF	  
	  
	  
Evalua2on	  of	  online	  reconstruc2on	  strategies	  to	  allow	  efficient	  
data	  compression	  on	  the	  online	  systems	  
	  
	  
Valida2on	  of	  a	  calibra2on	  framework	  to	  account	  for	  space-‐charge	  distor2ons	  
at	  a	  level	  that	  retains	  the	  momentum	  resolu2on	  of	  the	  TPC	  
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GEM-‐based	  Readout	  Chambers 	  	  
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Triple'GEM+principle+of+operation+

� Fast%electron%signal%(polarity!)%
� %
�����
����	�%
� ��������	�
����������electrods�%
�%Gas%gain%about%a%factor%3%lower%than%
in%MWPC%

GEMs%are%made%of%a%copperAkaptonAcopper%
sandwich,%with%holes%etched%into%it%

Electron%microscope%photograph%of%a%GEM%foil%

20%

•  micro-‐paZerned	  gas	  detector	  for	  	  
	  	  	  	  	  	  electron	  mul2plica2on	  

•  proven	  to	  work	  reliably	  in	  high-‐rate	  	  
	  	  	  	  	  	  applica2ons	  
	  
•  in	  a	  TPC	  with	  con2nuous	  readout:	  	  
	  	  	  	  	  	  back-‐driJing	  ions	  into	  driJ	  space	  
	  
•  GEMs	  feature	  intrinsic	  ion	  backflow	  (IBF)	  	  
	  	  	  	  	  	  capabili2es	  
	  
•  requirement:	  	  

	   	  -‐	  IBF	  =	  Icathode/Ianode<	  1%	  at	  gain	  2000	  
	  	  	  	  	  	   	   	  	  	  	  in	  Ne-‐CO2-‐N2	  (90-‐10-‐5)	  	  

	   	  	  	  	  i.e.	  ε	  =	  IBF	  *	  gain	  <	  20	  
	   	  -‐	  σ(55Fe)	  <	  12%	  

	  
à	  significant	  R&D	  effort	  

+	  

-‐	  

GEMs	  



Harald	  Appelshäuser,	  LHCC	  Mee2ng	  March	  4,	  2014	   6	  

TDR	  baseline	  solu2on:	  4-‐GEM	  stack	  	  Preparations for GEM4 Gas-Studies Conclusion

The Large Pitch GEM

MB, Julia Bloemer, Korbinian Eckstein, Andreas Hönle — Ion Back-Flow measurements at TUM 20/22

Triple'GEM+principle+of+operation+
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GEMs%are%made%of%a%copperAkaptonAcopper%
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Electron%microscope%photograph%of%a%GEM%foil%

20%

280 µm 

Standard	  GEM	  (S)	  
Large-‐pitch	  GEM	  (LP)	  
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Baseline	  solu2on	  (S-‐LP-‐LP-‐S)	  
employs	  standard	  (S)	  
and	  large-‐pitch	  (LP)	  GEMs	  	  
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IBF	  performance	  and	  energy	  resolu2on	  
4-‐GEM	  (S-‐LP-‐LP-‐S)	  Ne-‐CO2-‐N2	  (90-‐10-‐5)	  

•  Strong	  correla2on	  between	  
	  	  	  	  	  	  IBF	  and	  energy	  resolu2on	  

•  Opera2onal	  point	  with	  
	  	  	  	  	  	  IBF	  <	  1%	  and	  σ(55Fe)	  is	  	  
	  	  	  	  	  	  established	  

UGEM1	  
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simula2on:	  IBF	  in	  4-‐GEM	  systems	  

•  IBF	  quan2ta2vely	  well	  described	  	  
	  	  	  	  	  	  by	  simula2on	  based	  on	  Garfield++	  	  
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simula2on:	  IBF	  in	  4-‐GEM	  systems	  

•  effec2ve	  blocking	  of	  ions	  from	  GEM3/4	  

GEM1	   GEM3	  GEM2	   GEM4	  
Fr
ac
2o

n	  
of
	  to

ta
l	  I
BF
	  

9%	  
14%	  

37%	  
40%	  

31%	  
34%	  

11%	  

24%	  

simula2on	  
measurement	  
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TDR	  baseline	  solu2on:	  4-‐GEM	  stack	  

IROC	  

OROC	  

•  large-‐size	  single-‐mask	  foils	  

•  1/layer	  in	  IROC,	  3/layer	  in	  OROC	  

Assembly

Final product

Raw material is cut o�

HV tests � foils are more stable after
gluing/heating procedure

Loading resistors are soldered (top, segmented
side)

SMD (1206) resistors
10 M� and 1 M� for the bottom foil in the
GEM-stack

flaps used for HV connection (with Kapton
wires) after mounting GEMs on the Alubody

P. Gasik (TU Munich) ALICE TPC Upgrade 6 XII 2012 9 / 27
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detector	  performance	  -‐	  summary	  

Validated	  with	  	  full	  microscopic	  simula2on:	  
	  
	  -‐	  intrinsic	  resolu2on	  with	  GEMs	  	  
	  	  	  	  compa2ble	  with	  MWPC	  
	  
-‐	  tracking	  efficiency	  and	  momentum	  
	  	  resolu2on	  unaffected	  by	  event	  pile-‐up	  
	  	  at	  50	  kHz	  
	  
-‐	  slight	  increase	  of	  σ(dE/dx)/<dE/dx>	  with	  
	  	  with	  event	  mul2plicity	  due	  to	  cluster	  	  	  
	  	  overlaps,	  same	  for	  GEM	  and	  MWPC	  

11	  
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space	  charge	  distor2ons	  

•  at	  small	  r	  and	  z	  distor2ons	  reach	  	  dr	  =	  20	  cm	  and	  drφ	  =	  8	  cm	  	  

•  correc2ons	  to	  a	  few	  10-‐3	  are	  required	  for	  final	  resolu2on	  	  
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50	  kHz	  Pb-‐Pb,	  Ne-‐CO2-‐N2	  (90-‐10-‐5),	  gain	  =2000,	  IBF	  =	  1%	  (ε	  =	  20),	  tdion	  =	  0.16	  s	  	  
à	  ions	  from	  8000	  events	  pile	  up	  in	  the	  driJ	  volume	  	  

dr(cm)	   drφ(cm)	  
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space	  charge	  fluctua2ons:	  magnitude	  

Fluctua2ons	  are	  due	  to:	  
	  -‐	  the	  number	  of	  events	  per	  2me	  interval	  
	  -‐	  the	  number	  of	  tracks	  per	  event	  
	  -‐	  the	  phase	  space	  distribu2on	  of	  tracks	  
	  -‐	  the	  amount	  of	  charge	  per	  track	  
	  	  

⇥SC

µSC
=

1⇧
N ion

pu

�⌥⌥⌃1 +

�
⇥NMB

µNMB

⇥2

+
1

FµNMB

⇤
1 +

�
⇥Qtrack

µQtrack

⇥2
⌅

, (7.1)

where ⇥NMB/µNMB is the relative spread of the number of tracks for minimum bias2641

events, ⇥Qtrack/µQtrack is the relative variation of ionization of a single track and F is a2642

geometrical factor describing the spacial range over which the space-charge fluctuations2643

are relevant for the distortions.5. The parameter F is free. A fast Monte Carlo (MC)2644

simulation was developed to estimate the fluctuation of the number of events, tracks and2645

charge deposit in a sub-volume of the TPC. The result is shown in Fig. 7.9 considering2646

a sub-volume of 10% of the size of a TPC sector. Here, we used ⇥NMB/µNMB � 1.4 and2647

a value for the relative variation of the charge per track ⇥Qtrack/µQtrack � 1.7, mainly2648

determined by looping low momentum tracks.2649
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Figure 7.9: Relative fluctuation of the integrated space-charge from MC (data points) compared with

expectations for 1/
⇧

Rint tiond from equation (7.1).

As shown in Fig. 7.10, the RMS of the space charge fluctuations as obtained from2650

the fast MC algorithm agree very well with the analytical formula (7.1) for fluctuations2651

of the energy deposit, number of events (Poissonian distributed) and number of tracks2652

(Poissonian convoluted with multiplicity distribution). The relative fluctuation scales2653

with 1/
⇧
N ion

pu . Depending on the spatial granularity, the relative fluctuation is around2654

2 to 3%, as expected for the ion pileup multiplicity N ion
pu � 8000. This result agrees well2655

with the observations for the fluctuations of the charge density reported in section 7.4.22656

and the fluctuations on the track level (see section 7.4.4).2657

5At the limit F⇥0 the relative fluctuation is diverging. To describe the fluctuation in the space-point
distortion the relevant scale is determined by the range of the Coulomb interaction.
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•  Space-‐charge	  fluctua2ons	  are	  dominated	  by	  no-‐of-‐event	  and	  mul2plicity	  fluctua2ons	  	  
	  	  	  	  	  	  (~2%	  for	  <N>=8000)	  

•  the	  required	  precision	  is	  10-‐3	  

à	  fluctua2ons	  need	  to	  be	  taken	  into	  account	  for	  distor2on	  correc2ons	  
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space	  charge	  distribu2ons	  
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Figure 7.7: Calculated space-charge density maps based on raw data from real minimum bias heavy
ion collisions, simulating an ion pileup from 2,000, 6,000 and 130,000 interactions. All
histograms are normalized to 10,000. Left column: xy projection at z = 10 cm. Right
column: rz projection at � = 0.05. In these plots on the horizonal axis the full drift length
|z| = zROC = 250 cm corresponds to a time of tiond = 0.16 s.

method [14]. The originally proposed analytical approach could not provide a 3D solution2616

with su⇥cient space granularity. The CPU time to produce the electric field map could2617

so far be reduced to �1 s. However, in order to use this method for online distortion2618

corrections an additional improvement of the computing speed will be needed.2619

138

Study	  of	  space	  charge	  
distribu2ons	  and	  varia2ons	  	  
in	  space	  and	  2me	  
based	  on	  real	  Pb-‐Pb	  raw	  data	  
	  
	  
In	  Ne	  at	  50	  kHz,	  8000	  ion	  
events	  pile	  up	  within	  160	  ms	  
	  
	  
Use	  overlap	  of	  130k	  events	  
to	  es2mate	  	  2me-‐averaged	  	  
space-‐charge	  distribu2on	  

130k evs 

8000 evs 

projec2ons	  are	  shown	  in	  small	  slices	  	  
in	  z	  and	  φ,	  respec2vely	  

x	   z	  

y	  y	  
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space	  charge	  fluctua2ons:	  temporal	  varia2ons	  

Simula2on:	  
use	  fluctua2ng	  space-‐charge	  map	  
for	  track	  distor2on	  and	  a	  	  
2me-‐shiJed	  map	  for	  correc2on	  
	  
	  
à  the	  space-‐charge	  map	  can	  	  
	  	  	  	  	  be	  considered	  sta2c	  
	  	  	  	  	  on	  a	  2me	  scale	  of	  ~5	  ms	  
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online	  reconstruc2on	  and	  calibra2on	  

Cluster Finding Seeding / Tracking Data Compression

Reconstruction Stage 1

Permanent Storage 

Tracking / External Track Matching

Reconstruction Stage 2

Online Systems

- High-resolution space-charge distortion map
- ITS-TRD external track reference
Update interval O(5 ms)

- Dead channel map

TPC
electronics

Data taking

- Pedestals
- Chamber-by-chamber
  gain equalization (HV)

- Scaled average space-charge distortion map
- Drift velocity
- Pad-by-pad gain equalization 
Update interval O(15 min)

Physics Ready
Data

Data analysis

20	  Mbyte/ev	  
1	  TByte/s	  

1	  Mbyte/ev	  
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second	  reconstruc2on	  stage:	  
distor2on	  correc2on	  

•  use	  external	  track	  reference	  from	  	  
	  	  	  	  	  	  	  ITS-‐TRD	  interpola2on	  
	  
à	  validate	  with	  fast	  simula2on	  
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fast	  simula2on	  
•  assume	  sta2c	  space-‐charge	  configura2on	  	  
	  	  	  	  	  	  	  within	  Δtcalib	  =	  5	  ms	  à	  250	  minimum	  	  
	  	  	  	  	  	  	  bias	  events	  
	  
•  analyze	  residuals	  of	  TPC	  clusters	  with	  
	  	  	  	  	  	  respect	  to	  ITS-‐TRD	  reference	  
	  
•  map	  residual	  distor2ons	  in	  72,000	  
	  	  	  	  	  	  	  volume	  elements	  of	  size	  	  
	  	  	  	  	  	  	  16cm(r)	  x	  π/72(φ)	  x	  10cm(z)	  	  
	  
•  2D	  –	  analysis	  to	  disentangle	  	  
	  	  	  	  	  	  	  dr-‐drφ	  correla2ons:	  
	  
	  
	  
à	  extract	  dr	  and	  drφ	  	  
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Figure 8.7: Precision of external tracks as a function of the radius inside the TPC. The color scale represents different values of
1/pT. Top: Extrapolation error of ITS tracks; center: Interpolation error for ITS-TRD tracks; bottom: Ratio of the
two.

In this MC, tracks from interactions at different t0 are propagated through the detector, creating track
points along their trajectory. Those track points are distorted according to the expected space-charge
distortions for e = 20 and smeared with the intrinsic cluster resolution (⇠1mm in local-y and z). Typical
space-charge density fluctuations are considered. In the reconstruction step, the distorted space points
were corrected using the scaled average map rscaled. A realistic parametrization of the charged-particle
momentum distribution based on measurements was used to generate the tracks. The simulated track
statistics corresponds to 5ms of data taking at 50kHz, i.e. tracks from 250 minimum bias Pb–Pb events.
This corresponds to a typical calibration interval over which the space-charge density can be considered
static (see Sec. 7.4.5). For the analysis only tracks reaching the TRD detector were used.

The measured local distortion drj 0 is correlated with the radial distortion dr, if the track crosses the
padrow under an inclination angle, see Fig. 8.8 (left). In this case, the true distortion drj and the radial
distortion can be extracted employing a linear relation:

drj 0 = drj +dr · tana (8.6)

where a is the local track inclination angle. An example of such a fit is shown in Fig. 8.8 (right).

Figure 8.9 shows an example of the comparison between the measured residual distortions as determined
by the ITS-TRD interpolation method (points) and the real residual distortions from MC (line). The
comparison is shown in the region of smallest radius and largest drift length, i.e. 86 < r < 102cm and
0 < z < 10cm, where the residual distortions are largest. Each data point corresponds to the fit result
in a single voxel and is used as a local correction to all space points within this voxel. The pattern of
the residual distortions is well described by the interpolation method. The momentum resolution after
application of this correction will be presented in Sec. 8.4.2.
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residual	  distor2ons	  
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•  spa2al	  fluctua2on	  paZern	  well	  described	  	  

•  residual	  fluctua2ons	  significantly	  improved	  

ϕ	  (sector)	   ϕ	  (sector)	  
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online	  tracking:	  performance	  

à high	  tracking	  and	  cluster	  associa2on	  efficiency	  	  
	  	  	  	  	  	  in	  the	  first	  and	  second	  reconstruc2on	  stage	  
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online	  tracking:	  performance	  

TPC-‐ITS	  matching	  efficiency	  	  
	  
•  slightly	  reduced	  in	  first	  reconstruc2on	  stage	  

•  almost	  fully	  recovered	  in	  second	  	  
	  	  	  	  	  	  reconstruc2on	  stage	  
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online	  tracking:	  momentum	  resolu2on	  
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•  momentum	  resolu2on	  aJer	  first	  reconstruc2on	  stage	  factor	  1.5	  -‐	  2	  worse	  than	  ideal	  

•  almost	  fully	  recovered	  aJer	  second	  reconstruc2on	  stage	  	  	  
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142 The ALICE Collaboration

Country
Funding Agency City Institute

Croatia Zagreb Department of Physics, University of Zagreb
Denmark Copenhagen Niels Bohr Institute, University of Copenhagen
Finland Helsinki Helsinki Institute of Physics
Germany BMBF Bonn Helmholtz-Institut für Kern- und Strahlenphysik, Rheinische Friedrich-

Wilhelms-Universität Bonn
Germany BMBF Frankfurt Institut für Kernphysik, Johann Wolfgang Goethe-Universität Frankfurt
Germany BMBF Heidelberg Physikalisches Institut, Ruprecht-Karls Universität Heidelberg
Germany BMBF Munich Physik Department, Technische Universität München
Germany BMBF Tübingen Physikalisches Institut, Eberhard Karls Universität Tübingen
Germany BMBF Worms FH Worms, Worms
Germany GSI Darmstadt Research Division and ExtreMe Matter Institute EMMI, GSI

Helmholtzzentrum für Schwerionenforschung
Hungary Budapest Wigner Research Center for Physics, Budapest
India Kolkata Bose Institute
India Bhubaneswar Institute of Physics
India Bhubaneswar National Institute of Science Education and Research
India Indore Indian Institute of Technology
India Mumbai Indian Institute of Technology
India Kolkata Variable Energy Cyclotron Centre
Japan Tokyo University of Tokyo
Mexico Mexico City Instituto de Ciencias Nucleares, Universidad Nacional Autónoma de

México
Norway Bergen / Tonsberg Department of Physics, University of Bergen, Vestfold University Col-

lege, Tonsberg
Norway Bergen Faculty of Engineering, Bergen University College
Pakistan Islamabad Department of Physics, COMSATS Institute of Information Technology

Islamabad
Poland Cracow The Henryk Niewodniczanski Institute of Nuclear Physics, Polish

Academy of Science
Romania Bucharest National Institute for Physics and Nuclear Engineering
Slovakia Bratislava Faculty of Mathematics, Physics and Informatics, Comenius University
Sweden Lund Division of Experimental High Energy Physics, University of Lund
USA DOE Omaha Creighton University, Omaha, Nebraska
USA DOE Houston University of Houston, Houston, Texas
USA DOE Berkeley Lawrence Berkeley National Laboratory, Berkeley, California
USA DOE Livermore Lawrence Livermore National Laboratory, Livermore, California
USA DOE Oak Ridge Oak Ridge National Laboratory, Oak Ridge, Tennessee
USA DOE West Lafayette Purdue University, West Lafayette, Indiana
USA DOE Knoxville University of Tennessee, Knoxville, Tennessee
USA DOE Austin The University of Texas at Austin, Austin, Texas
USA DOE Detroit Wayne State University, Detroit, Michigan
USA DOE New Haven Yale University, New Haven, Connecticut
USA NSF San Luis Obispo California Polytechnic State University, San Luis Obispo, California
USA NSF Chicago Chicago State University, Chicago, Illinois

Table 12.1: List of institutions participating in the TPC upgrade.

24	  

ALICE TPC collaboration 

38	  ins2tu2ons	  from	  15	  countries	  
	  
new	  members	  bring	  in	  significant	  
exper2se	  and	  resources	  
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Figure 12.1: Structure of the TPC upgrade project.

Item Institution

IROC Yale, Detroit, Oak Ridge, Knoxville, Austin
OROC Munich, Frankfurt, GSI, Heidelberg, Budapest, Bucharest
GEM R&D and QA Helsinki, Munich, Tokyo, Yale, Zagreb, GSI
Frontend Card Lund, Oak Ridge
FEE integration and test Oak Ridge, Lund, Houston, Tokyo, Bergen, Oslo, GSI
HV, LV, cooling Mexico-City, GSI, Munich
Detector Control GSI, Worms
Installation and engineering Heidelberg, Berkeley
Gas system and field cage GSI

SAMPA ASIC São Paulo, Bergen, Oslo
CRU Budapest, Kolkata, Bergen

Table 12.2: Sharing of responsibilities for construction and installation of the TPC upgrade. Note that SAMPA ASIC and CRU
are parts of common ALICE projects.
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Project organization 

TPC Upgrade TDR 143
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Figure 12.1: Structure of the TPC upgrade project.

Item Institution

IROC Yale, Detroit, Oak Ridge, Knoxville, Austin
OROC Munich, Frankfurt, GSI, Heidelberg, Budapest, Bucharest
GEM R&D and QA Helsinki, Munich, Tokyo, Yale, Zagreb, GSI
Frontend Card Lund, Oak Ridge
FEE integration and test Oak Ridge, Lund, Houston, Tokyo, Bergen, Oslo, GSI
HV, LV, cooling Mexico-City, GSI, Munich
Detector Control GSI, Worms
Installation and engineering Heidelberg, Berkeley
Gas system and field cage GSI

SAMPA ASIC São Paulo, Bergen, Oslo
CRU Budapest, Kolkata, Bergen

Table 12.2: Sharing of responsibilities for construction and installation of the TPC upgrade. Note that SAMPA ASIC and CRU
are parts of common ALICE projects.
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Cost estimate 

144 The ALICE Collaboration

in close collaboration with CERN. India and Hungary have indicated the possibility of funding for the
production cost of the TPC CRU. Further requests for funding are presently being prepared by the groups
from Finland, Japan, Mexico, Norway, and Sweden.

Readout chambers Quantity Cost (MCHF)
(incl. spares)

GEM foils1 480 0.5
Frames and components 960 0.1
Pad planes 160 0.4
Chamber bodies 80 0.3
HV divider 80 0.1
Assembly and installation tooling 0.4

Total Readout Chambers 1.8

Services Cost (MCHF)

GEM HV system 0.2
Fast current monitoring 0.2
HV supply for last FC resistor 0.1
Other services 0.2

Total Services 0.7

FEE and Readout Quantity Cost (MCHF)
(incl. spares)

SAMPA ASIC 19,500 0.78
Front-end card 3900 0.35
GBTx ASIC 7000 0.38
Optical transmitters/receivers 5500 0.79
CRU (control room, AMC40) 2.00
Optical fibers 9000 1.32
TPC Event Processing Nodes (TPC-EPN) 1.00
Other 0.02

Total Electronics 6.64

Total IROC 40 3.3
Total OROC 40 5.84

Total 9.14

Table 12.3: CORE cost estimate for the TPC upgrade.

12.3 Schedule

The current LHC schedule foresees LS2 to start in summer 2018. This defines the time schedule for
the TPC upgrade, see Fig. 12.2. Major technological choices will have to be made by the middle of
2015 to allow finalization of the design, a timely procurement of detector materials and preparation of
the series production. Such decisions involve a definition of the GEM geometry and configuration, as
well as their operational point. This implies a sustained R&D effort in 2014 and early 2015. Particular
emphasis will be put on a set of detailed measurements to characterize the discharge properties of the
baseline system under exposure to different radiation sources. Besides proceeding the studies with small
prototypes, a further test campaign of full-size IROC prototypes equipped with a quadruple GEM stack
will be performed in autumn 2014. This includes a test beam time at the PS with mixed electron and pion
beams to validate the dE/dx performance of this configuration, and a stability test with hadron beams at
the SPS. Similar studies are foreseen to allow a final conclusion on possible technological alternatives.

1This number assumes 4 GEM segments per IROC and 12 GEM segments per OROC, see Chap. 4. Two segments can be
processed on a single foil. In addition, 50% spares are included. This yields a total of 0.5 ·1.5 · (40 ·4+40 ·12) = 480 foils.
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Time schedule 
ID Task Name

1 LS1
2
3 Read out chambers
4 R&D
5 Design and prototyping
6 Signal cables choice
7 Detector ĐŽŶĮŐƵƌĂƟŽŶ ĚĞĮŶĞĚ
8 Pad plane design ĚĞĮŶĞĚ
9 Chamber body design ĚĞĮŶĞĚ

10 Chamber bodies ƉƌŽĚƵĐƟŽŶ
11 Pad planes ƉƌŽĚƵĐƟŽŶ
12 GEM foil ƉƌŽĚƵĐƟŽŶ
13 GEM foil QA
14 ROC assembly
15 ROC ƚĞƐƟŶŐ
16 End of ROC ƉƌŽĚƵĐƟŽŶ
17
18 FEE
19 Design and prototyping
20 SAMPA veƌŝĮĐĂƟŽŶ
21 SAMPA ĮŶĂů ůĂǇŽƵƚ
22 SAMPA ƉƌŽĚƵĐƟŽŶ and ƚĞƐƟŶŐ
23 NƵm. of channels per FEC ĚĞĮŶĞĚ
24 FEE ƉĂƌƟƟŽŶ ůĂǇŽƵƚ ĚĞĮŶĞĚ
25 FEC preseries
26 FEC ƉƌŽĚƵĐƟŽŶ and ƚĞƐƟŶŐ
27 CRU prototype
28 CRU ƉƌŽĚƵĐƟŽŶ
29 &ƵůůǇ ĞƋƵŝƉƉĞĚ IROC prototype
30 End of FEE ƉƌŽĚƵĐƟŽŶ
31
32 Service support wheel
33 FEC frame design
34 FEC frame ƉƌŽĚƵĐƟŽŶ
35
36 HV system
37 HV system design
38 HV system ƉƌŽĚƵĐƟŽŶ
39
40 �ŽŶƟŶŐĞŶĐǇ
41
42 LS2
43
44 /ŶƐƚĂůůĂƟŽŶ and ĐŽŵŵŝƐƐŝŽŶŝŶŐ

01/07
01/04
01/04
01/04

31/12

01/05

01/07
01/04

31/12

Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1
2013 2014 2015 2016 2017 2018 2019 2020

45 TPC on ƐƵƌĨĂĐĞ
46 hŶŵŽƵŶƟng FEE and services
47 ROC replacement
48 Alignment and sealing
49 FEE ŝŶƐƚĂůůĂƟŽŶ
50 Pre-commissioning on ƐƵƌĨĂĐĞ
51 ZĞŝŶƐƚĂůůĂƟŽŶ in cavern
52 Service ĐŽŶŶĞĐƟŽŶ
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The	  ALICE	  TPC	  upgrade	  TDR	  is	  submiZed	  
	  
A	  technical	  solu2on	  for	  TPC	  readout	  chamber	  upgrade	  based	  on	  
GEMs	  is	  proposed.	  
	  
An	  online	  tracking	  scheme	  to	  provide	  efficient	  online	  data	  
compression	  and	  high	  reconstruc2on	  efficiency	  at	  50	  kHz	  is	  
developed.	  
	  
Valida2on	  of	  the	  space-‐charge	  distor2on	  correc2on	  scheme	  to	  
restore	  the	  TPC	  tracking	  performance	  and	  momentum	  
resolu2on	  concludes	  the	  studies	  for	  the	  TDR.	  
	  
	  

summary	  

29	  
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Backup 	  	  
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present	  MWPC-‐based	  readout	  chambers	  employ	  
a	  ga2ng	  grid:	  
	  
aJer	  100	  μs	  of	  electron	  driJ	  2me,	  the	  ga2ng	  grid	  	  
needs	  to	  be	  kept	  close	  for	  ~200	  μs	  to	  prevent	  	  
back-‐driJing	  ions	  into	  the	  driJ	  region	  
	  
à  total	  2me	  ~300	  μs	  limits	  maximal	  readout	  rate	  	  
	  	  	  	  	  	  to	  ~3	  kHz	  
	  
ignoring	  the	  GG	  closure	  2me	  (i.e.	  keeping	  it	  open	  all	  	  
the	  2me)	  leads	  to	  excessive	  space	  point	  distor2on	  	  
due	  to	  space	  charge	  accumula2on	  in	  driJ	  volume.	  
	  
à  novel	  technology	  required	  to	  block	  ions:	  GEMs	  
	  
à  allows	  	  for	  ungated	  („con2nuous“)	  readout	  
	  	  	  	  	  	  N.B.:	  on	  average	  5	  events	  pile	  up	  in	  the	  TPC	  

	  	  	  	  	  	  	  at	  50	  kHz	  and	  td,max	  =	  100	  μs	  
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limita2on	  of	  the	  present	  system	  

they can be set to an appropriate potential to minimize the dis-
tortions of the field. A temperature sensor (PT1000) is glued on
the back side of each skirt sector, thus allowing for temperature
measurements inside the volume of the TPC.

2.6. Endplates
The function of the endplates is to align the cylinders for the

field cage vessels and to hold the readout chambers in position.
The four cylinders are screwed to the flanges that connect the
field cage vessels and the containment vessels, and are made
gas-tight with O-rings. The aluminum structure of the endplate
is 60 mm thick and the spokes are 30 mm wide. The cut-outs
for the readout chambers are equipped with provisions for the
alignment of the chambers relative to the central electrode and
are independent of the endplate itself (see Sec. 3). Gas tightness
is achieved by a sealing foil and a double O-ring; one on the
chamber and one on the endplate. The endplates also provide
feed-throughs and flanges for gas, laser and electrical connec-
tions.

2.7. I-bars
The TPC is installed at an angle of 0.79 degrees with respect

to the horizontal due to the inclination of the LHC accelerator
at the ALICE collision hall. This puts a gravity load on the
endplates and leads to a displacement of the inner field cage
with respect to the outer field cage. The elastic deformation of
the endplates is removed by pulling on the inner field cage with
a pair of I-bars. In Fig. 4, the I-bars are shown attached on the
right hand side of the TPC and were designed so that they do not
obstruct the area around the beam-pipe. The I bars are attached
to the outer ring of the endplate and can push or pull on the
inner field cage ring in order to re-align the field cages. During
assembly in the ALICE detector, it was necessary to pull on the
inner field cage with a force of 3 kN and an alignment of about
150 µm was actually achieved.

3. Readout chambers

3.1. Design considerations
Large-scale TPCs have been employed and proven to work in

collider experiments before [9], but none of them had to cope
with the particle densities and rates anticipated for the ALICE
experiment [5, 6].

For the design of the Read-Out Chambers (ROCs), this leads
to requirements that go beyond an optimization in terms of mo-
mentum and dE/dx resolution. In particular, the optimization
of rate capability in a high-track density environment has been
the key input for the design considerations.

The ALICE TPC has adopted MWPCs with cathode pad
readout. In preparation of the TPC TDR [3] alternative
readout concepts had also been considered, such as Ring
Cathode Chambers (RCCs) [10] or Gas Electron Multipliers
(GEMs) [11] as amplification structures. However, those con-
cepts seemed, though conceptually convincing, not yet in an
R&D state to be readily adopted for a large detector project,
which had to be realized within a relatively short time span.

3.2. Mechanical structure

The azimuthal segmentation of the readout plane is common
with the subsequent ALICE detectors TRD and TOF, i.e. 18
trapezoidal sectors, each covering 20� in azimuth. The radial
dependence of the track density leads to di�erent requirements
for the readout-chamber design as a function of radius. Con-
sequently, there are two di�erent types of readout chambers,
leading to a radial segmentation of the readout plane into Inner
and Outer ReadOut Chamber (IROC and OROC, respectively).
In addition, this segmentation eases the assembly and handling
of the chambers as compared to a single large one, covering the
full radial extension of the TPC.

The dead space between neighboring readout chambers is
minimized by a special mounting technique (described in
Sec. 3.4) by which the readout chambers are attached to the
endplate from the inside of the drift volume. The dead space
between two adjacent chambers in the azimuthal direction is
27 mm. This includes the width of the wire frames of 12 mm
on each chamber (see Fig. 9) and a gap of 3 mm between two
chambers. The total active area of the ALICE TPC readout
chambers is 32.5 m2. The inner and outer chambers are ra-
dially aligned, again matching the acceptance of the external
detectors. The e�ective active radial length (taking edge e�ects
into account) varies from 84.1 cm to 132.1 cm (134.6 cm to
246.6 cm) for the inner (outer) readout chambers. The mechan-
ical structure of the readout chamber itself consists of four main
components: the wire planes, the pad plane, made of a multi-
layer Printed Circuit Board (PCB), an additional 3 mm Stesalit
insulation plate, and a trapezoidal aluminum frame.

3.2.1. Wires
The wire length is given by the overall detector layout and

varies from 27 cm to 44 cm in the inner chambers, and from
45 cm to 84 cm in the outer chambers.

GROUND

Figure 9: Cross section through a readout chamber showing the
pad plane, the wire planes and the cover electrode.

At constant potential, the gas gain increases with decreasing
anode-wire diameter. Thus, a small anode-wire diameter is pre-
ferred. Owing to their superior strength, gold-plated tungsten is
preferable to copper–beryllium (an alloy of 98% Cu and 2% Be)
for the thin anode wires. However, for the thicker cathode and
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Ion	  Backflow	  in	  triple	  GEMs	  
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àIBF	  requirement	  not	  achieved	  with	  triple	  GEMs	  

à add	  a	  fourth	  GEM	  

à  introduce	  GEMs	  with	  large	  hole	  pitch	  

Comprehensive	  study	  of	  triple	  standard	  GEM	  system	  (gas	  mixture,	  ET1,	  ET2)	  
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TDR	  baseline	  solu2on:	  4-‐GEM	  system	  
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Preserve	  present	  pad	  sizes	  and	  rectangular	  shape	  (op2mized	  for	  occupancy)	  
	  
à  resolu2on	  with	  GEMs	  is	  slightly	  worse	  due	  to	  lack	  of	  Pad	  Response	  Func2on:	  

•  more	  prone	  to	  fluctua2ons	  
•  at	  short	  driJ:	  one-‐pad	  clusters	  (but	  mainly	  |η|	  >	  1)	  

	  

intrinsic	  performance:	  posi2on	  resolu2on	  



Harald	  Appelshäuser,	  LHCC	  Mee2ng	  March	  4,	  2014	   35	  

intrinsic	  performance:	  cluster	  size	  
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Lack	  of	  PRF	  in	  GEMs	  reduces	  
average	  cluster	  size	  (i.e.	  occupancy)	  
by	  20%	  wrt.	  MWPC	  
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intrinsic	  performance:	  dE/dx	  

•  Same	  resolu2on	  in	  GEM-‐based	  readout	  chambers	  as	  in	  MWPC	  
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Energy	  resolu2on	  

fast	  MC	  	  

Electron transmission e!ciency
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intrinsic	  performance:	  momentum	  resolu2on	  
Simulated	  central	  Pb-‐Pb	  events	  at	  5.5	  TeV:	  full	  MC,	  no	  pile-‐up	  

•  TPC	  standalone:	  GEMs	  slightly	  worse	  than	  MWPC	  
•  Global	  tracks:	  same	  resolu2on	  for	  GEM	  and	  MWPC	  
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pile-‐up	  studies:	  tracking	  efficiency	  
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Simulated	  central	  Pb-‐Pb	  events	  at	  5.5	  TeV:	  full	  MC,	  with	  pile-‐up	  

•  very	  high	  tracking	  efficiency	  for	  MWPC	  and	  GEM	  
•  no	  dependence	  on	  pile-‐up	  
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pile-‐up	  studies:	  momentum	  resolu2on	  
Simulated	  central	  Pb-‐Pb	  events	  at	  5.5	  TeV:	  full	  MC,	  with	  pile-‐up	  

	  
•  no	  dependence	  of	  momentum	  
	  	  	  	  	  	  resolu2on	  on	  pile-‐up	  observed	  
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pile-‐up	  studies:	  dE/dx	  resolu2on	  
Simulated	  central	  Pb-‐Pb	  events	  at	  5.5	  TeV:	  full	  MC,	  with	  pile-‐up	  

•  Slight	  deteriora2on	  as	  func2on	  of	  occupancy	  due	  to	  cluster	  overlaps	  
•  Similar	  dependence	  on	  mul2plicity	  in	  MWPC	  and	  GEM	  
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intrinsic	  performance:	  dE/dx	  

•  Same	  resolu2on	  in	  GEM-‐based	  readout	  chambers	  as	  in	  MWPC	  
•  Confirmed	  in	  PS	  test	  beam	  with	  3-‐GEM	  IROC	  prototype	  
•  4-‐GEM	  IROC	  prototype	  tests	  planned	  for	  2014	  

ALICE TPC Upgrade

GEM-Inner Read Out Chamber prototype

GEM foils for IROC-prototype

3 single-mask large-size foils

18 sectors (top side segmented), �100 cm2 each

2 mm frames (G-10 fiberglass) glued on bottom side

thickness of spacer grid – 400 µm

additional frame (spacer) between pad plane and bottom foil

P. Gasik (TU Munich) ALICE TPC Upgrade 6 XII 2012 3 / 27

Assembly

Final product

Raw material is cut o�

HV tests � foils are more stable after
gluing/heating procedure

Loading resistors are soldered (top, segmented
side)

SMD (1206) resistors
10 M� and 1 M� for the bottom foil in the
GEM-stack

flaps used for HV connection (with Kapton
wires) after mounting GEMs on the Alubody

P. Gasik (TU Munich) ALICE TPC Upgrade 6 XII 2012 9 / 27
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space	  charge	  fluctua2ons:	  residual	  distor2ons	  

Simula2on:	  
assume	  space-‐charge	  map	  with	  fluctua2ons	  	  
for	  track	  distor2on	  (map	  from	  real	  raw	  data),	  	  
but	  2me-‐averaged	  map	  for	  correc2on:	  
	  
-‐	  significant	  residual	  distor2ons	  remain	  
	  	  	  	  	  	  
-‐	  note	  asymmetric	  paZern	  
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space	  charge	  fluctua2ons:	  residual	  distor2ons	  

Simula2on:	  
assume	  space-‐charge	  map	  with	  fluctua2ons	  	  
for	  track	  distor2on	  (map	  from	  real	  raw	  data),	  	  
but	  2me-‐averaged	  map	  for	  correc2on:	  
	  
-‐	  significant	  residual	  distor2ons	  remain	  
	  	  	  	  	  	  
-‐	  note	  asymmetric	  paZern	  

à  space-‐charge	  fluctua2ons	  need	  to	  be	  
	  	  	  	  	  	  taken	  into	  account	  for	  distor2on	  	  
	  	  	  	  	  	  correc2on	  
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online	  reconstruc2on	  and	  distor2on	  correc2on	  
Reference	  map	  from	  MC,	  
readout	  geometry,	  dead	  regions,	  
known	  gain	  and	  IBF	  non-‐uniformi2es	  

Average	  map	  from	  high-‐sta2s2cs	  high-‐pT	  track	  
sample,	  updated	  several	  2mes	  per	  fill.	  	  
Accounts	  for	  slow	  varia2ons	  of	  luminosity	  and	  
ambient	  condi2ons.	  QA:	  Laser	  

Scaled	  map	  based	  on	  the	  averaged	  map,	  but	  scaled	  	  
by	  the	  „current“	  of	  e.g.	  TPC	  signals	  during	  the	  	  
preceding	  160ms.	  

High-‐resolu8on	  map	  contains	  topological,	  i.e.	  	  
differen2al	  current	  informa2on	  in	  r,	  ϕ	  and	  z.	  	  
From	  TPC	  pad	  signals.	  

Online	  tracking	  

External	  reference	  
tracks	  

(ITS-‐TRD)	  

Permanent	  storage	  
50	  Gbyte/s	  

Distor2on	  calibra2on	  

Online	  cluster	  finder	  

Raw	  data	  
(zero	  suppressed)	  

1	  TByte/s	  

20	  Mbyte/event	  

3	  Mbyte/event	  

<1	  Mbyte/event	  

ESD	  
(not	  yet	  implemented)	  
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first	  reconstruc2on	  stage:	  online	  tracking	  

-‐  Scan	  the	  list	  of	  event	  t0,i	  and	  correct	  	  
	  	  	  	  	  	  all	  clusters	  in	  a	  t0,i+100μs	  window	  	  
	  	  	  	  	  	  according	  to	  a	  given	  t0,i	  
	  
-‐  Clusters	  belonging	  to	  the	  proper	  event	  	  
	  	  	  	  	  	  are	  corrected	  properly,	  others	  are	  background	  
	  
-‐  Distor2on	  correc2on	  based	  on	  a	  	  
	  	  	  	  	  	  „scaled	  map“,	  residual	  distor2ons	  	  
	  	  	  	  	  	  (fluctua2ons)	  remain	  (O(mm))	  
	  
	  
à  Tracking	  performance	  evaluated	  with	  full	  simula2on	  

t0,i t0,i+100µs 
TPC drift time 

t0,i+1 t0,i+1+100µs 
TPC drift time 

t0,i+2 t0,i+2+100µs 
TPC drift time 
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Readout	  Electronics 	  	  

47	  
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readout	  architecture	  

48	  

•  The	  FEC	  receives	  the	  analog	  signals	  through	  flexible	  cables	  
•  GBT	  system	  for	  readout	  and	  control	  on	  the	  FECs	  
•  Control	  and	  monitoring:	  GBT-‐SCA	  
•  GBTx	  ASIC	  for	  data	  mul2plexing	  
•  Physics	  and	  monitoring	  data	  to	  CRU	  and	  online	  farm:	  2	  uni-‐direc2onal	  versa2le	  links	  per	  FEC	  
•  Trigger	  and	  2ming	  informa2on	  plus	  configura2on	  data	  and	  control	  commands:	  	  
	  	  	  	  	  	  	  	  1	  uni-‐direc2onal	  versa2le	  link	  per	  FEC	  

	  -‐	  ALICE	  Trigger	  and	  Timing	  distribu2on	  System	  (TTS)	  
•  Bi-‐direc2onal	  op2cal	  transceiver	  (VTRx)	  and/or	  	  
	  	  	  	  	  	  	  unidirec2onal	  twin	  transmiZer	  (VTTx)	  



Harald	  Appelshäuser,	  LHCC	  Mee2ng	  March	  4,	  2014	  

FE	  ASIC	  parameters	  

SAMPA	  ASIC	  requirements	  are	  	  
derived	  from	  detector	  performance	  	  
requirements	  
	  
Based	  on	  the	  experience	  with	  	  
the	  current	  TPC	  readout	  system	  
	  
But:	  3	  changes	  
	  	  	  -‐	  Signal	  polarity	  
	  	  	  -‐	  Concurrent	  signal	  sampling	  	  
	  	  	  	  	  	  	  and	  data	  transfer	  
	  	  	  -‐	  Strongly	  increased	  data	  	  
	  	  	  	  	  	  throughput	  
	  
	  

49	  

68 The ALICE Collaboration

RUN 1 RUN 3
(measured) (requirement)

Signal polarity Pos Neg
Detector capacitance (range) (pF) 12�33.5 12�33.5
S:N ratio for MIPs (IROC) 14:1 20:1

(OROC 6⇥10 mm2 pads) 20:1 30:1
(OROC 6⇥15 mm2 pads) 28:1 30:1

MIP signal (fC) 1.5 – 314 2.1 – 3.2
System noise (at 18.5 pF, incl. ADC) 670 e 670 e

PASA conversion gain (at 18 pF) (mV/fC) 12.74 20 (30)
PASA return to baseline (ns) < 550 < 500
PASA average baseline value (mV) 100 100
PASA channel-to-channel baseline variation (s ) (mV) 18 18
PASA shaping order 4 4
PASA peaking time (ns) 160 160 (80)
PASA crosstalk < 0.1 %15 < 0.2 %
PASA integrated non-linearity 0.2 % < 1 %
ENC (PASA only, at 12 pF) 385 e 385 e

ADC voltage range (differential) (V) 2 2
ADC linear range (differential) (fC) 160 100 (67)
ADC number of bits 10 10
ADC sampling rate (MHz) 10 (2.5, 5, 20) 10 (20)

Power consumption (analog & digital) (mW/ch) 35 < 35

Table 6.2: Measured PASA and ALTRO parameters for the current system (RUN 1) and the requirements for the upgraded
front-end electronics (SAMPA parameters for RUN 3). The parameters are explained in the text.

– A dynamic range of the electronics of 100 fC allows the measurement of the ionization signals of
low momentum particles, which may produce signals 30 times larger than those of a MIP. With
respect to the current system the linear range is reduced for the benefit of a better resolution around
the threshold level.

– To minimize the quantization error16, the conversion to digital values should take place with a
precision of at least 10 bits.

– The conversion gain (20 mV/fC) is chosen such that the maximum expected output signal matches
the amplifier voltage swing and the input dynamic range of the ADC (2 V peak-to-peak). In order
to approximately match the signal amplitudes in IROCs and OROCs, a second conversion gain
setting of 30 mV/fC can be used in the IROCs. In this case the linear range is decreased from
100 fC to 67 fC.

– The large number of front-end electronics channels and a requirement for an overall power con-
sumption < 20 kW gives a limit of 35 mW per channel. The heat is removed from the readout
modules with the existing water cooling system (see Sec. 11.4.3).

– Special care has to be taken to protect the system against potential corruption of data and control
registers caused by radiation (Single Event Effects).

– The electronics will be located in an area with limited access. High reliability is thus a requirement.

14For the higher gain anticipated in the original TDR the value was 4.8 fC for the OROCs.
15The requirement was < 0.3 %.
16The RMS value of the quantization error is 1/

p
12 ⇡ 0.29 LSB. It becomes smaller with larger bit depth.
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one	  central	  +	  4	  min	  bias	  (~4000	  tracks),	  but	  fluctua2ons..	  
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The	  issue	  is:	  
	  
Provide	  sufficient	  data	  reduc2on	  online	  to	  allow	  for	  permanent	  storage	  	  
of	  the	  data.	  This	  requires	  online	  tracking	  (i.e.	  associa2on	  of	  cluster	  to	  tracks)	  	  
to	  allow	  rejec2on	  of	  clusters	  not	  belonging	  to	  tracks.	  

Data Format Data Compression Factor Event Size (MByte)

Zero Suppression (FEE) 20
Clusterization 5-7 3
Remove clusters not associated 2 1.5
to relevant tracks
Data format optimization 2-3 < 1

Table 8.1: The TPC event size and data compression factors for the di�erent data compression steps
performed in the front-end electronics and the online systems. Adopted from [6].

8.1.3 Continuous readout2853

A proper assignment of the cluster coordinate ( rcls) in the TPC is based on the arrival2854

time (tdigit) and position at the readout plane ( rro), and requires a precise knowledge of2855

the drift time of the cluster (td):2856

 rcls =  rro +

� �td

0

 vd(x, y, z) dt . (8.1)

In a triggered readout mode, there is a strict relation between tdigit and td,2857

td = tdigit � t0 , (8.2)

where t0 is the time of the interaction that triggers the readout. However, in a contin-2858

uous readout mode t0 is a priori unknown. Here, a good estimate of the collision time2859

can be achieved by extrapolation of a track segment to x=y=0, assuming the collision2860

occurred close to the nominal interaction point at z=0. At high luminosity, however, this2861

extrapolation is complicated by space-charge distortions, i.e. the drift velocity vector  vd2862

is a function of the position in the TPC. This implies that not only z, but also the x2863

and y positions of the cluster depend on the drift time.2864

This feature of continuous readout demands for innovative online calibration and re-2865

construction schemes that provide high tracking performance for e⇤cient data compres-2866

sion and su⇤cient tracking resolution to allow for matching to the external detectors. If2867

these conditions are met, additional analysis steps can be performed at a later stage to2868

further improve the quality of the calibration.2869

8.1.4 The TPC in the general reconstruction scheme2870

The ALICE upgrade implies a major change of the computing concept in order to be2871

able to process the huge amount of data. Most of the data processing and reconstruc-2872

tion will be performed on the computing cluster of the new online systems [6]. Therefore,2873

new requirements to reconstruction algorithms emerge in terms or running stability, re-2874

construction time, memory consumption, as well as parallelizability on di�erent levels.2875

Furthermore, the massive use of hardware co-processors, such as FPGAs for the first2876

processing steps, as well GPGPUs4 for the later processing is foreseen. These require-2877

4General-Purpose Graphics Processing Units (GPGPUs)

150

ß	  i.e.	  1	  Tbyte/s	  

Online	  reconstruc2on:	  mo2va2on	  
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2 mm

2 mm

2 mm

2 mm

GEM 1

Cover electrode

GEM 2

GEM 3

GEM 4

Pad plane

Strong back

Edrift

Et1

Et2

Et3

Eind

TDR	  baseline	  solu2on:	  4-‐GEM	  system	  

IROC	   OROC	  

•  large-‐size	  single-‐mask	  
	  	  	  	  	  	  GEM	  foils	  
	  
•  one	  (three)	  per	  layer	  	  
	  	  	  	  	  	  in	  IROC	  (OROC)	  
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R&D	  status	  with	  quadruple	  GEMs	  

•  further	  reduc2on	  of	  IBF	  in	  4-‐GEM	  system	  	  
	  	  	  	  	  	  with	  large-‐pitch	  GEMs	  (S-‐LP-‐LP-‐S)	  
	  
•  considera2on	  of	  energy	  resolu2on	  is	  important:	  
	  	  	  	  	  dE/dx	  performance	  requires	  σ(55Fe)	  ≤	  12%	  

Preparations for GEM4 Gas-Studies Conclusion

The Large Pitch GEM

MB, Julia Bloemer, Korbinian Eckstein, Andreas Hönle — Ion Back-Flow measurements at TUM 20/22
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further	  op2miza2on:	  IBF	  vs.	  energy	  resolu2on	  

•  Comprehensive	  voltage	  scan	  establishes	  opera2onal	  point	  with	  IBF	  <	  1%	  and	  energy	  	  
	  	  	  	  	  	  resolu2on	  σ(55Fe)	  <	  12%	  
	  
à	  	  All	  performance	  studies	  are	  for	  IBF	  =	  1%	  at	  gain	  =	  2000,	  i.e.	  ε	  =	  20	  
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choice	  of	  gas	  
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•  ion	  space-‐charge	  density:	  
	  	  	  	  	  	  ~nprim*	  gain	  *	  IBF	  *	  1/vion	  
	  
à baseline	  mixture	  Ne-‐CO2-‐N2	  (90-‐10-‐5)	  
	  
•  requirement:	  	  IBF	  ≤	  1%,	  	  
	  	  	  	  	  	  i.e.	  ε	  =	  gain	  *	  IBF	  <20	  
	  	  	  	  	  	  at	  gain	  =	  2000	  
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