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ALICE – A LARGE ION COLLIDER EXPERIMENT
• A dedicated heavy-ion experiment at the CERN LHC 

• Study of a high-density, high-temperature phase of strongly interacting matter: Quark-Gluon Plasma

• Unique PID capabilities among all LHC experiments

• Covers broad kinematic range

• Many PID techniques

• Excellent performance in RUN 1 and RUN 2

Run 1 (2009 – 2013)

Pb-Pb @ √sNN = 2.76 TeV

p-Pb @ √sNN = 5.02 TeV

pp @ √s = 0.9, 2.76, 7, 8 
TeV

Run 2 (2015 – 2018)

Pb-Pb @ √sNN = 5.02 TeV
Xe-Xe @ √sNN = 5.44 TeV

p-Pb @ √sNN = 5.02, 8.16 
TeV

pp @ √s = 5, 13 TeV 2



Gas volume:
• ~90 m3

• ~90 µs drift time
• 100 kV at the Central Electrode (Edrift = 400 V/cm)

2 x 18 
Inner Read Out Chambers

557568 pads

4 x 7.5 mm2 (IROC)
6 x 10 mm2 (OROC)
6 x 15 mm2 (OROC)

• MWPC readout, gain 7000-8000

• ~1 mm position resolution, ~250 µm matching resolution

• Designed for charged-particle tracking and dE/dx measurements in Pb-Pb collisions with 
dNch/dη=8000 at √sNN = 5.5 TeV, σ(dE/dx)/(dE/dx)<10%

• Including secondaries: up to 20000 particles in one interaction in the TPC acceptance

THE LARGEST TPC
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THE ALICE TPC FIELD CAGE

Four cylinders made with composite material:

sandwich of Nomex honeycomb between two

epoxy-fiber glass layers, and a Tedlar foil for

tightness

On the walls, the mechanics: rods to hold the field-defining

suspended strips are installed with high precision of ~100 µm
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THE ALICE TPC FIELD CAGE

• 400 V/cm drift field defined by suspended 

strips held by rods

• Rods used also to:

– circulate the gas through small holes

– introduce laser tracks

– house water cooled, removable 

resistor chains for voltage degrading

Central Electrode (aluminised mylar, 

100 kV) reflects the image of the 

Readout Chambers (IROCs, OROCs)

5 m × 5 m, ~90 m3
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READOUT CHAMBERS

• Multi Wire Proportional Chambers with a gating grid
• Adopt a tight geometry as NA49

– relatively small pads: 4x7.5, 6x10, 6x15 mm2

• Surround chambers with a ‘cover’ electrode to avoid field distortions and avoid leakage of ions

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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GAS
• During Run 1 and Run 2, several gas mixtures used
• Ne-CO2 (90-10) and Ne-CO2-N2 (90-10-5)

– N2 provides further stability against discharges at no 
cost in transport properties

• Ar-CO2 (90-10)
– Further stability improvement
– Space-charge distortions (see next slides)

• Very good tightness leads to negligible e-

attachment to O2

• In either case, max. drift time is ≲ 100 µs
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DRIFT VELOCITY UNIFORMITY
• Ne-CO2 mixtures are very sensitive to

gas density

• The drift velocity is measured with
precision via the signal produced by
stray laser light on the aluminised
central electrode (by photoelectric effect)

• The drift time gradient due to the
pressure gradient is observed

• (1 time bin = 100 ns)

DVd ~ 0.35 % per K
Dgain ~ 1 % per K

Figure 49: Schematic 3D view of the TPC and the laser system.
Two wide pulsed laser beams enter horizontally at the bottom
of the TPC and are guided around the two end-caps by mirrors,
prisms and beam splitters before entering the TPC. Bundles of
micromirrors in the hollow laser rods intersect the beams and
generate a large number of thin rays in the TPC drift volume.
The undeflected part of the beams continue through the monitor
rods to cameras at the far end. All elements are fixed mechani-
cally, except for the remote controllable entrance mirrors at the
bottom.

The lasers are triggered by a fixed rate 10 Hz external clock,
such that their pulses are synchronized to each other and to the
readout clock of the TPC. Both lasers are placed in optically
stable conditions in a hut outside the L3 magnet at z ⇡ �10 m,
2.5 m under the LHC beam line. Together with the actual laser
heads and their power supplies, the hut contains remote ad-
justable mirrors to point the wide beams in the correct direction
toward the TPC and remote control electronics for the lasers,
monitor cameras and adjustable mirrors. Each laser beam is de-
flected through a ‘knee’ of one fixed and one adjustable mirror
before it exits the hut. The hut ensures personnel safety against
UV light in the underground hall.

7.3.2. Laser beam transport system
From the laser hut, the two laser beams are guided to the en-

trance windows at the outer radius of the TPC field cage by a
system of mirrors, beam splitters and bending prisms, all en-
closed in pipes to ensure personnel safety and stable optical
conditions. Both beams pass through a vertical slit in the L3
magnet. One beam hits the nearest A-side endplate close to
its outer radius, where a mirror reflects it by 90� into a verti-
cal plane parallel to the TPC endplate. The other beam passes
slightly lower, and after another knee of two 90� reflections it
enters a tube mounted below the TPC field cage. It continues
in a straight line to the far C-side endplate where another 90�
mirror bends it into the vertical plane parallel to this plate.

Figure 50 shows an overview of the optical elements in the
guidance system. High quality fused silica is used for all op-

tical elements and all surfaces are antireflection coated for UV
light. Dielectric coatings of the mirrors and beam splitters are
designed to divide the beam intensity evenly between the six
rods. First, a 50% beam splitter directs half of the beam in each
direction around the periphery. Prisms deflect the beams by 30�
such that each half of the beam passes over the prolongation
of three of the outer TPC rods. At these points, beam splitters
at 45� angles direct equal intensity beams into each rod along
the z axis by deflecting 33%, 50% of the remaining and ⇡99%
of the then remaining beam through a 90� angle. A small re-
maining beam is monitored by a camera and dumped after the
last splitter. The beam paths on the two endplates are virtually
identical. By mirror symmetry they are arranged such that the
prolongation of each of the six laser rods at one TPC end be-
yond the central electrode corresponds to a hollow rod (monitor
rod) in the opposite end of the TPC.

All optical elements on the endplates are placed in small
boxes. Each box is firmly attached to the endplate and the an-
gles of the optics were fine adjusted manually inside the box
after installation. Figure 51 shows examples of the mechanics
in two such boxes.

A few of the mirrors both in the laser hut and at the entrance
to the endplates are remotely adjustable. Together they define
the beam vector at the entry point on the two vertical planes par-
allel to the endplates. The rest of the beam guidance system is
based on fixed optics, carefully aligned during the construction
and using the endplates as stable mechanical support.

Figure 51: Example of the design of the interior of optics boxes
installed on the TPC endplate. The shown boxes contain a 30�
bending prism and a beam splitter, respectively.

7.3.3. Micromirrors and laser rods
After entering the six laser rods at each end of the TPC

through sealed quartz windows, the wide laser beams travel
along the inside of the rods as illustrated in Fig. 49. They are in-
tersected by four, roughly equally spaced, micromirror bundles
before arriving at the TPC central electrode. Here, the beam
passes through another sealed quartz window to the hollow rod
in the other half of the TPC and exits at the far end through a
third window. At the far end, the beam position is monitored by
a camera before being dumped.

The generation of narrow beams happens inside the laser rods
by reflecting the wide laser beam o↵micromirrors at a 45� inci-
dence angle. The mirrors were made from short 1 mm diameter
quartz fibers, cut at a 45� angle at one end. The resulting el-
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tip of the manipulator arm, are first adjusted in angles such that
they can be moved through the endplate (see Fig. 17), there-
after they are turned (see Fig. 18) and retracted into their final
position.

Five types of measurements were done for all sectors:

• pedestal and noise measurements;

• calibration pulser measurements (study the shaping prop-
erties of the electronics);

• measurements with the TPC laser system (for alignment
purposes);

• optical measurement of the readout-chamber position rel-
ative to inner field cage vessel;

• gain and drift-time measurements (using a cosmics trig-
ger).

The results of the first four measurements as well as the gain
measurement, which were repeated after the installation in the
L3 magnet, are reported in Sec. 11.

Figure 17: Insertion of an OROC through the endplate. The tilt,
polar and azimuthal angles of the chambers can be adjusted via
handles and a transmission system.

Figure 18: Rotation of an IROC inside the field cage. To pre-
vent dirt falling into the field cage the FEC side of the chambers
is closed with a cover.

4. Front-end electronics and readout

4.1. General specifications
Charged particles traversing the TPC volume ionize the gas

along their path, liberating electrons that drift towards the end-
plate of the chamber. The signal amplification is provided
through avalanche e↵ect in the vicinity of the anode wires of
the readout chambers. The electrons and positive ions created in
the avalanche, which move respectively towards the anode wire
and the surrounding electrodes, induce a positive current sig-
nal on the pad plane. The current signal of a single avalanche,
which is characterized by a fast rise time (less than 1 ns) and
a long tail (of the order of 50 µs), carries a charge that, in the
ALICE TPC, can be as low as a few fC. It is then delivered on
the detector impedance which, to a very good approximation,
is a pure capacitance of the order of a few pF. The shape of the
signal tail, which is due to the motion of the positive ions, is
rather complex and depends on the details of the chamber and
pad geometry [16, 17]. This tail, causing pile-up e↵ects, sets
the main limitation to the maximum track density at which a
MWPC can be operated.

The readout of the signal is done by 557 568 pads that form
the cathode pad plane of the readout chambers. The signals
from the pads are passed to 4 356 Front-End Cards (FECs), lo-
cated 7 cm away from the pad plane, via flexible Kapton cables.
In the FECs a custom-made charge-sensitive shaping amplifier,
named PASA (PreAmplifier ShAper), transforms the charge
signal induced in the pads into a di↵erential semi-Gaussian
voltage signal that is fed to the input of the ALTRO (ALice
Tpc Read Out) chip. Each ALTRO contains 16 channels op-
erating concurrently that digitize and process the input signals.
Upon arrival of a first-level trigger, the data stream correspond-
ing to the detector drift time (. 100 µs) is stored in a memory.
When a second-level trigger (accept or reject) is received, the
latest event data stream is either frozen in the data memory, un-
til its complete readout takes place, or discarded. The readout
can take place at any time at a speed of up to 200 MByte/s
through a 40-bit-wide backplane bus linking the FECs to the
Readout Control Unit (RCU), which interfaces them to the Data
AQuisition (DAQ), the Trigger and the Detector Control System
(DCS).

The main requirements for the readout electronics and the
way they are derived from the detector performance require-
ments are discussed in Sec. 5.1.1 of [3] and listed in Tab. 5.

One of the tightest requirements is defined by the extremely
high pulse rate with which the ALICE TPC Front-End Elec-
tronics (FEE) has to cope. Indeed, the FEE has been designed
to cope with a signal occupancy as high as 50%. Furthermore
the extremely large raw data volume (750 MByte/event) asks
for zero suppression already in the FEE in order to fit events
at the foreseen event rate into the DAQ bandwidth (216 links
at 160 MByte/s). For example, for a trigger rate of 1 kHz as
planned for pp collisions, this leads to a raw data throughput
of 750 GByte/s, which is beyond the present data handling ca-
pabilities. It should be noticed that in a high occupancy envi-
ronment, in order to preserve the full resolution on the signal
features (charge and arrival time), a very accurate cancellation
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FIRST COSMIC TRACKSALICE TPC – Cosmic Muons

June 2008
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Pb-Pb COLLISIONS
ALICE TPC
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MOMENTUM RESOLUTION
• spT/pT ≲ 3.5 % at 50 GeV/c
• spT/pT ≲ 1 % at 1 GeV/c
• Matching to external detectors significantly improves resolution at high pT

12



dE/dx PERFORMANCE
• The gain of each pad is calibrated using 83Kr decays in the gas (like NA49, CERES, …)
• Energy resolution: achieve 5.5% in pp and 7% in Pb-Pb
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OPERATIONAL HISTORY
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2015-18: SC DISTORTIONS

With the change to Ar-CO2 mixture (2015, 2016, 2018) and at higher interaction 

rates a new problem appeared: Localized space charge distortions
– “Bulk” distortions (in most of the volume) scale as expected
– Unexpected: Distinct “hot regions” with large distortions up to O(10 cm)

15
Distortions close to the central drift electrode in pp data taken with high interaction rate in 201615



2015-18: SC DISTORTIONS

Big effort into understanding the cause and mitigating the effect.

All summarized in a note:

“Space-charge distortion measurements and their calibration in the ALICE TPC”

https://alice-notes.web.cern.ch/node/863

2 distinct source of the distortions:
– IROCs: Space charge created inside the 3 mm gap between adjacent chambers
– OROC C06: Local gating grid inefficiency, floating gating grid wires

Distortions can be corrected for since ~ Summer 2016

16
16
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DISTORTIONS MITIGATION (1) 

• Main ingredients for minimizing distortions 
originating from IROC region in 2018 Pb-Pb
data:

– Special cover electrode settings
to minimize charge transfer
to/from gaps between chambers:
+180 V on all cover electrodes è
Reduction by factor 0.4 to 0.15 Results from cover electrode voltage scan 2 (17 May 2018)

Cover electrode
(for field shaping)
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DISTORTIONS MITIGATION (2) 

• Main ingredients for minimizing
distortions originating from OROC
C06 in 2018 Pb-Pb data:

– Lower gain in half of OROC C06:
Reduction by factor ~0.5

– Increased gating grid ΔV to reduce
transparency around floating
GG wires:
Reduction by factor ~0.65

Results from scan 5 (27 Aug 2018): Different GG ΔV 

ΔV = 90 V (nominal), slope = 1
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DISTORTIONS MITIGATION (3) 

è Distortions stay below ~1cm everywhere in TPC for 
recorded Pb-Pb collisions!

LHC18q, 7.4kHz

[c
m

]
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&
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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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Multi Wire Proportional Chamber readout
• Gated operation in Run 1 and Run 2
• Gating grid prevents back drifting ions from the amplification 

stage to distort the drift field (IBF suppression ~10-5)
• 100 μs electron drift time + 200-400 μs gate closed (Ne-Ar) to 

minimize ion backflow and drift distortions

• 300-500 μs in total limits the maximal readout rate to few kHz 
(in p-p)

• Readout rate ~kHz in Run-2 (with RCU2)

time

Drift time in TPC,
gating grid open

Fixed gating grid closure
time, no event readout

event 1 event 2 event 3 event 4



HEAVY-ION COLLISIONS AT LHC

ALICE strategy for Run 3 + Run 4:
• 50 kHz Pb-Pb interaction rate (now <10 kHz) 
• Experiment upgrades (LS2) 
• Collect LPb-Pb > 13 nb-1

ALICE physics goals
• Heavy-flavour mesons and baryons (down to very low pT) ® mechanism of quark-medium interaction 
• Charmonium states ® dissociation/regeneration as tool to study de-confinement and medium temperature 
• Di-leptons from QGP radiation and low-mass vector mesons ® χ symmetry restoration, initial temperature and EOS 
• High-precision measurement of light and hyper-nuclei ® production mechanism and degree of collectivity 
• Need MB readout at highest possible rate ® no dedicated trigger possible

Run 2:   LPb-Pb = 1.0 nb-1 Run 3:   LPb-Pb = 6.0 nb-1 Run 4:   LPb-Pb = 7.0 nb-1

21



ALICE UPGRADE PLANS

Un-triggered data sample
- Write all Pb-Pb interactions at 50 kHz 

- Run 3 + Run 4: increase MB sample x50-100 wrt. Run 2

Improve tracking efficiency and resolution at low pT

- Increase tracking granularity

- Reduce material thickness

- Minimize the distance to IP

Preserve particle identification (PID)
- Consolidate and speed-up main ALICE PID detectors

2012

2015

2015

2013

20132013

22ALICE Collaboration, „Technical Design Report for the Upgrade of the ALICE Time Projection Chamber“, CERN-LHCC-2013-020, 2013
ALICE Collaboration, „Addendum to the Technical Design Report for the Upgrade of the ALICE Time Projection Chamber“,  CERN-LHCC-2015-002, 2015



CONTINUOUS OPERATION IN Run 3 AND BEYOND

23

• Maximum drift time of electrons in the TPC: ~100 us

• Average event spacing: ~20 us

• Event pileup (5 in average)

• Triggered operation meaningless

• Minimize IBF in a different way

Continuous readout with GEMs

(Gas Electron Multiplier, F. Sauli 1996)

Drift time in TPC

time



ALICE TPC UPGRADE FOR Run 3

24

GEM-based readout chamber
• Micro-patterned gas detector for electron multiplication 
• Proven to work reliably in high-rate applications
à Application in a TPC with continuous readout requires 

significant R&D effort

Requirements for GEM readout:
• Operate at the gain of 2000 in Ne-CO2-N2 (90-10-5)
• IBF < 1% at Gain = 2000 à ε = 20

• Local energy resolution < 12% for 55Fe
• Stable operation under LHC conditions

• + new electronics (negative polarity, continuous readout mode)

• + novel calibration and online reconstruction schemes 
(data compression by factor 20 and distortion corrections)



GEM R&D FOR THE TPC UPGRADE
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•  single	GEMs	have	no	specific	intrinsic	ion	blocking		
	capabili1es	

•  ion	backflow	of	a	single	GEM	is	~10%	
•  comparable	to	MWPC	with	open	Ga:ng	Grid	

Readout anode pads 
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MULTI-GEM SYSTEMS

• BUT, GEMs can be easily stacked
• Pre- and main amplification stage
• Most ions are produced at main amplification
• They are blocked by pre-amplification GEM
• Two GEMs are still not sufficient
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Edrift ( = 400 V/cm in ALICE)

ETransfer

EINDuction

ΔUGEM1

ΔUGEM2
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Edrift = 400 V/cm 

ETrans 

Eind 
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ΔUGEM2 

Total	gain	of	a	GEM	stack	is	not	just	the	product	of	the	mul:plica:on	
factors	M,	but	of	effec:ve	gains	G:	
	
G	=	εcoll	×	M	×	εextr	
	
•  Electron	transport	efficiencies	εcoll	und	εextr	depend	on	electric	

fields	and	op:cal	transparency	(i.e.	GEM	hole	pitch)	
•  Same	for	ion	transport	but	in	addi:on	hole	alignment	plays	a	role	
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SINGLE GEMS

Ansys & Garfield++ simulations of electron transport through GEMs
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Comparison to simulations & Corrections

GEM/EaboveE
0 0.05 0.1 0.15 0.2 0.25

C
ol

l
ε

0

0.2

0.4

0.6

0.8

1

 / V/cmaboveE
0 1000 2000 3000 4000 5000

standard
medium

large

(a) Collection e�ciency

GEM/EbelowE
0 0.05 0.1 0.15 0.2 0.25

Ex
tr

ε

0

0.2

0.4

0.6

0.8

1

 / V/cmbelowE
0 1000 2000 3000 4000 5000

standard

medium
large

(b) Extraction e�ciency

Simulations:

Detailed simulations by Jonathan Ottnad with Garfield++ and Ansys (HK 70.4)

Gas mixture Ar-CO2 (90:10)

Collection e�ciency: E1 = 0 � 4500V/cm and E2 = 500V/cm, GEM voltage 300V

Extraction e�ciency: E1 = 400V/cm and E2 = 0 � 4500V/cm, GEM voltage 300V

8 / 22

Garfield++	and	Ansys	simula:on	of		
electron	transport	through	GEMs	

J.	Otnand,	V.	Ratza,	M.	Ball	(U	Bonn)	

GEM	hole	pitch:	
Small	(SP)	90	μm	
Standard	(S)	140	μm	
Medium	(MP)	200	μm	
Large	(LP)	280	μm	
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4-GEM SYSTEM
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Edrift = 400 V/cm 

ET1 

Eind 

ΔUGEM1 

ΔUGEM2 
ET2 

ET3 
ΔUGEM3 

ΔUGEM4 

•  Solu:on	is	a	4-GEM	system	
•  Op:miza:on	with	respect	to	Ion	Backflow	and	energy	resolu:on	requires	careful	mul:-

parameter	scan	

	
•  Requirements:	IBF	<	1(2)%	and	σ(55Fe)	<	12(14)%	at	Gain=2000	and	EdriX=400	V/cm	in	Ne-

CO2-N2(90-10-5),	stable	opera:on	
•  Op:miza:on	parameters:		

-  Field	and	voltage	setngs:	ET1,	ET2,	ET3,	EIND,	ΔUGEM1,	ΔUGEM2,	ΔUGEM3,	ΔUGEM4		
-  GEM	hole	pitch:	small	(90	μm),	standard	(140	μm),	medium	(200	μm),	large	(280	μm)	

	

Readout anode pads 
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BASELINE SOLUTION: 4-GEM SETUP
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Standard GEM (S)

140μm

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

280 μm

Large-pitch GEM (LP)

• Requirements not fullfilled with a standard 3-GEM 
configuration

• New readout chambers employ standard (S) and
large-pitch (LP) GEMs in a configuration S-LP-LP-S

• Optimized HV settings



HV SETTINGS OPTIMIZATION

• IBF and energy resolution have to be optimized in parallel

• Conservative operational limits: IBF < 1 %, local energy resolution < 12 % for 55Fe

• Extended operational range: IBF < 2 %, energy resolution < 14 %

32
0.0 0.5 1.0 1.5 2.0 2.5 3.0

6

8

10

12

14

16

18

20
UGEM3/UGEM4=0.95

˚UGEM2=235˚V
˚UGEM2=255˚V
˚UGEM2=285˚V

˚

˚

s˚
(%
)

IBF˚(%)

UGEM3/UGEM4=0.8
˚UGEM2=235˚V
˚UGEM2=255˚V
˚UGEM2=285˚V

S-LP-LP-S

ΔUGEM1



IBF SIMULATIONS
Garfield/Magboltz (Tokyo)

Systematic scan of parameter space
– gas composition
– 3- and 4-GEM configuration, different geometries
– tuning of simulations by adjusting hole alignment

IBF quantitatively well described by simulations
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4GEM



HOLE ALIGNMENT

• Gas gain (left) and the IBF (right) in a 2GEM system as a function 
of the hole offset between two layers

• Need random misalignment: rotate foils (masks) by 90o
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Figure 3.3: Ion backflow in a quadruple S-LP-LP-S GEM in Ne-CO2-N2 (90-10-5) as a function of ET3 for different sizes of
the transfer gap between GEM 3 and GEM 4.

Figure 3.4: Garfield++ simulation of the gas gain (left) and ion backflow (right) in a double GEM system operated in Ne-CO2-
N2 (90-10-5). The results are shown as a function of the lateral GEM hole offset between the two layers.

Electron and ion transport in a quadruple GEM system

In the course of this R&D effort, a detailed discription of the propagation of single electrons and ions in
the GEM stack has been achieved. A simulation of the electron and ion transport characteristics in an S-
LP-LP-S quadruple GEM system was performed with Garfield++. Typical voltage settings corresponding
to the TDR settings (see Tab. 3.1) are applied. The total gain in this calculation is 1830, a summary of
the results is presented in Tab. 3.2. For each GEM layer, the collection and extraction efficiencies (ecoll
and eextr), the gas multiplication (M) and the effective gain (G = ecoll ·M · eextr) are calculated. For a
single electron arriving from the drift volume, also the average number of electrons entering and exiting
the GEM (ne,in and ne,out), the number of produced electron-ion pairs (ne�ion) and the number of ions
drifting back into the drift volume (nion,back) are given for each layer. In this configuration and for typical
voltage settings, most of the ions are produced in GEM4, which are efficiently blocked by the large-pitch



SPACE CHARGE DISTORTIONS
• Ion blocking in GEMs not as efficient as with gating grid
• Ions from 8000 events pile up in the drift volume at 50 kHz Pb-Pb collisions (td,ion = 160 ms)

• Total number of ions in drift volume strongly depends on IB: ntot = nion * IB * Geff ; ε= IB * Geff -1

88 The ALICE Collaboration

ions drifting back into the TPC drift volume for each electron entering the multiplication region6. For a
residual ion backflow of 1 % and an effective gain of 2000 the value of the e parameter is 20.

The average space-charge density is proportional to e , to the interaction rate Rint and to the ion drift time
t ion
d . For Rint = 50kHz and t ion

d = 0.16s the tracks of ⇠ 8000 interactions contribute to the ion pileup at
any given moment.

The magnitude of the space-charge distortions can be calculated using parametrized charged particle
density distributions under the assumption of certain symmetries:

rsc(r,z) =
a�bz+ ce

rd . (7.1)

The resulting space-charge density map for Rint = 50 kHz and e = 20 is shown in Fig. 7.7. The distri-
bution is symmetric in j and linear in z (due to the constant ion drift velocity7). From data we extract a
radial dependence with a value of d between 1.5 and 2 (see Sec. 7.4.4). The small step at z ⇡ 0 is due to
addditional background from the muon absorber on the C side.
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Figure 7.7: Average space charge density for Ne-CO2-N2 (90-10-5), Rint = 50 kHz and e = 20.

7.4.2 Magnitude of the distortions

The magnitude of the space-charge distortions (without fluctuations) is calculated using parametrized
space-charge density distributions as in Eq. (7.1). The resulting average distortions in r, rj and z direc-
tions are shown in Fig. 7.8.

The space charge has a focusing effect, forcing the drifting electrons to divert from the ideal drift path
towards larger (smaller) radii at the inner (outer) field cage of the TPC. Moreover, the emerging radial
electric field component in the presence of the magnetic field leads to distortions in rj due to the E ⇥B
effect. In general, the effect is strongest close to the central electrode (|z|⇡ 0) and at the inner and outer
field cage.

The magnitude of the distortions at the central electrode of the TPC (at z ⇡ 0 cm) is shown in Fig. 7.9. At
the inner field cage the space-point distortions reach up to 19 cm in r direction and 7 cm in rj direction.
However, in the largest part of the volume, the distortions are well below 10 cm. Distortions of similar

6The factor of 2 describes the average drift length difference for ions from primary ionization and ions from ion backflow.
7The average interaction rate is also constant on the short timescales considered here.
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SPACE CHARGE DISTORTIONS
• Ion blocking in GEMs not as efficient as with gating grid
• Ions from 8000 events pile up in the drift volume at 50 kHz Pb-Pb collisions (td,ion = 160 ms)

• Total number of ions in drift volume strongly depends on IB: ntot = nion * IB * Geff ; ε= IB * Geff -1
• 1% of IBF at Geff = 2000 (ε = 20)

- distortions up to dr ≈ 20 cm and drφ ≈ 8 cm (at small r and z)
- well below 10 cm for the largest part of drift volume

• Corrections to O(10-3) are required for final calibration (to the level of intrinsic resolution, σrφ~ 200 μm)
• 2-stage calibration and reconstruction scheme
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Figure 7.8: Space-point distortions in r (top panels), rj (center panels) and z (bottom panels) for Ne-CO2-N2 (90-10-5), Rint =
50 kHz and e = 20 (left panels) and 10 (right panels). The data shows the integrated distortions for an electron
originating at z, r as it drifts to the GEM readout at z =±250 cm.
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Figure 7.8: Space-point distortions in r (top panels), rj (center panels) and z (bottom panels) for Ne-CO2-N2 (90-10-5), Rint =
50 kHz and e = 20 (left panels) and 10 (right panels). The data shows the integrated distortions for an electron
originating at z, r as it drifts to the GEM readout at z =±250 cm.
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EXPECTED PERFORMANCE

Testing limits of calibration procedure at up to twice the nominal ion density (ε= 40)

– tracking efficiency not compromised
– slight decrease in pt resolution at low momenta

• does not compromise physics program
37

TPC status - ALICE week 2015 Jens Wiechula 35

TPC upgrade
Calibration performance

 Testing limits of calibration procedure

 → Going up to twice the nominal ion density (ε=40)

 Tracking efficiency not compromised

 Slide decrease in pT resolution at low momenta

 → does not compromise physics program
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In Fig. 2.4 the transverse momentum resolution is shown as a function of 1/pT for different space-charge
densities without and with residual distortions expected after the first reconstruction stage. The left panel
shows the case for TPC-ITS combined tracks, the right panel for TPC standalone tracks. As expected, due
to the residual distortions, a decrease with increasing space-charge density is observed. For calibration
purposes the pT resolution after the first reconstruction stage is sufficient.
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Figure 2.4: Transverse momentum resolution for TPC-ITS combined tracks (left), and TPC standalone tracks (right) for differ-
ent space-charge densities without distortions and with residual distortions after the first (synchronous) reconstruc-
tion stage.

Figure 2.5 shows the tracking performance after applying the correction for the residual distortions mea-
sured with the ITS-TRD interpolation method, as described in Sec. 8.4.1 of the TPC Upgrade TDR [1].
This corresponds to the expected performance after the second reconstruction stage. The TPC standalone
track reconstruction efficiency is shown on the left, the TPC-ITS track matching efficiency on the right.
In particular, the TPC-ITS matching efficiency is fully recovered by the residual distortion calibration
scheme for all e parameters under study.
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Figure 2.5: TPC standalone track reconstruction efficiency (left) and TPC-ITS track matching efficiency (right). Results are
shown without distortions and with residual distortions after the second (asynchronous) reconstruction stage.
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STABILITY AGAINST DISCHARGES 

The breakdown appears when the total charge in the avalanche reaches critical value Qmax

Highly ionizing particles/high rate of radiation may induce creation

of streamers which can then transform into sparks.

Spark in GEM:
• ΔVGEM à 0
• May trigger secondary and propagated discharges
• may be harmful to the detector and electronics (large energy released)

38

R&D:

- 10x10 cm2 GEMs

- Modular setup

- 1-4 GEM stacks

- Adjustable drift gap

- Alpha sources: 239Pu, 241Am, 244Cm; 

rate 0.5 – 10 kHz

- Current/discriminator readout
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Figure 3.21: Discharge probability of a triple GEM prototype measured for different HV settings (see text). Dashed lines
represent power law function fits. For the fit of the “standard” settings the data point at the highest gain was not
used.

TDR [1]). All available radiation sources (see Sec. 3.2.2) have been used. The gas mixture used in all
measurements is Ne-CO2-N2 (90-10-5) which is the baseline gas mixture for the ALICE TPC upgrade.
In measurements where collimated high-rate alpha sources were used, the alpha particles impinge on the
GEM foils at normal incidence.

Table 3.3 presents discharge probabilities measured with different sources for various quadruple GEM
stack configurations that are optimised for low ion backflow (IB), including the baseline settings for the
S-LP-LP-S stack (IB =0.63%, G=2000, see Sec. 3.1.1). For comparison, the result for a triple GEM
operated with “standard” settings, as extrapolated from measurements at higher gains (see Sec. 3.2.4)
is also shown. Most of the numbers quoted for quadruple GEMs are upper limits for the discharge
probability (indicated by ”<”), which means that during the time of measurement at a given setting no
discharge was recorded.

We find that the upper limit for the discharge probability of the baseline configuration (1.5⇥ 10�10) is
compatible with the result for a triple GEM detector operated in “standard” settings, which is used as a
reference to a system that has proven to work reliably under high-rate conditions. It should be noted that
all quadruple GEM configurations under study are more stable than the triple GEM stack optimized for
low ion backflow. In addition to the baseline solution, the S-LP-LP-S configuration was tested with HV
settings that provide very low ion backflow of IB =0.34% (but a poor energy resolution of 17% for 55Fe).
In Tab. 3.4 the results of a gain scan at baseline settings are shown. No discharge at all was detected
for gains below 4000, i.e. two times the nominal gas gain, which implies sufficient margin for a safe
operation of the detector.

In conclusion, upper limits for the discharge probability in quadruple GEMs that are operated with low
ion backflow settings are compatible with results for triple GEMs in “standard” settings, i.e. settings that
are optimized for operational stability. The results indicate that the addition of a fourth GEM results in a
significant improvement of the detector stability against discharge and recovers the increased instability
induced by optimization for low ion backflow.

The presented results obtained with alpha particles are very promising, however, in many cases only
upper limits could be extracted due to the moderate rate of the available sources. Improvement of the

DISCHARGE STUDIES

• Different HV settings have been tested with a 

3-GEM configuration

• “Standard” à “IBF”
– Standard – optimized for stability (COMPASS)
– IBF à optimized for IBF

• Significant drop of stability while using IBF 

settings with a typical 3-GEM configurationTPC Upgrade TDR Addendum 27

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.

3-GEM

• 4-GEM configuration,
optimized for energy
resolution and IBF is
also stable against
electrical discharges

Influence of HV settings
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FULL-SIZE CHAMBERS

40



GEMS FOR THE UPGRADE

41

IROC

• Large-size single-mask foils from CERN PCB workshop

• 1 stack in IROC, 3 stacks in OROC

• 40x ROCs of each type (36 + 4 spares) to equip the TPC

OROC

� Validate production methods with large size 
detector
� Active GEM area = 0.6817 m²
9GEM production & framing
9Detector assembly
9QA protocols

9Milestone for the project

OROC PROTOTYPE

1912.10.2015

87 cm

Andreas Mathis - MPGD 2015 - Trieste

OROC stack
3

OROC stack
2

OROC stack
1

IROC



ROC MATERIAL FLOW

42



GEMS
• GEM production at CERN

• Production rate: 40-60 GEMs/month

• GEM QA
• Production QA at CERN (HV test)
• Two Advanced QA centers in Helsinki and Budapest
• Advanced QA: HD Optical Scanning System, HV-test system, Gain uniformity scanner
• Basic QA (HV test) at each production institute

43

  11

Wire fixing by glueing



HV TESTS

44

- Apply 500 V for 15’ in dry N2 (<0.6 % absolute humidity)
- Ileak < 0.5 nA/segment
- All segments tested independently using multi-channel pA-meters



Reminder: OSS results

Erik Brücken ALICE TPCU collaboration meeting 6/ 23

OPTICAL SCANS

45

The O3_G3_005 showcase – a orange foil
QA-A results (cont.)

• Histogram for segmented side:

• Histogram for unsegmented side:

Erik Brücken ALICE TPCU collaboration meeting 15/ 23

Example for a green foil – I_G2_003
QA-A results

• OSS 1d results (in µm):
segmented side unsegmented side

inner (rms) outer (rms) rim (rms) inner (rms) outer (rms) rim (rms)

56.6 (1.54) 74.7 (1.54) 9.0 (0.58) 56.6 (1.47) 73.9 (1.94) 8.7 (0.48)

) Foil is green due to all present criteria within target-value range.
• Histogram for unsegmented side:

• Long term leakage current test positive. Stable behavior over 12 h,
max current 41 pA, no sparks.

Erik Brücken ALICE TPCU collaboration meeting 16/ 23

O3-G3-005 orange 

Example for a yellow foil – O3_G2_008
QA-A results

• OSS 1d results (in µm):
segmented side unsegmented side

inner (rms) outer (rms) rim (rms) inner (rms) outer (rms) rim (rms)

54.6 (1.72) 80.5 (1.57) 13.0 (0.49) 54.3 (1.67) 79.1 (2.64) 12.4 (0.68)

) Foil is yellow due to deviation of the outer hole diameter
(5-10 µm) from target-value range.

• Histogram for unsegmented side:

• Long term leakage current test positive. Stable behavior over 15 h,
max current < 10 pA, no sparks.

Erik Brücken ALICE TPCU collaboration meeting 17/ 23

I-G2-003 green

O3-G2-008 yellow

inner outerrim

Defects 

• A class of features that are not 
holes or etching defects, but 
might still be significant. Catch-all 
class for unusual features 

• Black marks around and between 
holes 

• Dust on the foil 
• Outer contour of  
    etching defects 

 
3 

Etching defects 

• Holes in the foil that are not 
normal inner holes 

• Real multi-hole etching defects 
• Badly deformed holes 
• Abnormally big round holes 

4 

Blocked holes 

• Inner holes that have most of the background 
light obscured by dust or imperfect etching of 
the copper 

• Holes where the copper has not  
    been etched from the back side  
    of the foil 

5 

Etching defects

Hole size distribu4ons

• very powerful database system is in place
• keeps track of all GEMs, components and QA results



GEM FRAMING

WSU, TUM, Bonn, GSI

46

• Nominal GEM production (720 GEMs) finished in May 2018
• GEM processing yield (after all production steps):  ̴90%
• All GEMs for 40+40 ROCs (+ spares) framed



ROC ASSEMBLY
Yale (IROC), GSI, Bucharest (OROC)

• All 40 IROCs assembled, all at CERN
• Material for 7 more IROCs available. To be assembled as extra spares

• All 40 OROCs assembled, 34 at CERN
• Last OROCs delivery within the next weeks

47



FINAL CHAMBER PERFORMANCE



ROC CHARACTERIZATION

Final ROC characterization:

ü Gas tightness (< 0.5 ml/h)

ü Gain curve

ü Gain uniformity (<20 %)

ü IBF uniformity (IBF < 1 %, uniformity < 20%)

ü Full X-ray irradiation for more than 6h (10 nA/cm2 pad-plane current)

ü Integrity tests before/after shipment

49



ROC CHARACTERIZATION
Example

IBF uniformitygain curve

OROC OROC

50



ROC CHARACTERIZATION

Systematic measurement effect: Apparent lower gain in
region close to edges and GEM spacer frame

IROCIROC

Example

51



ROC TESTS AT LHC AND GIF++



HV SYSTEM

53

Protectio
n resistor 

box
x8

x8

x8

x8

Fast current monitoring

to DAQ

Cascaded Power 
Supplies

HV Patch 
box

CR4 Cavern

80m (37 lines)

• HV scheme employs mul$-channel cascaded power supply modules and fast current monitoring

• Detailed qualifica9on process and tendering procedure iden9fied CAEN as best choice for HV PS



ROC TESTS AT P2

54

Setup:
• 4 + 4 ROCs were installed in the ALICE mini-

frame during beam operation
• All 8 ROCs operated in parallel
• ROCs were exchanged during multi-hour 

accesses

• Very powerful test
• Most ROCs pass this test
• QA issue with solder points can be 

addressed

54



ROC TESTS AT GIF++

• LHC RUN2 is over now
• Not all ROCs could be tested at LHC
• Use GIF++ radiation facility at CERN

• ~13 TBq 137Cs source, Eɣ = 662 keV
• Gamma flux ̴15×106 s-1 cm-2 (at ̴3 m from the source)
• Comparable to Run3 load

• Problems seen in cavern can be reproduced at GIF++
è QA tests of all remaining ROCs at GIF++

Testing campaign started
• Possible to test 3 OROCs + 3 IROCs per week
• Time scale: Until end of February
• Involves substantial logistics including CERN 

transport and handling, and two teams from TPCU to 
simultaneously coordinate activities at P2 and at GIF

OROC

IROCATLAS
MM

55



QA ISSUE: SOLDER POINTS (1)

• Some ROCs show current spikes (occasional trips)
• Problem identified: solder point of HV wires to GEM foil
• Solution identified: passivation at CERN or re-soldering/passivation at production 

site
• New Side Illumination (SI) test to test for weak spots at production site

Problematic solder point before
passivation

Problematic solder point after
passivation

56



QA ISSUE: SOLDER POINTS (2)

Unstable currents before passivation

Stable currents after passivation

57



PERFORMANCE WITH FEE



TPC READOUT ELECTRONICS

59

• Newly developed FE SAMPA ASIC (130 nm TSMC CMOS)
– 32 channels (positive or negative input)
– PASA preamplifier + 10-bit ADC

– Programmable conversion gain and peaking times
– DSP, Memory, High speed e-links

– Readout mode: continuous or triggered
– Excellent noise figure of 670 e-

– Production and testing until Sep. 2018

• Front-End Cards
– 5 SAMPA chips per FEC (3276 FECs in total)

– System con+nuously digi+zes signals at 5 MHz 

– All ADC values are read out - 3.28 TB/s

– FECs send digi>zed data over fiber op>c links to ALICE Common Readout Units (CRU)

– Produc>on and tes>ng un>l Feb. 2019

FECFECFEC
FECFEC

CRU

Online farm

500 GB/s

3.3 TB/s

Tape

20 GB/s



IROC TEST

Purpose : Test of a fully equipped IROC to evaluate mechanical aspects and 

performance under realistic conditions
• 33 Front-End-Cards in cooling enclosures

• 2 First-Level-Processor (FLP) server, equipped with 4 CRUs

• 1 Local-Trigger-Unit (LTU) installed to provide timing & trigger

• FLPs & LTU installed in Counting-Room 1 (CR1)

• IROC and FEC located in clean room

• Realistic fiber length 60



NOISE RESULTS

61

Noise performance within specs!

Target value: 1 ADC (= 670 e-)

61
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NEXT STEP: FULL SECTOR TEST
To be equipped with 91 FECs in February 2019

62



INSTALLATION

• LS2 started in December 2019

• Extraction of the TPC in February

• TPC on the surface in March

• 40 weeks for swapping the chambers and commissioning before the TPC goes to the cavern again

63



LOOKING FORWARD TO Pb-Pb COLLISIONS IN RUN3

64

10 × TPC drift tim
e (= 1 ms)

• MC events overlaid on cluster level, using realistic bunch crossing structure
• Time is scaled linearly onto the z-position.
• Tracks/Clusters from different collisions are shown in different colors.© D. Rohr



EXTRA SLIDES



EXAMPLE: LOW-MASS DI-ELECTRONS

Full exploitation of RUN 3 physics potential requires significant TPC upgrade
66

Harald&Appelshäuser,&RD51&Collabora6on&Mee6ng,&CERN,&June&18,&2014&
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LIMITATIONS OF THE PRESENT SYSTEM

Gating grid openGating grid closed

• Current MWPCs employ gating grid (GG) to neutralize ions produced in 
amplification process

– Otherwise sizeable distortions due to space charge
• GG limits operation to 3.5kHz

– Electron drift (90 μs)  + ion blocking with GG ( 200 μs)
• Readout rate in Pb-Pb limited to  300 Hz

67



GEM PRODUCTION
Size:

- IROC: 467 (292) ✕ 497 mm2

- OROC1: 595 (468) 362 mm2

- OROC2: 730 (596) ✕ 380 mm2

- OROC3: 870 (730) ✕ 398 mm2

Pitch:

- Standard Pitch (S): 140 μm

- Large Pitch (LP): 280 μm

GEM holes pattern rotation:

-Not Rotated (NR)

- Rotated (R) by 90o wrt. NR

Production rate: 

- 40 GEMs/month (may be increased)
68

IROC OROC3

OROC2 OROC1

foil 1

foil 2

535.4 mm

53
5.

4 
m

m

1043.4 mm

840.2 mm 687.8 mm
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CHAMBER BODY ASSEMBLY
IROC

Assembly of the first OROC body, beginning of 2016 (awaiting for OROC1-2 padplanes) 69



CHAMBER ASSEMBLY

f

GEM Stack – wrinkles again! 

!  Stack screwed with rigid screws  
(Polyamid 6.0-gv 25% UL94 HB) 

!  Additional holes for mounting 

!  Why do we still have wrinkles? (ideas) 
!  Gluing misalignment 
!  Wrong holes alignment, too small tolerances? 
!  Too weak screws 
!  Holes position (not in the middle of frame) 

!  We did not try to fight with that now not to introduce new problems (dust, cuts, etc.) 

!  MUST be studied afterwards! 11 

• Framing and assembly procedures well established
• Based on the experience gained in the prototyping phase
• Dedicated workshops: “School of ROC” in Munich, Gluing Workshop in Heidelberg

70



RECONSTRUCTION STRATEGY

Two-stage reconstruction scheme:

– Cluster finding (firmware, FPGA), cluster-to-track association (software):
3.28 TB/s à 50 GB/s
Scaled average space charge distortion map

– Tracking, ITS-TRD track matching
High-resolution space charge correction for full distortion calibration à O(200 μm) in rφ

71



EXPECTED PERFORMANCE

• momentum resolution after first reconstruction stage factor 1.5 - 2 worse than ideal 

• practically fully recovered after second reconstruction stage 

• calibration procedure validated up to ε = 40

72

Harald&Appelshäuser,&RD51&Collabora6on&Mee6ng,&CERN,&June&18,&2014& 37&
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tion rates. The left panel shows the performance of the combined TPC-ITS tracks and the right panel that
of TPC standalone tracks. The conclusion is similar to that for the tracking performance. The pT reso-
lution is almost unaffected for interaction rates up to 100kHz and starts to deteriorate slightly for higher
interaction rates. At high pT, the combined momentum resolution remains unaffected up to 200 kHz.
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2.2 Space-charge distortion dependence of the TPC tracking performance

The occurence of space-charge distortions of the drift field due to backdrifting ions from the amplification
region poses a major challenge for the TPC reconstruction and calibration scheme after LS2. Moreover,
the initial reconstruction steps need to be performed online to achieve sufficient data compression for
permanent storage. To this end, a two-stage online reconstruction and calibration scheme was proposed
in the TPC Upgrade TDR [1].

This scheme foresees a simplified distortion correction in the first reconstruction stage, that employs a
static average correction map scaled by a single time-dependent scale parameter. The scale parameter is

6 The ALICE Collaboration

tion rates. The left panel shows the performance of the combined TPC-ITS tracks and the right panel that
of TPC standalone tracks. The conclusion is similar to that for the tracking performance. The pT reso-
lution is almost unaffected for interaction rates up to 100kHz and starts to deteriorate slightly for higher
interaction rates. At high pT, the combined momentum resolution remains unaffected up to 200 kHz.
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2.2 Space-charge distortion dependence of the TPC tracking performance

The occurence of space-charge distortions of the drift field due to backdrifting ions from the amplification
region poses a major challenge for the TPC reconstruction and calibration scheme after LS2. Moreover,
the initial reconstruction steps need to be performed online to achieve sufficient data compression for
permanent storage. To this end, a two-stage online reconstruction and calibration scheme was proposed
in the TPC Upgrade TDR [1].

This scheme foresees a simplified distortion correction in the first reconstruction stage, that employs a
static average correction map scaled by a single time-dependent scale parameter. The scale parameter is

EXPECTED PERFORMANCE

Influence of track density

- track matching efficiency and 1/pt resolution deteriorate for interaction rates > 100 kHz

- nominal interaction rate in RUN 3 and RUN 4: 50 kHz 

73

TPC+ITS matching eff.
1/pt resolution



LARGE PROTOTYPES: 4-GEM IROC 

• 4 single-mask GEMs in the configuration S-LP-LP-S

• GEMs glued on 2 mm frames

• Prototype mounted in a test box with a field cage

• dE/dx performance evaluated at CERN PS

• Stability at high-rate hadron beam tested at CERN SPS
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29.2 cm

46
.7 

cm

49.7 cm

GEM Stack – wrinkles again! 

!  Stack screwed with rigid screws  
(Polyamid 6.0-gv 25% UL94 HB) 

!  Additional holes for mounting 

!  Why do we still have wrinkles? (ideas) 
!  Gluing misalignment 
!  Wrong holes alignment, too small tolerances? 
!  Too weak screws 
!  Holes position (not in the middle of frame) 

!  We did not try to fight with that now not to introduce new problems (dust, cuts, etc.) 

!  MUST be studied afterwards! 11 

• In addition, a Hybrid IROC (2-GEM + Micromegas) has been built and tested at PS and SPS



PS BEAMTIME (NOV. 2014)

• Secondary e±, π± beam; 1, 2, 3 GeV/c

• dE/dx performance as expected from simulations

• Relative energy resolution as in present MWPC

• σe/μe ≈ 9%
• σπ/μπ ≈ 10%

• Physics performance not compromised up to σ(55Fe) = 14 %

2 Scintillators

4 GEM 
IROC

Bea
m

TPC status - ALICE week 2015 Jens Wiechula 37

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%

Cherenkov
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4-GEM IROC AT SPS
RD51 beamtime, December 2015

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 RUN 3:
– 650 discharges in the TPC per typical yearly Pb-Pb run
– 5 per stack
– Safe operation guaranteed 76

TPC status - ALICE week 2015 Jens Wiechula 36

TPC upgrade
Test beam campaign

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

 dE/dx performance

 Discharge probability

I

I ⇡ .

I

⇠ ( ± )⇥ /

I
⇠ . ⇥ /

I
⇠ . ⇥ /



ELECTRONICS

New FE ASIC “SAMPA” (130 nm TSMC CMOS)

– Positive or negative input
– Programmable conversion gains and peaking times
– Different readout modes: triggered, continuous with DSP, continuous with DSP by-pass

For required Signal-to-Noise ratio excellent noise figure of 670e- (as currently) is needed

All ADC values are read out: data output for 50 kHz Pb-Pb collisions ≈ 3.28 TByte/s (5 MHz sampling)

Baseline correction and data compression off detector

Use CERN developed GBT and Versatile Link for readout 77

Serializer

Control

11
ADC
10 MSPS

Shaper

Shaping time control Gain controlFront-end card IOs

CSA

RF

CF

32 channels

SAMPA
pad

pad

pad

Cd

Cd

Cd

VREF+ VREF-

10bit 320Mbps
serial
links

The continuous readout scheme necessitates the development of electronics that can
concurrently sample the detector signals and transfer the acquired data off the detector



ALICE GEM TPC IN NUMBERS

• 36 IROC and 36 OROC chambers to be installed, LHC LS2 (2019-2020)

• TOTAL TPC ROCs area = 34.29 m2

• TOTAL ACTIVE area = 30.5352 m2

• TOTAL FOILS area (4GEM) = 137.16 m2

• TOTAL (4)GEM area = 122.14 m2

• TOTAL number of GEM holes in ALICE GEM TPC: ~4.0E+09
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Garfield Simulations�
•  Garfield++/Magboltz simulations 

–  Field calculation by ANSYS 
–  IBF quantitatively well described by simulations 

based on Garfield++. 
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GEM1(S)�

GEM2(LP)�

GEM3(LP)�

GEM4(S)�

ION TRAPPING WITH GEMS
Electron transport properties for IBF optimized voltage settings

εcoll = collection efficiency
εextr = extraction efficiency
M = gas multiplication factor
Geff = εcoll × M × εextr = effective gain

TPC Upgrade TDR Addendum 15

ecoll ne,in M ne�ion eextr ne,out G nion,back fraction of fraction of
total IBF (sim.) total IBF (meas.)

GEM1 (S) 1 1 14 13 0.65 9.1 9.1 3.6 (28%) 40% 31%

GEM2 (LP) 0.2 1.8 8 12.7 0.55 8 0.88 3.3 (26%) 37% 34%

GEM3 (LP) 0.25 2 53 104 0.12 12.7 1.6 1.3 (1.3%) 14% 11%

GEM4 (S) 1 12.7 240 3053 0.6 1830 144 0.84 (0.03%) 9% 24%

Total 3183 1830 1830 9 (0.28%)

Table 3.2: Electron and ion transport properties in a S-LP-LP-S configuration operated with TDR settings (see Tab. 4.1). For
explanation see text. Also shown are the absolute and relative number of backflowing ions per layer, and their relative
contribution to the total ion backflow. The last columns shows results from measurement on a 10⇥10 cm2 prototype.

S-LP-LP-SP

As a possible improvement of the baseline S-LP-LP-S system, GEM4 was replaced by a foil with a
smaller hole pitch of 90 µm (SP). The larger hole density in GEM4 may reduce the extraction of ions into
transfer gap 3. Moreover, the distribution of the signal electrons into more holes in the final amplification
stage could improve the operational stability. The result of an ET2- ET3 scan of ion backflow and energy
resolution is shown in Fig. 3.7. As in the baseline S-LP-LP-S configuration, the best ion backflow is
found for high ET2 and low ET3. The best values for the ion backflow of about 0.9% at an energy
resolution of 12% are within the design specifications, but offer no improvement with respect to the
baseline S-LP-LP-S configuration.
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Figure 3.7: Ion backflow (left) and energy resolution (right) in a quadruple S-LP-LP-SP GEM in Ne-CO2-N2 (90-10-5) as a
function of ET2 and ET3. The settings for ET1, Eind, DUGEM1 and DUGEM2 are indicated in the figures. The voltages
DUGEM3 and DUGEM4 are adjusted to maintain a gain of 2000 in each setting.

S-S-LP-S

In the S-S-LP-S system (Fig. 3.8) the best ion backflow at an energy resolution around 12% is achieved
at low ET2 and high ET3. This is consistent with previous findings presented in [1]. Again, the best
achievable values for the ion backflow of about 0.8% at an energy resolution of 12% are within the
design specifications but not better than the baseline S-LP-LP-S configuration.

S-S-LP-SP

The results for the S-S-LP-SP system are shown in Fig. 3.9. As for S-S-LP-S, the best ion backflow
values are for low ET2 and high ET3. However, replacement of GEM4 by an SP foil leads to a significant
improvement with respect to S-S-LP-S. In the optimal settings, ion backflow values of about 0.5% at an
energy resolution of 12% are achieved, a notable improvement even over the S-LP-LP-S baseline.
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ecoll ne,in M ne�ion eextr ne,out G nion,back fraction of fraction of
total IBF (sim.) total IBF (meas.)

GEM1 (S) 1 1 14 13 0.65 9.1 9.1 3.6 (28%) 40% 31%

GEM2 (LP) 0.2 1.8 8 12.7 0.55 8 0.88 3.3 (26%) 37% 34%

GEM3 (LP) 0.25 2 53 104 0.12 12.7 1.6 1.3 (1.3%) 14% 11%
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Table 3.2: Electron and ion transport properties in a S-LP-LP-S configuration operated with TDR settings (see Tab. 4.1). For
explanation see text. Also shown are the absolute and relative number of backflowing ions per layer, and their relative
contribution to the total ion backflow. The last columns shows results from measurement on a 10⇥10 cm2 prototype.

S-LP-LP-SP

As a possible improvement of the baseline S-LP-LP-S system, GEM4 was replaced by a foil with a
smaller hole pitch of 90 µm (SP). The larger hole density in GEM4 may reduce the extraction of ions into
transfer gap 3. Moreover, the distribution of the signal electrons into more holes in the final amplification
stage could improve the operational stability. The result of an ET2- ET3 scan of ion backflow and energy
resolution is shown in Fig. 3.7. As in the baseline S-LP-LP-S configuration, the best ion backflow is
found for high ET2 and low ET3. The best values for the ion backflow of about 0.9% at an energy
resolution of 12% are within the design specifications, but offer no improvement with respect to the
baseline S-LP-LP-S configuration.
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Figure 3.7: Ion backflow (left) and energy resolution (right) in a quadruple S-LP-LP-SP GEM in Ne-CO2-N2 (90-10-5) as a
function of ET2 and ET3. The settings for ET1, Eind, DUGEM1 and DUGEM2 are indicated in the figures. The voltages
DUGEM3 and DUGEM4 are adjusted to maintain a gain of 2000 in each setting.

S-S-LP-S

In the S-S-LP-S system (Fig. 3.8) the best ion backflow at an energy resolution around 12% is achieved
at low ET2 and high ET3. This is consistent with previous findings presented in [1]. Again, the best
achievable values for the ion backflow of about 0.8% at an energy resolution of 12% are within the
design specifications but not better than the baseline S-LP-LP-S configuration.

S-S-LP-SP

The results for the S-S-LP-SP system are shown in Fig. 3.9. As for S-S-LP-S, the best ion backflow
values are for low ET2 and high ET3. However, replacement of GEM4 by an SP foil leads to a significant
improvement with respect to S-S-LP-S. In the optimal settings, ion backflow values of about 0.5% at an
energy resolution of 12% are achieved, a notable improvement even over the S-LP-LP-S baseline.
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fraction of total IBF: simulation vs. experimentTPC Upgrade TDR Addendum 15

ecoll ne,in M ne�ion eextr ne,out G nion,back fraction of fraction of
total IBF (sim.) total IBF (meas.)

GEM1 (S) 1 1 14 13 0.65 9.1 9.1 3.6 (28%) 40% 31%

GEM2 (LP) 0.2 1.8 8 12.7 0.55 8 0.88 3.3 (26%) 37% 34%

GEM3 (LP) 0.25 2 53 104 0.12 12.7 1.6 1.3 (1.3%) 14% 11%

GEM4 (S) 1 12.7 240 3053 0.6 1830 144 0.84 (0.03%) 9% 24%

Total 3183 1830 1830 9 (0.28%)

Table 3.2: Electron and ion transport properties in a S-LP-LP-S configuration operated with TDR settings (see Tab. 4.1). For
explanation see text. Also shown are the absolute and relative number of backflowing ions per layer, and their relative
contribution to the total ion backflow. The last columns shows results from measurement on a 10⇥10 cm2 prototype.

S-LP-LP-SP

As a possible improvement of the baseline S-LP-LP-S system, GEM4 was replaced by a foil with a
smaller hole pitch of 90 µm (SP). The larger hole density in GEM4 may reduce the extraction of ions into
transfer gap 3. Moreover, the distribution of the signal electrons into more holes in the final amplification
stage could improve the operational stability. The result of an ET2- ET3 scan of ion backflow and energy
resolution is shown in Fig. 3.7. As in the baseline S-LP-LP-S configuration, the best ion backflow is
found for high ET2 and low ET3. The best values for the ion backflow of about 0.9% at an energy
resolution of 12% are within the design specifications, but offer no improvement with respect to the
baseline S-LP-LP-S configuration.
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Figure 3.7: Ion backflow (left) and energy resolution (right) in a quadruple S-LP-LP-SP GEM in Ne-CO2-N2 (90-10-5) as a
function of ET2 and ET3. The settings for ET1, Eind, DUGEM1 and DUGEM2 are indicated in the figures. The voltages
DUGEM3 and DUGEM4 are adjusted to maintain a gain of 2000 in each setting.

S-S-LP-S

In the S-S-LP-S system (Fig. 3.8) the best ion backflow at an energy resolution around 12% is achieved
at low ET2 and high ET3. This is consistent with previous findings presented in [1]. Again, the best
achievable values for the ion backflow of about 0.8% at an energy resolution of 12% are within the
design specifications but not better than the baseline S-LP-LP-S configuration.

S-S-LP-SP

The results for the S-S-LP-SP system are shown in Fig. 3.9. As for S-S-LP-S, the best ion backflow
values are for low ET2 and high ET3. However, replacement of GEM4 by an SP foil leads to a significant
improvement with respect to S-S-LP-S. In the optimal settings, ion backflow values of about 0.5% at an
energy resolution of 12% are achieved, a notable improvement even over the S-LP-LP-S baseline.
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Discharge probability in Multi-GEM systems

82

• Similar behavior observed with 3GEM studies (ALICE discharge studies with a 3GEM detector)
• Discharge probability drops significantly after d>40 mm in Ar-CO2 and d>60 mm in Ne-CO2-N2

• Effect smeared while applying “reversed amplification” or “IBF-optimized” HV settings 
(highest charge in GEM3)

• Additional contribution from multi-GEM system, HV settings, but the clear dependency on the max. 
range of an alpha

• Stability of the system given by a stability of a single GEM

24 The ALICE Collaboration
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Figure 3.19: Discharge probability as a function of gain in a triple GEM setup, measured with a 220Rn source in Ne-CO2
(90-10) and Ne-CO2-N2 (90-10-5).

do no longer reach the GEM structure (see also Fig. 3.17), the discharge probability drops by orders
of magnitude. Note that the primary ionization does still reach the GEMs from the drift field in this
case, but this has clearly much less impact on the detector stability. This is due to the fact that the
density of the charge that arrives at the GEM holes is reduced by diffusion and will therefore have less
probability to create a spark. In all following measurements the source distance is adjusted to the position
of the maximal discharge rate in Fig. 3.20, which can then be considered as a worst-case scenario for the
detector stability.
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Figure 3.20: Discharge probability as a function of the distance between the alpha source and the GEM stack. In the measure-
ment, the mixed nuclide alpha source was placed on top of the cathode, sending the alpha particles perpendicular
to the GEM foils. Upper limits for the discharge probability for a given distance are indicated with arrows.

The track inclination and the track length scan indicates that the development of a spark in a GEM foil is
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• Discharge probability in 1GEM setup was measured

with alpha radiation varying a distance between the

source and the GEM

• Lower breakdown limits in Argon- than Neon-based

mixtures measured

• Clear correlation between the discharge probability and

range of alpha particles

• Both observations consistent with the charge density

hypothesis

• GEANT4 model was developed to confirm the

observations and quantify the limiting charge density

• Model describes the data fairly well over several orders

of magnitude

• Qcrit = (5 – 9)�106 e- depending on the gas mixture

• Model calculations point towards ion space-charge

build-up in a GEM hole

• Watch out particles impinging your detector
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SUMMARY

- Discharge probability in 1GEM setup was measured with alpha radiation varying a 
distance between the source and the GEM

- Lower breakdown limits in Argon- than Neon-based mixtures measured
- Clear correlation between the discharge probability and range of alpha particles 
- Both observations consistent with the charge density hypothesis

- GEANT4 model was developed to confirm the observations and quantify the limiting 
charge density

- Model describes the data fairly well over several orders of magnitude

- Qcrit = (5 – 9)�106 electrons depending on the gas mixture

- Estimated tint of ~50 ns point towards ion space-charge build-up in a GEM hole

- Watch out particles impinging your detectors – the charge densities are the highest there!

- Full text: PG, A. Mathis, L. Fabbietti, J. Margutti, NIM A870 (2017) 116
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OUTLOOK
More studies at TUM ongoing:
- Stability of the HV systems for the MPGD
- Discharge propagation in GEMs (see next RD51 Collaboration Meeting?)

Application for a dedicated “Discharge R&D” (re)submitted to DFG (German Research Foundation)
- Study Qcrit dependency on gas mixture (He-, Xe-based gases)
- Further develop the simulation framework (NLO corrections); make available online
- Study different GEM geometries (pitch, hole size)
- Study multi-GEM systems, focusing effects of the fields (see example for Eind)
- Study and simulate other types of MPGD (MMG, THGEM)
- Physics of discharge propagation
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5.2 Secondary discharges
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Figure 5.2: Discharge probability as a function of the applied induction field at a
�U = 407V.

two coaxial cable capacities:

Cseries =
C1 · C2

C1 + C2
(5.3)

With CGEM ⇠ 5 nF and the capacities of both coaxial cables, Ccomb is determined
to ⇠ 51.7 pF. With the estimated values for L and Ccomb, a T of 149.8 ns can be
calculated with Eq. 5.2. The calculated solution differs by about a factor three from
the measured value. However, influences of the power supply and other elements of
the powering scheme are not considered in this estimation. This could lead to the
conclusion, that the oscillations are an effect of the electric circuit.

5.2 Secondary discharges

Initial discharges seem to be influenced by the components of the HV scheme and
can be followed by a secondary discharge. Figure 5.4 depicts the signal of a initial
discharge, which is followed by a secondary. The initial discharges appears on the left
and declines exponentially with oscillations. Secondary discharges are characterized
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