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ALICE Time Projection Chamber
Main tracking and charged-particle identification (PID) detector 

Properties 
• Total length: 5m

• Radial dimension: 

• Gas mixture: Ne-CO2-N2 (90-10-5)

• Central electrode and field cage 


‣ Uniform electric field 400 V/cm along beam ( ) axis

‣ Electrons from ionization drift towards readout chambers

Run 3 upgrade 
•  Run 1 and Run 2: Multi-Wire Proportional Chambers


➡ ~1 kHz Pb—Pb: triggered readout

•  Run 3 (2022): Gas Electron Multipliers (GEM)


➡ 50 kHz Pb—Pb: continuous readout
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Sources of distortions 
• IR dependent


‣ Space-charge from ion back flow and primary ionization 

‣ Time-dependent distortions at the sector edges at  

‣ Inner field cage charging up on C-side


- Charging up: 

- Discharge: , 


• Semi static

‣ Charging of GEM frames


• Static

‣ Misalignment of electric and magnetic field


• Time dependent

‣ “M-shape” distortions


➡ 50 kHz Pb—Pb: ~10 cm distortions 
➡ 500 kHz pp: ~3 cm distortions

𝒪(10ms)
rates > 25kHz 𝒪(s to min)

𝒪(min)
𝒪(10min) 𝒪(s)

Overview of drift-field distortions
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Space-Charge Distortions



Readout system
Multiplication of primary electrons 
• Stacks of four Gas Electron Multipliers (GEM)

Ions from amplification enter drift volume 
• Optimisation of  to ~1% (gain ~ 2000)

• Slow drift velocity compared to electrons


‣  vs  

• Ions from n events piling up in the drift volume


‣ e.g. 10.000 events for 50 kHz Pb—Pb


Space-charge density 
• Back drifting ions cause space-charge 

accumulation in the drift volume of the TPC!

⟨IBF⟩

TElectron ≈ 100 µs TIon ≈ 200 ms

electrons

ions

14 CHAPTER 1. THE UPGRADE OF THE ALICE TPC

(a) Cross section of two GEM holes. (b) Top view of a GEM.

Figure 1.5: Images of a GEM made by a Scanning Electron Microscope. Images adapted from
[10, p. 10, 12].

avalanches. Electric drift lines can be seen in Figure 1.6 (a). The drift lines are bent from
one electrode into the hole and than to the other electrode. Inside the hole, an electric field
strength of about 50 kV/cm is achieved applying a voltage of �UGEM = 300V. In Figure 1.6 (b)
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(a) Electric drift lines inside a GEM hole. (b) Example of one electron entering a GEM hole.

Figure 1.6: 2-dimensional projections of a 3-dimensional simulated single GEM hole.

the simulation of a single electron entering a GEM hole is shown. The primary electron (red)
is drifting into the hole and gets accelerated, producing an avalanche of secondary electrons
(blue). The number of produced electrons divided by the amount of incoming electrons is called
multiplication. It is different from the gain, which is defined by the number of extracted electrons
divided by the number of primary electrons. Multiplication and gain can be tuned by �UGEM

as well as by the ratio of the electric field strength inside and beneath the GEM. In contrast to
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(b) Example of one electron entering a GEM hole.

Figure 1.6: 2-dimensional projections of a 3-dimensional simulated single GEM hole.
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Space-charge density 
• 50 kHz Pb—Pb collisions


‣ Nominal Pb—Pb rate in Run 3

• Ion drift time: 200 ms

• Variations in the number of produced particles in the collisions


‣ Compressed time-dependent space-charge discs


Space-charge distortions 

•  
• Position dependent

• Radial distortions up to 10 cm


‣ Fluctuations 

‣ Relevant on short time scales 


Space-charge correction 
1. 3D-correction maps needed 

2. Precise estimate for space-charge density needed

ρ → Φ → E(r,ϕ,z) → Langevin : δ(r,ϕ,z)

𝒪(mm)
𝒪(ms)

Space-charge density simulations
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Data driven approach to extract corrections
Correction of average distortions  
• Already performed during LHC Run 2


Procedure 
1. Reconstruction of distorted TPC track 


‣ Tracking with relaxed tolerances

2. Track matching with ITS (and TRD-TOF) track segments

3. Residuals between TPC clusters and reference ITS track


‣ Measurement of 

‣ Storage in 3D map

δy, δz

Ernst Hellbär - Goethe-Universität Frankfurt24-May-2019 The ALICE TPC: Performance and Developments

Space-charge distortion correction in RUN 2
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TPC track finding and matching to external detectors ITS, TRD and TOF 

Interpolation of refitted ITS, TRD and TOF track segments  
to the TPC as reference points for the true track position  

Measurement of 𝜑Y, 𝜑Z residuals between distorted  
TPC clusters and reference points 

Extraction of real 3D distortion vector  
{dr, dr𝛿, dz} by geometrical relations to  
measured 2D residuals 

Correction maps
• Smooth parameterization of  

extracted distortion vectors 
• Time intervals of 20 - 40 min 

‣ Average correction 
‣ Fluctuations within one time interval
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Ernst Hellbär - Goethe-Universität Frankfurt24-May-2019 The ALICE TPC: Performance and Developments

Space-charge distortion correction in RUN 2
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Interpolation of refitted ITS, TRD and TOF track segments  
to the TPC as reference points for the true track position  

Measurement of 𝜑Y, 𝜑Z residuals between distorted  
TPC clusters and reference points 

Extraction of real 3D distortion vector  
{dr, dr𝛿, dz} by geometrical relations to  
measured 2D residuals 

Correction maps
• Smooth parameterization of  

extracted distortion vectors 
• Time intervals of 20 - 40 min 

‣ Average correction 
‣ Fluctuations within one time interval
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Pb-Pb,

Correction of average distortions Correction of average distortions  
• Already performed during LHC Run 2


Procedure 
1. Reconstruction of distorted TPC track 


‣ Tracking with relaxed tolerances

2. Track matching with ITS (and TRD-TOF) track segments

3. Residuals between TPC clusters and reference ITS track


‣ Measurement of 

‣ Storage in 3D map


4. Collect data for full TPC volume 

‣

δy, δz

(𝒪(s))
δy, δz → Δx, Δy, Δz
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Data driven approach to extract corrections
Example of 2D spline for one pad row

Correction of average distortions  
• Already performed during LHC Run 2


Procedure 
1. Reconstruction of distorted TPC track 


‣ Tracking with relaxed tolerances

2. Track matching with ITS (and TRD-TOF) track segments

3. Residuals between TPC clusters and reference ITS track


‣ Measurement of 

‣ Storage in 3D map


4. Collect data for full TPC volume 

‣ 


5. Smooth parametrisation of extracted corrections with 2D splines

• 2D spline in y-z-plane for each pad row

δy, δz

(𝒪(s))
δy, δz → Δx, Δy, Δz
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Low IR (50 Hz) 
• IR independent distortions

• Static distortions


‣ ExB misalignment etc.

Extracted correction maps for Pb—Pb

50 Hz 38 kHz18 kHz

High IR 
• IR dependent distortions


‣ Space-charge

‣ Large distortions at inner radii
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Estimating space-charge density
Integrated digital currents (IDCs) 
• Integration of ADC values over ~1ms

• Proportional to space-charge density

• Online processed 


‣ Storage in the CCDB (calibration database)

 ADC

drift electron

el
ec

tr
on

s

ρSC ∝ ADCions

12



Estimating space-charge density
Integrated digital currents (IDCs) 
• Integration of ADC values over ~1ms

• Proportional to space-charge density

• Online processed 


‣ Storage in the CCDB (calibration database)

• Temperature and pressure dependence followed
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Estimating space-charge density
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Integrated digital currents (IDCs) 
• Integration of ADC values over ~1ms

• Proportional to space-charge density

• Online processed 


‣ Storage in the CCDB (calibration database)

• Temperature and pressure dependence followed

• : Mean IDC for each ms  Input for space-charge corrections


‣ Beam decay, levelling, beam oscillations in pp

‣ Space-charge density fluctuations especially in Pb—Pb

IS(t) →

14

beam decay (Pb—Pb)
Pb—Pb, IR = 27 kHz to 4 kHz pp, IR = 500 kHz



Space-charge correction procedure
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• Input: 3 (or 2) correction maps

• : Average space-charge correction


•  und 

‣ Correction maps for slightly higher/lower space-
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Creation of time-dependent corrections 

• Derivative correction map: 


• Linear combination with time-dependent scaling parameter 


‣
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Simulation: space-charge discs
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Extraction of the weights
DCA as a proxy of distortions and corrections 
• Extrapolation of (distorted) TPC tracks to primary vertex


‣ Average DCA as a function of time (~3ms) and tan(λ)

Primary vertex

distorted TPC track

TPC inner field cage

DCA

reference TPC track
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DCA as a proxy of distortions and corrections 
• Extrapolation of (distorted) TPC tracks to primary vertex


‣ Average DCA as a function of time (~3ms) and 

• Monitoring of distortions as a function of time and 

• Correlation of  with IDCs from past


‣ Weight ( ) how much each IDC contributes to distortion
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Composition of the correction map

Mavg MΔ

20

Space-charge discs as a function of time

weights w

Fast approach to create a correction map for each time stamp 
• Weights are currently averaged over tan(λ)



Space-charge correction precision
Schätzung für die Verzerrungskorrektur 
• : Width of the DCAs a measure for the precision of the correction procedure

• Up to 3x smaller fluctuations of the DCAs

σ⟨DCAr⟩TF

21

0 0.2 0.4 0.6 0.8 1
)λ tan(

0.04

0.06

0.08

0.1

0.12 (c
m

)
TF〉 r

D
C

A
〈

σ

A-side
 
 
 

 = 5.36 TeVNNsPb, −C-side     Pb
no fluctuation correction
w/o weights
w/ weights This work

further source  
of distortions



M-Shape distortions



M-shape distortion observation
Observation 
• Distinct M-shaped pattern in DCAs on A-side only

• Coincides with spikes in power supply currents
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Figure 1. Schematic view of the ALICE TPC.

operated in pp, p–Pb, Pb–Pb and Xe–Xe collisions at a variety of collision energies during LHC
Run 1 and Run 2. For further details see [5, 6].

1.2 Upgrade concept

The main objective of the TPC upgrade is to provide sensitivity to a minimum-bias interaction
rate of 50 kHz in Pb–Pb collisions, as foreseen for LHC operation in Run 3 and beyond. This goal
requires elimination of the intrinsic trigger rate limitation of the original MWPC-based TPC [5, 7].
The limitation to about 3 kHz was imposed by the operation of an active ion gating grid, which is
used to collect ions from the amplification region and prevent them from drifting back into the drift
volume, where they would lead to substantial space-charge distortions of the drift field. Further
limitations in MWPC-based readout chambers arise from space-charge effects at the amplification
wires and ion tail accumulation, both resulting in substantial rate-dependent non-linearities of the
signal response. Despite the tightened operational demands, the ambitious ALICE physics program
for Run 3 and Run 4 does not allow a degradation with respect to the excellent momentum and
d𝐿/d𝑀 resolution of the original TPC. The design considerations emerging from these challenging
requirements and their technical solutions were worked out in an extensive R&D program [3, 9]
and will be briefly outlined below.

Operation of the TPC at a collision rate of 50 kHz implies that on average five collision events
pile up within the TPC readout time window of about 100 µs, as given by the typical electron drift
time over the maximal drift length of 2.5 m. This excludes triggered operation and defines the need
for continuous readout, demanding novel gas amplification techniques which provide sufficient ion
blocking without an active gate. The requirement to keep the ion-induced space-charge distortions
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M-shape distortions simulation
Calibration 
• Change in currents of power supply + bubble drifting through cooling system  non trivial distortions


➡ ITS-TPC correction procedure not feasible for frequent time dependent distortions!

➡ Solution: Fitting analytical models to observed DCAs as a function of time

Analytical models 
1. Simulation of 10 inner field cage boundary potentials and resulting distortions

→
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Calibration 
• Change in currents of power supply + bubble drifting through cooling system  non trivial distortions


➡ ITS-TPC correction procedure not feasible for frequent time dependent distortions!

➡ Solution: Fitting analytical models to observed DCAs as a function of time

Analytical models 
1. Simulation of 10 inner field cage boundary potentials and resulting distortions

2. Calculation of DCAs for each model as a function of   fitting  distortions

→
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M-shape distortions simulation
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Calibration 
• Change in currents of power supply + bubble drifting through cooling system  non trivial distortions


➡ ITS-TPC correction procedure not feasible for frequent time dependent distortions!

➡ Solution: Fitting analytical models to observed DCAs as a function of time

Analytical models 
1. Simulation of 10 inner field cage boundary potentials and resulting distortions

2. Calculation of DCAs for each model as a function of   fitting  distortions

→

tan(λ) → rφ

data
model

M-shape distortions correction
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Calibration 
• Change in currents of power supply + bubble drifting through cooling system  non trivial distortions


➡ ITS-TPC correction procedure not feasible for frequent time dependent distortions!

➡ Solution: Fitting analytical models to observed DCAs as a function of time

Analytical models 
1. Simulation of 10 inner field cage boundary potentials and resulting distortions

2. Calculation of DCAs for each model as a function of   fitting  distortions


Composition of correction map 
• Linear combination of different correction maps


→

tan(λ) → rφ

M(t) = Mavg + MΔ ⋅
∑t

tsc=tc
w(tsc − t) ⋅ IS(tsc)

∑t
tsc=tc

w(tsc − t)
− ⟨IS,avg⟩ + MMShape(t)

M-shape distortions correction
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Calibration 
• Change in currents of power supply + bubble drifting through cooling system  non trivial distortions


➡ ITS-TPC correction procedure not feasible for frequent time dependent distortions!

➡ Solution: Fitting analytical models to observed DCAs as a function of time

Analytical models 
1. Simulation of 10 inner field cage boundary potentials and resulting distortions

2. Calculation of DCAs for each model as a function of   fitting  distortions

→

tan(λ) → rφ

M-shape distortions correction
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Sector edge distortions



Sector edge distortions
Distortions observed mainly between two sectors 
• Mainly on the C-side (sectors C1 and C2)

• Also appearing for other sectors at high rates > 25 kHz

• Visible in IDCs and DCAs

• Spreading to C0 and C3 with alternating DCA sign

• Origin unclear

• Time intervals rejected for physics analysis
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Distortions observed mainly between two sectors 
• Mainly on the C-side (sectors C1 and C2)

• Also appearing for other sectors at high rates

• Visible in IDCs and DCAs

• Spreading to C0 and C3 with alternating DCA sign

• Origin unclear

• Time intervals rejected for physics analysis
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Space-charge distortions 
• 50 kHz Pb-Pb: ~15 cm distortions 
• 500 kHz pp: ~3 cm distortions

• Correction with data driven ITS-TPC map

• Space-charge density fluctuations and LHC beam variations


‣ Scaling of space-charge correction map with weighted IDCs


• Others sources of distortions are also very important and non trivially to correct for!

Summary
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