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ALICE$TPC$

!  Specs:&&
!  ~92m3&active&volume&
!  Ne>CO2&(90>10)&&
!  B&=&0.5&T&&
!  72&readout&sectors&&

"  18&inner/outer&sectors,&2&ends&
!  ~560,000&readout&pads&

"  4x7.5mm2&pads&for&inner&chambers&&
!  Gas&amplicication:&MWPC&
!  Gating&grid&(to&prevent&ion&backclow)&
limits&rate&to&~3&kHz&
!  ~100μs&max&e>&drift,&~200μs&grid&
closure&

APS&April&Meeting,&11&April&2015& 1"James&Mulligan,&Yale&University&

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

ALICE&TPC&

3&

Ac6ve&volume&~92&m3&
&
Run1:&

&NeICO2IN2&(90I10I5)&
&NeICO2&(90I10)&
&&

Run2:&
&ArICO2&(90I10)&

&
72&MWPCIbased&readout&chambers:&

&I&2x&18&IROC&
&I&2x&18&OROC&

&
557,568&readout&cathode&pads&
&
pad&sizes:&&

&I&4x7.5&mm2&(IROC)&
&I&6x10,&6x15&mm2&(OROC)&

Figure 2.2: Schematic view of the ALICE TPC.

Figure 2.3: View of one of the endplates of the TPC; the di↵erent types of rods are indicated.
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ALICE$TPC$Upgrade$

!  LHC&will&be&upgraded&during&LS2&
(2018>2019)&to&have&Pb>Pb&
collision&rates&up&to&50&kHz&

!  Need&for&continuous&TPC&readout&
! Maintain&PID&performance&&

" σE/E<12%&for&55Fe&
! Limit&ion&backclow&

" <1%&at&gain&2000&

TPC upgrade for RUN3 
!  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 !�= 20 

!  �E/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) 

4 

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)�
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Harald&Appelshäuser,&RD51&Collabora6on&Mee6ng,&CERN,&June&18,&2014&

ALICE&TPC&performance&in&Run&1&

4&

•  momentum&resolu6on:&σ(pT)/pT&≤&3.5%&at&50&GeV/c&

•  dE/dx&resolu6on&7.6%&in&central&PbIPb&(dNch/dη=1600!)&

•  readout&rate&~300&Hz&in&central&PbIPb,&limited&by&electronics&band&width&
&!&will&be&increased&by&factor&2&in&Run2&
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(! 130 samples) and with the truncated-mean method the resulting dE/dx peak1192

shape is Gaussian down to at least 3 orders of magnitude.1193

In the relativistic rise region, the dE/dx exhibits a nearly constant separation1194

for the different particle species over a wide momentum range. Due to a dE/dx1195

resolution of about 5.2 % in pp collisions and 6.5 % in the 0–5% most central Pb–Pb1196
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Micro<Pa=ern$Gas$Detectors$

!  MPGDs&allow&continuous&
operation&due&to&their&innate&
ion&backclow&suppression&&

!  Gas&Electron&Multiplier&(GEM)&
!  Micro>Mesh&Gaseous&Structure&
(MMG&or&Micromegas)&

Harald&Appelshäuser,&RD51&Collabora6on&Mee6ng,&CERN,&June&18,&2014& 9&

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%

GEM:&&
&
•  microIpaserned&gas&detector&for&electron&&
&&&&&&mul6plica6on&

•  proven&to&work&reliably&in&highIrate&&
&&&&&&applica6ons&
&
•  in&a&TPC&with&con6nuous&readout:&&
&&&&&backIdriking&ions&into&drik&space&
&
!&IBF&can&be&minimized&by&op6miza6on&of&&
&&&&&&GEM&geometry&and&field&configura6on&&&&&&
&
!&requires&significant&R&D&effort&
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Upgrade$Prototypes$

4"

!  4>GEM&conciguration&(baseline&upgrade&choice)&
!  Full>sized&inner>readout&chamber,&2nd&test&beam&campaign&

!  2>GEM+MMG&conciguration&
!  Yale&Prototypes:&Two&21x26cm&2>GEM+MMG&chambers&

&#&This&is&the&main&focus&presented&here&

&
&
!  Beam&test:&November>December&2014&at&CERN&

!  PS&beam&for&dE/dx,&SPS&for&sparking&rate&

APS&April&Meeting,&11&April&2015& James&Mulligan,&Yale&University&
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Figure 4.2: Schematic picture of a hybrid IROC prototype (HIROC).

4.1.3 Yale prototypes

Two identical medium-size detectors were constructed at Yale University to allow dedicated studies of
the hybrid 2GEM+MM structure. In contrast to the HIROC, the Micromegas of the Yale prototypes were
produced in bulk technology. Both detectors were operated and tested simultaneously during the test
beam campaign. The readout structure of the Yale prototypes with an active area of 21⇥26 cm2 each
(i.e. > 3 times smaller than the HIROC prototype) follows the schematics shown in Fig. 4.3. In the Yale
prototypes, the transfer gap between GEM2 and the Micromegas is 10 mm to enhance diffusion of the
charge cloud and thus lower the charge density at the mesh with the aim to improve the stability against
electrical discharges.

Figure 4.3: Schematic picture of a 2GEM+MM Yale prototype

4.2 Discharge studies with large-size prototypes

The discharge behaviour of the four prototypes described in Sec. 4.1 was evaluated in a test beam at
the CERN-SPS. All detectors were operated with a Ne-CO2-N2 (90-10-5) gas mixture. The discharge
probability was measured using showers of hadrons produced by a high-intensity secondary pion beam
with a momentum of 150 GeV/c impinging on a 30-40 cm thick iron absorber. The average beam inten-
sity was ⇠6⇥106 particles per spill (⇠5 s), resulting in an average in-spill rate of ⇠1.2 MHz. During
the two-week RD51 test beam campaign, a total of 36 h of dedicated data taking was allocated for the
ALICE TPC tests.

The beam time was divided into two parts. In the first part, the 4-GEM IROC together with the Yale
prototypes were tested. In the second part, the Yale prototypes were replaced by the HIROC prototype.
Schematic drawings of both setups and a photo of the experimental area are shown in Fig. 4.4 and
Fig. 4.5, respectively.

The particle flux into the 4-GEM IROC chamber was calibrated by recording the current at the anode
pad plane (without iron absorber) as a function of the counts measured in the beam scintillators. The
IROC anode current was recorded continuously. Hadron showers were created by the pion beam hitting
the 40 cm iron absorber (30 cm at the beginning of the beam time). On average, 20 shower particles were
observed per incoming beam particle. They are emitted preferentially in the direction perpendicular
to the detector plane. The integral of the chamber current over the whole beam period gives the total
number of accumulated particles NSPS

tot = (4.7±0.2)⇥ 1011. This number can be compared to the total

TPC Upgrade TDR Addendum 29

Figure 4.1: Schematic picture of the 4-GEM IROC.

and s (55Fe), including the new baseline settings for the S-LP-LP-S configuration (see Sec. 3.1.1) for
which IB =0.63% and s (55Fe)=11.3%. The other settings were defined by the ion backflow and 55Fe
resolution of the S-LP-LP-S configuration as presented in Fig 5.4 of the TPC Upgrade TDR [1]. They
include extreme values of those parameters which are studied to identify possible performance limits
of the detector. The voltage and field settings, and the corresponding values for IB and s (55Fe) are
summarized in Tab. 4.1. A resistor chain was used to supply the potentials on the subsequent GEM
electrodes.

IB s (55Fe) DUGEM3/DUGEM4 DUGEM1 DUGEM2 DUGEM3 DUGEM4 ET1 ET2 ET3 Eind
(%) (%) (V) (V) (V) (V) (kV/cm) (kV/cm) (kV/cm) (kV/cm)

0.63 11.3 0.8 275 240 254 317 2 3 1 4

0.34 17.0 0.8 225 235 304 382 4 2 0.1 4
0.51 13.8 0.8 255 235 292 364 4 2 0.1 4
0.65 12.1 0.8 275 235 284 345 4 2 0.1 4
0.98 10.4 0.8 305 235 271 339 4 2 0.1 4
2.05 9.1 0.8 315 285 240 300 4 2 0.1 4
0.76 12.0 0.95 275 235 308 323 4 2 0.1 4

Table 4.1: Voltage settings for different values of IB and s (55Fe). For details see text.

4.1.2 HIROC prototype

The HIROC prototype is a full-size IROC equipped with a hybrid 2GEM+MM readout structure. The
main goal of this development was to test the performance of a full-size detector of this type after promis-
ing results with 10⇥10 cm2 detectors were presented (see Sec. 9.3 on alternative R&D in the TPC up-
grade TDR [1]).

A schematic drawing of the HIROC detector is shown in Fig. 4.2. The HIROC prototype was constructed
using an aluminium body with pad plane from a spare IROC of the ALICE TPC where the wire planes
were removed. The active area is identical to that of the 4-GEM IROC. After removal of the wire planes,
several modifications to the pad plane were applied, i.e. the signal vias were filled with glue to avoid
trapping of dust particles and afterwards the pad plane was polished. These measures became necessary
to limit the dark currents during the commissioning HV tests to a tolerable level.

The Micromegas used to construct the stack is a so-called pre-stretched 400 LPI (lines per inch) Mi-
cromegas with 128 µm pillars attached to the mesh in a photolithographic process, and a 10 mm wide
spacer frame following the shape of the pad plane. The mesh was produced and glued to the pad plane at
the PH-DT Micro-Pattern Technologies workshop at CERN. On top of the mesh, a stack of two standard
pitch GEM foils and a cover electrode were mounted (glued). An additional 2 mm frame was inserted
between GEM2 and the mesh, resulting in a transfer gap of 4 mm between both structures.

The HIROC was installed in a test box similar to the one of the 4-GEM IROC, which contains a drift
cathode and a rectangular field cage. The drift distance is ⇠10.8 cm. Two walls of the test box, closest to
the parallel sides of the chamber, were machined to install mylar windows for measurements with beam
and radioactive sources.
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Beam$Test:$PID$Performance$

!  Goal:&Determine&dE/dx&separation&of&
electrons&from&pions&

!  Setup:&
!  PS&secondary&beam:&1>3&GeV&pions&
and&electrons&

!  Cherenkov&counter&to&distinguish&
electrons&from&pions&&

!  Scintillators&for&trigger&
!  Readout&electronics&from&LCTPC&
collaboration&

!  ~380,000&events&usable&(before&cuts)&
for&2>GEM+MMG&Yale&prototypes&&
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PID$Performance:$Analysis$

!  Procedure&to&determine&dE/dx:&
!  Clustering:&For&cixed&padrow,&cind&local&
maximum&charge,&then&sum&surrounding&
3&bins&in&pad/time&space&

!  Tracking:&Iteratively&search&rows&for&
nearest&cluster,&within&tracking&pad/time&
window&

!  Combine&tracks&from&our&two&chambers&
"  32&padrows&each&

!  For&each&track,&take&70%&truncated&mean&
of&cluster&charges,&divide&by&number&of&
clusters,&and&add&to&<dE/dx>&histogram&

!  Gaussian&cit&dE/dx&histogram&
!  Analysis&code&adapted&from&Jens&
Wiechula&(used&in&4>GEM&beam&tests)&
for&our&2>GEM+MMG&analysis&
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TPC upgrade
PS test beam – dE/dx performance

 dE/dx performance as expected from simulation

 Same performance as present MWPC IROC

 Physics performance not compromised up to σ=14%

 → Allow for operation of IROC / OROC at different working points

IB=0.34%

IB=0.65%

IB=0.51%

PS beamtime (Nov. 2014) 
A. Mathis - HK 22.3, Tuesday, 15:00 

!  Secondary e±, �± beam; 1, 2, 3 GeV/c 

!  dE/dx performance as expected from 
simulations 

!  Relative energy resolution as in present MWPC 

!  Physics performance not compromised up to 
�(55Fe) = 14 % 

4-GEM IROC 

2-GEM + MMG IROC 

Cherenkov 

Beam 
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PID$Performance:$Analysis$
!  QA:&Cherenkov&separation,&cluster&charge&Landau&

distribution,&pad&occupancy,&etc.&
!  Cuts:&

!  Minimum&clusters&per&track:&60&
!  Cluster&Qmax&ADC&threshold:&3&
!  Remove&tracks&with&excess&low>Q&clusters &&

"  For&pions,&>4&clusters&with&Q<6&
"  For&electrons,&>4&clusters&with&Q<15&

!  Other:&one>track&events,&edge&cuts,&timing&cuts,&misses&
allowed&in&track,&etc.&

!  Gain&Map&
!  Apply&pad>by>pad&gain&correction:&&

"  Average&pad&signal&/&Average&chamber&signal&
"  Cause&of&correlations?&

!  Normalize&average&gain&of&each&chamber&
"

APS&April&Meeting,&11&April&2015& 7"James&Mulligan,&Yale&University&
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PID$Performance:$Results$

!  Separation:&

&
!  Yale&2>GEM+MMG&Prototypes:&&

!  Sπe&=&3.6&(Preliminary)&
!  Ongoing&questions:&

"  Origin&of&excess&low>Q&clusters&
"  Cause&of&gain&map&correlations&

!  4>GEM:&&
!  Sπe&=&4.4&

&
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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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TPC upgrade
PS test beam – dE/dx performance

 dE/dx performance as expected from simulation

 Same performance as present MWPC IROC

 Physics performance not compromised up to σ=14%

 → Allow for operation of IROC / OROC at different working points

IB=0.34%

IB=0.65%

IB=0.51%

PS beamtime (Nov. 2014) 
A. Mathis - HK 22.3, Tuesday, 15:00 

!  Secondary e±, �± beam; 1, 2, 3 GeV/c 

!  dE/dx performance as expected from 
simulations 

!  Relative energy resolution as in present MWPC 

!  Physics performance not compromised up to 
�(55Fe) = 14 % 

4-GEM IROC 

2-GEM + MMG IROC 

Cherenkov 

Beam 
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<dE/dx>!
(ADC per cluster)!
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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 
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Beam$Test:$Sparking$Rate$

9"

!  SPS&beam:&150&GeV&pions&
incident&on&Fe&absorber&(to&
multiply&hadrons)&
! Beam&perpendicular&to&pad&
plane&

! Ne>CO2>N2&(90>10>5)&
!  Oscilloscope&records&spark&signal&
!  ~5&x&1011&chamber&particles&
accumulated&in&test&beam&
! 1&month&of&Pb>Pb&in&ALICE:&
~7x1011&per&GEM&sector&
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SPS beamtime 
A. Deisting- HK 22.1, Tuesday, 14:30 

!  150 GeV/c pion beam hitting Fe absorber 
!  ~5×1011 particles accumulated  
!  Comparable to the number of particles expected in the TPC during a 

typical yearly Pb-Pb run at a collision rate of 50 kHz (per GEM stack) 

! Discharge probability: (6.4±3.7)×10-12 per incoming hadron 

!  Estimate for RUN3: 
!  650 discharges in the TPC per typical yearly Pb-Pb run 
!  5 per stack 
!  Save operation guaranteed 
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TPC upgrade
Test beam campaign

 Test beam studies at 
PS and SPS with full-
sized IROC prototype

 dE/dx performance

 Discharge probability
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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
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Sparking$Rate:$Results$

!  2>GEM+MMG:&
!  At&optimal&HV&setting:&P~3.5&x&10>10&per&chamber&particle&

"  Spark&rate&depends&on&MMG&voltage,&since&MMG&is&125μm&from&
pad&plane&

!  Spark&does&not&harm&MMG,&but&gives&dead&time&(~μs)&

&

!  4>GEM:&&
!  ~6.4&x&10>12&per&chamber&particle&(3&sparks&observed)&
!  Dead&time&~&seconds&to&minutes&
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backflow values. It should be noted that the settings with higher VMM correspond to a lower ion backflow.
The last setting was used to measure the stability of the Micromegas only. Here, the voltages across the
GEMs and the transfer fields above the mesh were set to zero to prevent pre-amplification and charge
drifting to the mesh.

The signals from the Yale prototypes were read out via a preamplifier and then directed to a discriminator
and a scope. High signals, associated with discharges, were recorded and counted with a scaler. To
extract the discharge probability, the number of detected discharges was normalised to the total number
of incoming hadrons as estimated from the 4-GEM IROC current measurement. It is assumed here
that the number of shower particles in the 4-GEM IROC and the Yale prototypes is approximately the
same. For each setting, both Yale prototypes recorded a similar number of discharges. The discharge
probabilities are given in Tab. 4.2.

# DUGEM1 DUGEM2 VMM gain Discharge probability(V) (V) (V)

1 250 210 440 2050 (2.0±0.6)⇥10�9

2 260 220 420 2000 (3.5±1.0)⇥10�10

3 0 0 420 450 (1.7±0.5)⇥10�10

Table 4.2: Discharge probabilities measured with the Yale prototypes at the SPS for 3 different HV settings. For the first two
settings Edrift = 400 V/cm, ET1 = 3875 V/cm and ET2 = 90 V/cm. For the third setting Edrift = 21 V/cm, ET1 =
3 V/cm and ET2 = 2 V/cm

The discharge probabilities observed in the Yale 2GEM+MM prototypes are 2-3 orders of magnitude
larger than those of the 4-GEM IROC. The discharge probability is a strong function of the mesh voltage
VMM, at higher voltages (which are favoured in terms of low ion backflow) a significant increase of the
discharge probability is observed. A discharge probability of ⇠ 10�9 would lead to an estimated number
of about 100000 discharges in the TPC during a yearly heavy-ion run at 50 kHz.

It is interesting to note that the discharge probability does not change much when the GEM voltages
and transfer fields are switched off. This indicates that the discharge behaviour is mainly governed by
particles crossing the mesh, and only to a lesser extend by the pre-amplification and charge that drifts to
the mesh.

4.2.3 HIROC

During the second part of the beam time period, the HIROC prototype was placed behind the 4-GEM
IROC (see the right picture in Fig. 4.4).

The discharge probability of the HIROC was measured for 3 different HV settings, as listed in Tab. 4.3,
resulting in a gas gain of 1600-2000. During the measurements, all pads of the HIROC pad plane were
connected together and read out by the oscilloscope (1 MW input impedance) via the diode protection
circuit. Table 4.3 summarises the discharge probabilities obtained for all 3 settings. The number of
detected discharges in the HIROC was normalised to the total number of hadrons estimated from the
4-GEM IROC currents.

# DUGEM1 DUGEM2 DUMM gain Discharge probability(V) (V) (V)

1 232 210 460 2000 (3.0±0.3)⇥10�9

2 250 210 440 1800 (3.1±0.7)⇥10�10

3 260 220 420 1600 (1.5±1.1)⇥10�11

Table 4.3: Discharge probabilities measured with the HIROC prototype at the SPS for 3 different HV settings. In all cases
Edrift = 390 V/cm, ET1 = 3875 V/cm and ET2 = 150 V/cm. The gas gain for the HV settings was measured with a
small-size 2GEM+MM prototype.
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Conclusion$

!  Successful&test&beam&campaign&demonstrates&good&
PID&performance&for&4>GEM,&2>GEM+MMG&designs&&
!  4>GEM&slightly&better,&more&mature&

!  2>GEM+MMG&needs&more&R&D&(e.g.&sparking),&but&
worth&pursuing&due&to&lower&ion&backclow&
! Possible&second&test&beam&in&coming&months&

!  4>GEM&design&chosen&for&ALICE&TPC>Upgrade&
! TDR&Addendum&Feb&2015&

!  Construction&beginning;&US&building&inner&sectors,&
Europe&outer&sectors&
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