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TPC upgrade for RUN3 
Operate ALICE at high luminosity  
(L=6×1027 cm-2s-1 for Pb-Pb) 

¡  Record all minimum bias events 
50 kHz Pb-Pb collisions (100× higher than present) 

¡  Event pile-up in TPC: ~5 overlapping events 

¡  No gating and continuous readout with GEMs 

Requirements for GEM readout: 

¡  Operate at the gain of 2000 in Ne-CO2-N2 

¡  IBF < 1% at Gain = 2000 àε= 20 

¡  σE/E < 12% for 55Fe 

¡  Stable operation under LHC conditions 

¡  + new electronics (negative polarity, self-triggered) 

¡  + novel calibration and online reconstruction schemes  
(data compression by factor 20 and space charge distortions) 2 

A"Large"Ion"Collider"Experiment"

Outline�

•  ALICE upgrade after Long Shutdown 2 (LS2) 
•  ALICE TPC upgrade  
   with micro-pattern gaseous  
   detectors 
•  Status of R&D activities 
•  Summary and Outlook 

��

http://cds.cern.ch/record/1622286 

ALICE TPC Upgrade  
Technical Design Report  

(submitted in 2013)�

Accepted by LHCC ! 
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GAS: 
~90 m3 
Ne-CO2-N2  (90-10-5) in RUN3 
vdrift  = 2.73 cm/µs (@ 400 V/cm) 
Maximum drift time: ~92 µs 

2 x 18  
Inner Read Out Chambers 

2 x 18  
Outer Read Out Chambers  

ALICE TPC 

OROC 

IROC 

Drift field: 400 V/cm 

5 m 

5 m 



Baseline solution: 4GEM setup 

¡  Gas mixture: Ne-CO2-N2 (90-10-5) 
¡  Gain: 2000 

¡  Baseline solution performance: 
¡  IBF = 0.6 % 

¡  σE/E < 12 % for 5.9 keV (55Fe) 

¡  dE/dx evaluation at PS 
¡  1-3 GeV/c e- and π-

 

¡  Se-π ≈ 4.5 

¡  Relative energy res.: 9.1 % (e-), 10.4 % (π-) 

¡  Discharge probability  
¡  < 1.5×10-10 with alphas 

¡  (6.4±3.7)×10-12 with hadrons (SPS) 
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A"Large"Ion"Collider"Experiment"

IBF and Energy Resolution�
•  Systematic studies for 4 GEM 

–  different foil configurations, VGEM, transfer field ET 

•  IBF optimized setting = high ET1 & ET2, and low ET3, 
VGEM1<VGEM2<VGEM3<VGEM4 

–  0.6-0.8% IBF and  
σ(5.9keV)=11-12% 

���

4 GEM 
S-LP-LP-S�

Harald&Appelshäuser,&RD51&Collabora6on&Mee6ng,&CERN,&June&18,&2014& 12&

TDR&baseline&solu6on:&4IGEM&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+

� 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%
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Timeline (TDR) 
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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

Figure
12.2:Tim
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GEM production 
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GEM production 

¡  144 GEMs of each type + 25…50% spares 

¡  720 GEMs (125%) = 180 × “foil 1” + 180 × “foil 2” 

¡  Different foil flavors: S, LP, 90o rotated, not-rotated 
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IROC 

OROC1 

OROC2 

OROC3 
IROC OROC3 
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GEM production at CERN 
Collaboration Agreement between PH-DT & ALICE for the 

production of GEM foils for the ALICE TPC Upgrade  

¡  Production rate: 18 foils (foil1 + foil2) per month = 36 GEMs/month 
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QUALITY ASSURANCE 

10 



Quality Assurance 

¡  Basic – directly at CERN + at each assembly institute 
¡  Coarse optical check 

¡  HV cleaning 

¡  Leakage current 

¡ Advanced 
¡  HV test (long-term) 

¡  HD scan 

¡  Gain uniformity 
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Quality Assurance 

¡  Basic – directly at CERN + at each assembly institute 
¡  Coarse optical check 

¡  HV cleaning 

¡  Leakage current 

¡ Advanced 
¡  HV test (long-term) 

¡  HD scan 

¡  Gain uniformity 
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Tools for coarse optical inspection

16

- wrong mask alignment 
- cuts

Etching errors Defects in masks -large holes Defects in masks with 
copper sticking out

ü  Search for fatal defects 

ü  Spot larger defects 



Quality Assurance 

¡  Basic – directly at CERN + at each assembly institute 
¡  Coarse optical check 

¡  HV cleaning 

¡  Leakage current 

¡ Advanced 
¡  HV test (long-term) 

¡  HD scan 

¡  Gain uniformity 
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ü Apply HV (550 - 600 V) 

ü  Burn dust with discharges 
•  measure sparking rate 

•  watch out sparks position 
Figure 4: Image of a GEM foil mounted inside the test box with the equivalent circuit diagram

depicted below.

2. HV-Tests
At each step of assembly, a high voltage test of the foils must be performed. This step assures
the stable operation of the detector and the quality of the foils. Severe defects will be identified
and residual dust might be burned. The following procedure is foreseen to be automatized in the
future.

2.1. Equipment and Supplies
• Test box (see Fig. 4) • HV power supply
• Amperemeter

2.2. Procedure
The test is performed at 600 V with a current limit of 4 µA.

1. The foil is mounted inside the test box, which then is flushed with N2 for around 20 hours
at a moderate flow (≥5 l/h) to assure dry environment for the test. Special care has to be
taken, that the bottom side of the GEM foil is grounded properly.

2. The sectors surrounding the tested sector must be grounded in order to evaluate the inter-
sector stability.

3. HV is turned on. During approximately the first minute of the test sparks are likely to occur.
Write down the leakage current and the number of sparks together with their position. If
many sparks (>10) are observed at the same spot, the test has to be stopped
immediately! Otherwise the foil might be damaged!
In case the sparking rate does not decrease or the leakage current at the sector Ileak > 0.5 nA,
the foil fails the test and needs to be sent for re-cleaning.

5



Quality Assurance 

¡  Basic – directly at CERN + at each assembly institute 
¡  Coarse optical check 

¡  HV cleaning 

¡  Leakage current 

¡ Advanced 
¡  HV test (long-term) 

¡  HD scan 

¡  Gain uniformity 
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ü Apply HV (550 - 600 V) 

ü  Burn dust with discharges 
•  measure sparking rate 

•  watch out sparks position 

ü Measure Ileak 
•  Ileak < 0.5 nA/100 cm2 

Figure 4: Image of a GEM foil mounted inside the test box with the equivalent circuit diagram
depicted below.

2. HV-Tests
At each step of assembly, a high voltage test of the foils must be performed. This step assures
the stable operation of the detector and the quality of the foils. Severe defects will be identified
and residual dust might be burned. The following procedure is foreseen to be automatized in the
future.

2.1. Equipment and Supplies
• Test box (see Fig. 4) • HV power supply
• Amperemeter

2.2. Procedure
The test is performed at 600 V with a current limit of 4 µA.

1. The foil is mounted inside the test box, which then is flushed with N2 for around 20 hours
at a moderate flow (≥5 l/h) to assure dry environment for the test. Special care has to be
taken, that the bottom side of the GEM foil is grounded properly.

2. The sectors surrounding the tested sector must be grounded in order to evaluate the inter-
sector stability.

3. HV is turned on. During approximately the first minute of the test sparks are likely to occur.
Write down the leakage current and the number of sparks together with their position. If
many sparks (>10) are observed at the same spot, the test has to be stopped
immediately! Otherwise the foil might be damaged!
In case the sparking rate does not decrease or the leakage current at the sector Ileak > 0.5 nA,
the foil fails the test and needs to be sent for re-cleaning.
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Quality Assurance 

¡  Basic 
¡  Coarse optical check 

¡  HV cleaning 

¡  Leakage current 

¡ Advanced – 2 sites 
¡  HV test (long-term) 

¡  HD scan 

¡  Gain uniformity 
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ü  Sparking rate and Ileak measurements 

ü Dry environment 

ü  Long-term (~hours) 

ü Automatisation 
•  R&D still ongoing (Helsinki, Bonn) 



Quality Assurance 

¡  Basic 
¡  Coarse optical check 

¡  HV cleaning 

¡  Leakage current 

¡ Advanced – 2 sites 
¡  HV test (long-term) 

¡  HD scan 

¡  Gain uniformity 
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HD scanner

OSS1
• 95 cm ⇥ 95 cm table with LED matrix

illumination.
• Camera (color) and optics setup for

low resolution scanning (5µm).
• Ring-light and inline lighting.
• Control-software based on Labview.
• Production estimate based on this

scanner (20 scans per month).

OSS2
• 100 cm ⇥ 60 cm table with adjustable moving LED strip illumination.
• Camera (monochrom) and optics setup for high resolution (2.2µm).
• Control-software based on Labview.
• Fast control logic of robot.

Erik Brücken TPC upgrade planning meeting 6/ 18

ü High resolution scanning (2.5 µm) 

ü Defects detection 

ü Hole diameter measurements 

ü Gain uniformity predictions 
•  R&D still ongoing (Helsinki, Budapest) 



Quality Assurance 

¡  Basic 
¡  Coarse optical check 

¡  HV cleaning 

¡  Leakage current 

¡ Advanced – 2 sites 
¡  HV test (long-term) 

¡  HD scan 

¡  Gain uniformity 
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Reminder: chamber outline

Guard rim for well defined geometry and field

• Together with Supriya, Taku and Budapest 
group (Dezso) 
 

• Find a way of describing the performance 
of a foil with the optical characterization 
data. Connect measurements (limited 
amount) with simulation. 
 

• Had a start-up meeting on Monday 
 

• Discussed common approach: Emphasis 
on QA objectives as well as pure R&D. 
 

Gain correlation study 

• Together with Supriya, Taku and Budapest 
group (Dezso) 
 

• Find a way of describing the performance 
of a foil with the optical characterization 
data. Connect measurements (limited 
amount) with simulation. 
 

• Had a start-up meeting on Monday 
 

• Discussed common approach: Emphasis 
on QA objectives as well as pure R&D. 
 

Gain correlation study 

NIM A 770 (2015)113 

ü Gain measurement of a single GEM 

ü  Prediction from the HD scanning 

ü  Possibility to skip this step, or to test single foils 
from a new batch 

ü  R&D is ongoing (Helsinki, Budapest) 



ALICE-TPC-upgrade meeting, CERN, 
5./6.3.2015, Bernd Windelband and Stefan 

Hummel, Uni Heidelberg
3

GEM support system

� modular
� can be packaged up to 50 transport frames
� surrounding protection box

Transportation 

¡  Transport Box + GEM support frame 
(Uni Heidelberg) 

¡  Raw GEMs 

¡  Framed GEMs 

¡  GEM stacks 

¡  Possibility to flush with gas 

18 



Readout Chambers 
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February 10, 2015 D. Vranic 5 

OROC PAD PLANE V4 

TOTAL: 
PADS  
9600 pads (old has  9984 pads) 
60 FEC (old has 78 FEC) 

Number of FEC even in 
all three partitions! 
(Important for Alubody design) 

Alubodies and padplanes 
(Uni Heielberg, Uni Frankfurt) 

¡  40 OROCs and 40 IROCs will be produced 
¡  OROC bodiesà Europe 

¡  IROC bodies à US 

¡  Padplanes à Europe 

¡  Alubody and Padplane design ongoing  
(Uni Heidelberg) 

¡  FEE connectors chosen: ERNI SMC 1.27 mm 40 pin 

¡  Assembly in HD+FRA 
¡  2-3 chambers/month 
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March 6, 2015 D. Vranic 2 

IROC PAD PLANE with 5280pads (33 FEC) and 4 sectors 

Old pad plane: 
63 pad rows 
5504 pads 
4x7.5 mm2 

43 FEC (2 partitions) 

New pad plane: 
63 pad rows 
5280 pads (-64 pads) 
33 FEC (2 partitions, 4 
sectors) 
dxmin=9.85mm 
dxmax=13.5mm 
 

February 10, 2015 D. Vranic 5 

OROC PAD PLANE V4 

TOTAL: 
PADS  
9600 pads (old has  9984 pads) 
60 FEC (old has 78 FEC) 

Number of FEC even in 
all three partitions! 
(Important for Alubody design) 

Alubodies and padplanes 
(Uni Heielberg, Uni Frankfurt) 

!  40 OROCs will be produced 

!  Alubody and Padplane (IROC+OROC) design ongoing  
(Uni Heidelberg) 

!  Price estimates within few weeks 
!  Alternatively, old prices available 

!  OROC Alubodies produced in Europe 

!  IROC+OROC padplanes produced in Europe 

!  FEE connectors chosen: ERNI SMC 1.27 mm 40 pin 

22 

March 6, 2015 D. Vranic 2 

IROC PAD PLANE with 5280pads (33 FEC) and 4 sectors 

Old pad plane: 
63 pad rows 
5504 pads 
4x7.5 mm2 

43 FEC (2 partitions) 

New pad plane: 
63 pad rows 
5280 pads (-64 pads) 
33 FEC (2 partitions, 4 
sectors) 
dxmin=9.85mm 
dxmax=13.5mm 
 

10 TPC FEC – Kenneth Read 

Matching Male Connector 
•  Matching male connector from the FEC 

–  ERNI SMC 1.27 mm 40 pin male 
–  Company estimate of 1.68 euros apiece in quantities of 15000 
 

 



GEM frames 

¡ GEM supporting frames: 
¡  Permaglas 

¡  Material: Resarm Belgium 

¡  Machining (currently): PCB Workshop CERN (IROC), Resarm (OROC) 

¡  Price defined by material losses and precise machining (400µm grid) 

¡ Checking the possibility of producing frames from single pieces 
¡  Spacer grid: needed at all? differnet material?  

¡  Frames assembled at CERN or HD  

¡  Covering with PU, final polishing can be done at CERN(?) 

¡  Substantial cost reduction 

21 



GEM Framing 
(OROC: TUM, Uni Bonn, GSI; IROC: Wayne State University) 

¡  Basic QA 
¡  Check foils after transportation 

¡  Large defects + HV cleaning 

¡  Framing 
¡  Stretching 

¡  Gluing 

¡  HV cleaning 

¡  Soldering SMD 
resistors 

22 

54 The ALICE Collaboration

5.2.3 Detector assembly

Gluing the foils

All foils were glued onto the fiberglass (G10) frames. Before gluing, the foils are stretched on a pneu-
matic stretching tool with a tension of 10 N/cm. Once the foil is stretched, it is positioned on its frame
and aligned with metal pins. A heavy aluminum plate (milled in a way to prevent it from touching the
active area of the foil) is used to press the foil onto the frame. The epoxy used is ARALDITE 2011 [14].
The full assembly is kept for 24 hours under a hood heated to 60 oC. Subsequent steps of the gluing
procedure are shown on Fig. 5.15.

Figure 5.15: Foil gluing procedure. The different mounting steps are described in the text.

GEM stack

After gluing, the remaining material surrounding the frames is cut off, and the framed foil (see Fig. 5.16a)
is ready for a new HV test. After the test, the loading resistors (1 and 10MW SMD) are soldered as
shown in Fig. 5.16b. Next, the three foils are mounted in a stack on the alubody of the chamber, with
the unsectorized side facing the pad plane. Exceptionally, for this prototype an additional frame was
mounted between the last (bottom) GEM foil and a pad plane in order to increase the induction gap from
2 to 4mm.

Six HV wires are soldered to the HV flaps on each foil. High voltage is applied to the wires via SHV
connectors on the other side of the alubody. The wires run through feed-throughs drilled in the aluminum
frame of the chamber, which are then sealed with epoxy. The GEM stack is finally screwed to the alubody
with nylon screws.

Test box with field cage

The chamber is mounted in a test box (see Fig. 5.16d), which contains a drift cathode and a rectangular
field cage with dimensions of 57⇥ 61cm2. The drift electrode is made of 50 µm aluminized Kapton
foil. The field cage has 8 field-defining strips (see Fig. 5.17) with a pitch of 15 mm. The strips are
interconnected with 1MW resistors.

The maximum drift distance to GEM 1 is 10.6 cm. The last strip of the field cage is located 1 mm below
the position of that foil (see Fig. 5.17). Therefore, the potential of the last strip, which is grounded via a

IROC GEM framing for the prototype 



ROC assembly 

¡  Stacks (4-GEM) are screwed to the alubody using rigid, 
plastic screws 

¡  GEM1 flipped (unsegmented side facing drift electrode) 
to assure drift field uniformity 

GEM production 
9 foils*/month 

QA 
≥1.8 foils/day** 

CERN Helsinki+? 

FRAMING 
9 foils/month/institute 

TUM/Bonn/GSI 

* foils of a given type (IROC, OROC1-3); 
** QA of all-types ROC foils 

ASSEMBLY 
2 OROCs/month 

GSI/Bucharest 

FRAMING 
9 foils/month 

WSU 

ASSEMBLY 
2 IROCs/month 

Yale 

23	
  



ROC commissioning 

¡  Gas tightness 
¡  Gain curve with 55Fe 
¡  Long term (~days) HV test 

¡  55Fe resolution 
¡  gain uniformity 
¡  stability with internal alpha source 

¡  Full irradiation at GIF (CERN) 
¡  to be evaluated with the preprodcution chambers 24 

Proposed OROC - housing box 
for in-house & in-beam tests  

(will be done by us) 

Al – back flange 

OROC – Al body 

GEM stack 
Lateral walls 
(honeycomb sandwiched by PCB layers)   

Top cover 
(honeycomb sandwiched by carbon layers)   

Al – bars for handling 

Active volume 
(to be decided) 

OROC assembled in the box 

We do not have yet a cheap & save  
solution for individual ROCs housing  
for transport & storage  

Why this proposal? – see next two slides 

4 

(HPD Bucharest) 



Data documentation and storage 

¡ Database prepared by P. Glaessel 

¡  Test version available 

¡  Prepared for the OROC prototype assembly 

25 



Timelines 

¡  March/April – building the first OROC prototype at TUM+CERN 
¡  People from all of the institutes involved in the GEM QA, IROC and OROC 

production will join the effort 

¡  TUM: QA, framing, discussion on the procedures, tooling and design 

¡  CERN: OROC assembly 

¡  Finalize the design 

¡  May – August – preproduction of 2 OROCs 
¡  Test all the procedures, transportation, assembly 

¡  Last changes to the final design possible 
26 
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Basic QA ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

Advanced QA ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

ROC bodies ✓ ✓ ✓ ✓ ✓ ✓ ✓ (✓) (✓) ✓ ✓ 

Framing ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 



High Voltage 
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Cascaded PS: ISEG

Rainer Renfordt                          TPC Upgrade Planning Meeting, March 5th, 2015 2

Updated offer from ISEG
• Back to 8 channels (no cover electrode)
• price of prototype reduced to: 12,000.-
• Rest unchanged
• Total price 440,796.-
• This will most likely go down in the final 

tendering
• Prototype ordered

Power Supply for the upgraded TPC 

¡  Several Power Supplies systems are considered 
¡  Passive Resistor Chain 

¡  GEM Active Voltage Divider (RD51-SRS development) 

¡  Cascaded power supply by ISEG 

¡  Prototype ordered (available by mid 2015) 

¡  Cascaded power supply by CAEN 

¡  Prototype available in Apr/May 2015 

¡  HV supply tests and simulations 
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Cascaded PS: CAEN

Rainer Renfordt                          TPC Upgrade Planning Meeting, March 5th, 2015 3

• Negotiations with CAEN started in December
• Latest information: CAEN will provide a 

prototype to the RD51 collaboration by 
about April/May



Other HV equipment 

¡ Current meters 
¡  High frequency current measurements at GEM4B for the space 

charge map 

¡  Sampling freq. ~500 Hz; Part of DAQ (not DCS) 

¡  Current resolution ~1 nA; Max current <100 uA 

¡  Number of channels: 144 

¡  Status 
¡  Prototypes by UNAM (Mexico City) 

¡  Implementation to the DAQ stream 

¡  HV cabling 
¡  Searching for a new type of cables (4 kV rating) and connectors 

¡  Implementation: patch boxes/cables/HV distribution/current meters 
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Installation 

30 



LS2 
(07.2018-12.2019) 

¡  TPC in the cleanroom: Nov. 2018 

¡  ROC swapping: start December 2018 

¡  In case of delay, last chambers may be produced until mid of 2018 

31 



Installation 
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Detailed TPC schedule 

15/07/14 TPC LS2 upgrade - A.Tauro 7 by A. Tauro 

TPC upgrade in a cleanroom, during 40 weeks of LS2 



Summary 
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Backup 
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FEE 
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Involved institutes 

¡ ORNL and UT-K, Houston 
¡  FEC design, production and testing 

¡  SAMPA MPW2 test board 

¡  GBT evaluation board 

¡  Lund 
¡  FEC testing 

¡  Sao Paulo 
¡  SAMPA 

¡ Norway (Bergen, Oslo) 
¡  SAMPA Radiation tests 

¡  SAMPA MPW1 tests 

¡  SAMPA MPW2 test board 

¡  GBT evaluation board 
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Front End Card 

¡  Concept based on 2 FEC 
versions for high and low 
occupancy regions 

K. Read, ORNL
37	
  



Readout System 
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Involved institutes 

¡ CRU team (Budapest and India) 
(part of the "Electronics,Readout and Trigger Systems" project) 

¡  Hardware design 

¡  Common firmware design 

¡ NIAS (Japan) 
¡  TPC specific concept 

¡  TPC firmware design 

¡ Norway 
¡  Read-out simulations 

¡  TPC firmware development 

39	
  



Read-Out 
¡  1/2015 Specifications and form factor choice 
¡  4/2015 Design Review 
¡  12/2015 Prototype completed and tested 

¡  1/2016 Engineering Design Review 
¡  4/2016 Pre-series production finished and tested + PRR 
¡  8/2016 25% of production finished 

¡  4/2017 Production and test finished 
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Small Detectors – IBF 
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14 The ALICE CollaborationGEM alignment 

10 

!  small&'lts&lead&to&interference&pa2ern&in&„parallel“&GEM&orienta'on&

Figure 3.5: Left: Optical transparency of two standard GEM foils. Right: Illustration of the interference pattern that occurs
when the foils are slightly rotated.

GEM alignment 

12 

!  90°%orienta-on%leads%to%random%alignment%

•  Random%alignment%prefered%in%terms%of%uniform%detector%response%
•  quan-ta-ve%studies%ongoing%

Figure 3.6: Left: Optical transparency of two standard GEM foils after rotation of one foil by 90o. Right: Illustration of the
randomization of the relative hole positions.

GEM2 and GEM3 foils. On the other hand, the large-pitch foils have rather low ecoll which requires a
typical gain of about 10 on GEM1 to provide sufficient energy resolution. GEM2 and GEM3 are operated
at low effective gains (G = 1�2) and essentially pass the pre-amplified electron cloud to GEM4, which
is operated at an effective gain of about 150.

Also shown in Tab. 3.2 is, for each layer, the number and fraction of produced ions that drift back
into the drift volume. Most of the remaining back-drifting ions are produced in GEM1 and GEM2.
Further ion backflow suppression could be achieved by reduction of the gain in GEM1, however, at the
expense of a degraded energy resolution. The relative contribution from each GEM layer to the total ion
backflow found in simulation is in fair agreement with differential measurements of the ion currents in a
10⇥10 cm2 prototype, as shown in the last two columns of Tab. 3.2. The final ion backflow results from
the ratio of the total numbers of ions escaping into the drift volume, divided by the number of electrons
reaching the anode, in this case IB = 9/1830 ' 0.5%.

3.1.2 Alternative quadruple GEM configurations

In the following we summarize the results of studies with alternative configurations of quadruple GEM
systems with different hole pitch. Electric field scans of ion backflow and energy resolution as a function
of ET2 and ET3 are shown in Figs. 3.7-3.9. The settings for DUGEM1, DUGEM2 and ET1 were optimized
in foregoing scans for each configuration, respectively. For each setting of ET2 and ET3 the gain was
adjusted to 2000 by fine tuning of DUGEM3 and DUGEM4, while keeping DUGEM3/DUGEM4 = 0.8.

TPC Upgrade TDR Addendum 17
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Figure 3.10: Correlation between energy resolution and ion backflow in various quadruple GEM systems in Ne-CO2-N2 (90-
10-5), occuring by variation of DUGEM1 and DUGEM2. All transfer fields are optimized in foregoing scans, respec-
tively. The gain was adjusted to 2000 by fine tuning of DUGEM3 and DUGEM4, while keeping DUGEM3/DUGEM4 =
0.8.

this system was studied by the Tokyo-CERN setup sketched in Fig. 3.11. A similar setup was used at Yale
University for the measurements presented in the TDR [1]. Two standard GEMs (hole pitch 140 µm) are
mounted on top of a Micromegas with a 400 LPI mesh and an amplification gap of 128 µm. The transfer
gaps are 2 mm between GEM1 and GEM2, and 4 mm between GEM2 and Micromegas. Typical transfer
fields are ET1 = 3 kV/cm and ET2 = 0.075 kV/cm. The setup has a drift gap of 8 mm, and the drift field
is kept at Edrift = 400 V/cm. The Micromegas was produced at CERN in bulk technology.

Mesh  
(400 LPI) 

Anode pads 

MM gap = 128µm 

Cathode  
mesh 

Drift gap = 8mm 
Edrift=400V/cm 

GEM1 

GEM2 

Transfer gap 1 = 2mm 

Transfer gap 2 = 4mm 

Figure 3.11: Sketch of the Tokyo-CERN 2GEM+MM prototype setup.

The results of various scans of ET1, ET2, DUGEM1, DUGEM2 and the Micromegas voltage VMM are shown
in Fig. 3.12. At an energy resolution of about 12%, ion backflow values of about 0.4% are achieved in
Ne-CO2-N2 (90-10-5), which is only slightly better than for quadruple GEMs. In Ne-CO2 (90-10), the
best values are about 0.7%. This can be understood in terms of the lower VMM required for a gain of 2000
in this gas mixture.



Small Detectors – discharges  
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S-S-S S-S-S-S S-LP-LP-S
‘standard’ HV IB = 2.0% IB = 0.34% IB = 0.34% IB = 0.34% IB = 0.63%

G = 2000 G = 2000 G = 1600 G = 3000 G = 5000 G = 2000
220Rn

⇠10�10 < 2⇥10�6 < 7.6⇥10�7Ea = 6.4 MeV
rate = 0.2 Hz
241Am

< 1.5⇥10�10Ea = 5.5 MeV
rate = 11 kHz
239Pu+241Am+244Cm

< 2.7⇥10�9 < 2.3⇥10�9 (3.1±0.8)⇥10�8 < 3.1⇥10�9Ea = 5.2+5.5+5.8 MeV
rate = 600 Hz
90Sr

< 3⇥10�12Eb < 2.3 MeV
rate = 60 kHz

Table 3.3: Discharge probability measured for different quadruple GEM stack configurations and different radiation sources. As
a reference, the extrapolated result for a triple GEM operated in “standard” settings is also given. All measurements
were performed in Ne-CO2-N2 (90-10-5).

limits by one order of magnitude for the baseline settings at the gain of 2000 would require continuous
operation of the test setup for three months. Therefore, the present measurements are complemented by
discharge rate measurements at a high-rate beam facility. For this purpose, a large-size IROC prototype
was prepared and tested in a hadron beam at the CERN-SPS (see Sec. 4.2).

S-LP-LP-S
IB = 0.63%

G = 1000 G = 2000 G = 3300 G = 4000 G = 5000
239Pu+241Am+244Cm

< 3.1⇥10�9 5⇥10�9 (1.8±1.1)⇥10�8Ea = 5.2+5.5+5.8 MeV
rate = 600 Hz
241Am

< 1.1⇥10�8 < 1.5⇥10�10 < 7.1⇥10�10Ea = 5.5 MeV
rate = 11 kHz

Table 3.4: Gain scan of the discharge probability for the S-LP-LP-S configuration with baseline settings in Ne-CO2-N2 (90-10-
5). The baseline HV settings on all GEMs are scaled by the same factor to vary the gain.



PS 
¡  XI 2014 

¡  1-3 GeV/c 
e- and π-
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34 The ALICE Collaboration

The discharge probability varies between 10�11 and 10�9, depending on the HV setting. It is by 1-2
orders of magnitude larger than that of the 4-GEM IROC. In Sec. 4.2.2 it was argued that discharges are
dominantly induced by particles crossing the mesh, and the discharge probability is mainly determined by
the mesh voltage VMM. Thus one can compare the discharge probabilities of both 2GEM+MM prototypes
at the same VMM. This comparison indicates that the discharge probability of the HIROC is approximately
one order of magnitude smaller at a given VMM than that of the Yale prototypes. It must be noted
however that there are differences in the chamber geometry which complicate a direct comparison of the
detectors.

4.3 Particle identification with large-size prototypes at the CERN PS

Two full-size prototypes of TPC Inner Readout Chambers (IROCs) were built and tested at the CERN
Proton Synchrotron (PS) in the fall of 2014. One of them is equipped with the baseline S-LP-LP-S
quadruple GEM configuration (4-GEM IROC), while the other one (HIROC) employs a hybrid readout
system with two GEMs and a Micromegas (2GEM+MM). Additionally, two smaller 2GEM+MM proto-
types (Yale prototypes) were tested in the beam. More details on the different prototype setups are given
in Sec. 4.1.

The 4-GEM IROC prototype was operated during the whole PS beam period, while the HIROC was
replaced by the Yale prototypes in the middle of the data taking. The experimental setup as well as the
analysis techniques were identical to the 2012 test beam campaign. They are only briefly summarized
below, more details can be found in Sec. 5.2 of the TPC Upgrade TDR [1].

4.3.1 Experimental setup

The 4-GEM IROC and the HIROC (later the Yale prototypes) were operated simultaneously and placed
behind each other in the T10 beam line of the PS. A common gas supply from a pre-mixed bottle of Ne-
CO2-N2 (90-10-5) is used. A picture of the setup showing the 4-GEM IROC and the HIROC is shown in
Fig. 4.8.

Figure 4.8: Picture of the PS setup with 4-GEM IROC and HIROC.

The IROC prototypes were read out by 10 front-end cards each, corresponding to about 1200 readout
channels. The readout electronics was borrowed from the LCTPC (Linear Collider TPC) collaboration.
It is similar to the current TPC readout electronics (except for the PASA chip) and allowed to use the full
ALICE readout chain. The readout electronics covers a 6 – 7 cm wide corridor over the full length of the
detectors to allow for a systematic measurement of the dE/dx performance with beam particles.

The readout system has an RMS noise of about 600 electrons. A zero suppression threshold of 2 ADC
counts was used, corresponding to about 2000 electrons (120 ns peaking time and 12 mV/fC conversion
gain). The sampling frequency was 20 MHz.

40 The ALICE Collaboration
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Figure 4.17: Separation power of pions and electrons at 1 GeV/c as a function of the 55Fe resolution. Data points for the 4-GEM
IROC and HIROC are taken at a gain of 2000, while Yale prototypes were operated at a gain of 4000. The red
point corresponds to the result from the 4-GEM IROC with the new baseline settings. The green curve shows the
result of a simulation.
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Figure 4.18: Separation power of pions and electrons at 1 GeV/c as a function of the ion backflow. Data points for the 4-GEM
IROC and HIROC are taken at a gain of 2000, while Yale prototypes were operated at a gain of 4000. The red
point corresponds to the result from the 4-GEM IROC with the new baseline settings.
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4.3.3 PID analysis

Main focus of the data taking at the PS and the subsequent analysis was on the study of the particle
identification (PID) performance of the detector via the measurement of dE/dx. The energy loss dE/dx
is determined by the truncated mean of the 70% lowest cluster charges along a track. It can be calculated
from the maximum charge or the total charge of the reconstructed ionization clusters. For the results
presented below, the total charge was chosen because it is less sensitive to noise and provides a better
resolution. Additionally, tracks with clusters at the acceptance edge have been rejected, since the total
cluster charge of edge clusters is not well defined and can bias dE/dx. Moreover, only tracks with a
minimum number of 32 clusters along the track are accepted. In the analysis of the Yale prototype
detectors, the cluster information of a given track from both detectors is combined.

As a measure of the PID performance, the separation power between electrons and pions, based on the
measurement of the specific energy loss dE/dx is calculated. The separation power is defined as:

SAB =
2 |hdE/dxiA �hdE/dxiB|
s (dE/dx)A +s (dE/dx)B

, (4.1)

for two particle species A and B. Here, hdE/dxi is the mean of the specific energy loss distribution
and s(dE/dx) the standard deviation. Both are determined from Gaussian fits to the energy loss spectra
of electrons and pions. The spectra are shown in Fig. 4.13 for the 4-GEM IROC and in Fig. 4.14 for
the HIROC, both at a gain of about 2000. In Fig. 4.15 the spectra for the combined tracks of the Yale
prototypes are shown, where the gain was about 4000.
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Figure 4.13: dE/dx distributions of pions (blue) and electrons (red) measured in the 4-GEM IROC at a gain of about 2000. The
left figure shows the results for the maximum charge, the right figure for the total charge.
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Figure 4.14: dE/dx distributions of pions (blue) and electrons (red) measured in the HIROC at a gain of about 2000. The left
figure shows the results for the maximum charge, the right figure for the total charge.
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Figure 4.4: Schematic drawing of the setup at the SPS. In the middle of the beam time period, the two Yale prototypes were
replaced by the HIROC prototype.

Figure 4.5: Photograph of the experimental area at the SPS showing the 4-GEM IROC and the Yale prototypes.

number of particles expected in the TPC during a typical yearly Pb-Pb run (106 s) at a collision rate
of 50 kHz. Assuming hdNch/dh i=500 and a coverage of about one unit of pseudo-rapidity for each
of the two readout planes of the TPC, we estimate 500⇥ 2⇥ 50000⇥ 106 = 5⇥ 1013 charged particles
hitting the active surface of the TPC readout planes in a yearly heavy-ion run. Including a factor of two
to account for background, this implies that each of the 144 GEM stacks accumulates about 7⇥ 1011

particles, which is comparable to the statistics accumulated at the SPS. As discussed in Sec. 3.2.4 we
assume that mainly particles that cross the GEM foils are relevant for the discharge behaviour.

The results obtained for the different prototypes are presented in the following subsections.

4.2.1 4-GEM IROC

The 4-GEM IROC was placed directly behind the iron absorber. The detector signals were read out
according to the schematic picture shown in Fig. 4.6. All readout pads were connected together and
the signal was divided into two branches: the first one is connected to a pico-amperemeter via a 10 kW
resistor and the second one to an oscilloscope via a 100 kW resistor. The input impedance of the scope
was set to Z = 1 MW.

The pico-amperemeter was used to monitor continuously the anode current which is proportional to the
particle flux into the detector (see Sec. 4.2). The oscilloscope was set to record high signals associated

TPC Upgrade TDR Addendum 31
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particles, which is comparable to the statistics accumulated at the SPS. As discussed in Sec. 3.2.4 we
assume that mainly particles that cross the GEM foils are relevant for the discharge behaviour.

The results obtained for the different prototypes are presented in the following subsections.

4.2.1 4-GEM IROC

The 4-GEM IROC was placed directly behind the iron absorber. The detector signals were read out
according to the schematic picture shown in Fig. 4.6. All readout pads were connected together and
the signal was divided into two branches: the first one is connected to a pico-amperemeter via a 10 kW
resistor and the second one to an oscilloscope via a 100 kW resistor. The input impedance of the scope
was set to Z = 1 MW.

The pico-amperemeter was used to monitor continuously the anode current which is proportional to the
particle flux into the detector (see Sec. 4.2). The oscilloscope was set to record high signals associated
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Figure 4.6: Readout scheme for the 4-GEM IROC at the SPS. The signal from the entire pad plane is split between the ampere
meter and the oscilloscope operated with an input impedance of1 MW.

with the occurrence of a discharge in the detector (see Fig. 4.7).

The discharge signal recorded in an IROC is longer and larger than the typical signal associated with a
discharge in a small detector (see Fig. 3.14). This can be explained by the different sizes of the detectors
(i.e. ⇠10 times higher capacitance of the IROC) and their readout configuration.

Figure 4.7: A typical signal associated with a discharge in an IROC recorded with the readout scheme presented in Fig. 4.6.

During the entire SPS beam time period, the 4-GEM IROC was operated with the new baseline HV
settings (IB =0.63%, s (55Fe)=11.3%, see Tab. 4.1) at a gain of 2000. The HV was distributed to the
subsequent GEM electrodes via a resistor chain. Due to the malfunctioning of a power supply, the drift
field Edrift needed to be reduced to 275 V/cm, which is not expected to impact the measurement. In total,
three discharges were detected in the 4-GEM IROC detector. This translates into a discharge probability
of (6.4±3.7)⇥ 10�12 per incoming hadron. This result is of the same order of magnitude as the one
obtained by the LHCb Collaboration where the discharge probability of triple GEM detectors operated
with an isobutane-CF4-based gas mixtures was measured under similar conditions [9].

The discharge rate per hadron measured at the SPS can be translated into the expected number of dis-
charges in the upgraded TPC per unit time. We estimate about 650 discharges for the whole TPC, or 5
for each of the 144 GEM stacks per typical yearly heavy-ion run at 50 kHz. Such small numbers are not
expected to create any damage to the GEM detectors and ensure efficient and safe operation of the TPC
in RUN 3 and beyond.

Further stability tests with the 4-GEM IROC are planned at the end of 2015 during the LHC Pb–Pb run,
when the 4-GEM IROC will be placed inside the ALICE Miniframe, close to the interaction point in
forward direction. This will allow to evaluate the operational stability under LHC conditions.

4.2.2 Yale prototypes

During the first half of the test beam, the two Yale prototypes were installed behind the 4-GEM IROC
(see left picture in Fig. 4.4). Both were placed with their readout planes perpendicular to the beam
direction. The detectors were operated at three different HV settings, summarised in Tab. 4.2. The first
two settings result in a gas gain of ⇠2000 and are typical settings in hybrid stacks, optimised for low ion
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Figure 4.7: A typical signal associated with a discharge in an IROC recorded with the readout scheme presented in Fig. 4.6.

During the entire SPS beam time period, the 4-GEM IROC was operated with the new baseline HV
settings (IB =0.63%, s (55Fe)=11.3%, see Tab. 4.1) at a gain of 2000. The HV was distributed to the
subsequent GEM electrodes via a resistor chain. Due to the malfunctioning of a power supply, the drift
field Edrift needed to be reduced to 275 V/cm, which is not expected to impact the measurement. In total,
three discharges were detected in the 4-GEM IROC detector. This translates into a discharge probability
of (6.4±3.7)⇥ 10�12 per incoming hadron. This result is of the same order of magnitude as the one
obtained by the LHCb Collaboration where the discharge probability of triple GEM detectors operated
with an isobutane-CF4-based gas mixtures was measured under similar conditions [9].

The discharge rate per hadron measured at the SPS can be translated into the expected number of dis-
charges in the upgraded TPC per unit time. We estimate about 650 discharges for the whole TPC, or 5
for each of the 144 GEM stacks per typical yearly heavy-ion run at 50 kHz. Such small numbers are not
expected to create any damage to the GEM detectors and ensure efficient and safe operation of the TPC
in RUN 3 and beyond.

Further stability tests with the 4-GEM IROC are planned at the end of 2015 during the LHC Pb–Pb run,
when the 4-GEM IROC will be placed inside the ALICE Miniframe, close to the interaction point in
forward direction. This will allow to evaluate the operational stability under LHC conditions.

4.2.2 Yale prototypes

During the first half of the test beam, the two Yale prototypes were installed behind the 4-GEM IROC
(see left picture in Fig. 4.4). Both were placed with their readout planes perpendicular to the beam
direction. The detectors were operated at three different HV settings, summarised in Tab. 4.2. The first
two settings result in a gas gain of ⇠2000 and are typical settings in hybrid stacks, optimised for low ion


