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ABSTRACT: A large-volume Time Projection Chamber (TPC) is the main tracking and particle
identification (PID) detector of the ALICE experiment at the CERN LHC. PID in the TPC is performed
via specific energy-loss measurements (dE/dx), which are derived from the average pulse-height
distribution of ionization generated by charged-particle tracks traversing the TPC volume. During
Runs 1 and 2, until 2018, the gas amplification stage was based on multiwire proportional chambers
(MWPC). Signals from the MWPC show characteristic long negative tails after an initial positive peak
due to the long ion drift times in the MWPC amplification region. This so-called ion tail can lead
to a significant amplitude loss in subsequently measured signals, especially in the high-multiplicity
environment of high-energy Pb-Pb collisions, which results in a degradation of the dE/dx resolution.
A detailed study of the signal shapes measured with the ALICE TPC with the Ne-CO, (90-10) and
Ar-CO; (90-10) gas mixtures is presented, and the results are compared with three-dimensional
Garfield simulations. The impact of the ion tail on the PID performance is studied employing the
ALICE simulation framework and the feasibility of an offline correction procedure to account for
the ion tail is demonstrated.
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1 Introduction

A charged particle traversing the gas in a TPC [1-5] leaves a trace of ionization along its trajectory.
The ionization electrons drift to the end plates, where gas amplification takes place. In conjunction
with the recorded drift time of the electrons, the TPC provides a complete 3D image of the ionization
deposited in the active detector volume.

The ALICE TPC [4] is divided into two halves by a central drift electrode, and readout chambers
are located at the end plates on both sides. Each end plate is subdivided into 18 azimuthal sectors. Each
sector is subdivided into small inner readout chambers (IROCs) and larger outer readout chambers
(OROCs). During Runs 1 and 2 (until 2018) at the CERN Large Hadron Collider (LHC) and for the
ALICE TPC, the amplification was provided by multiWire proportional chambers (MWPC) [6] with
cathode pad readout. Inside the amplification region, defined by the cathode wires, the anode wires,
and the pad plane (see figure 10 of ref. [4]), avalanche signals are generated by the ionization electrons.
A gating grid is located between the cathode wires and the drift region to prevent positive ions
generated during the amplification process from entering the drift volume and causing field distortions.

The ions produced in the amplification process that are moving around the anode wires induce a
current on the pads, which is picked up by the readout electronics, amplified further, and shaped with
shaping time of about 190 ns [5]. These ions drift away from the anode wires in different directions,
at much lower drift velocities than the electrons, and are eventually collected at the pad plane, the
cathode wires, or the gating grid [7]. Their slow drift results in a very long signal tail with negative
polarity. This extended tail, along with the associated average baseline shift and fluctuations, leads
to a significant degradation of the measured specific energy loss (dE/dx) and consequently of the
particle identification (PID) performance of the TPC. The effect was reproduced at the digitization
level in simulations based on the official ALICE simulation framework. The effect was corrected
during offline reconstruction of the data recorded with the TPC. We have included in this paper a
discussion of the PID performance of the correction procedure based on simulated data, while more
detailed information regarding collision data can be found in ref. [8].

The first detailed study of the ion tail was performed using cosmic tracks and is described in
ref. [7]. In this paper we perform a more differential study of the ion-tail characteristics by analyzing
ionization tracks generated by the ALICE TPC laser calibration system [9]. Moreover, we extended
the simulation studies to a full three-dimensional model.



2 Measurements with the ALICE TPC

The laser calibration system is used to generate 336 straight tracks parallel to the pad plane at known
locations in the drift volume of the TPC (see figure 49 of ref. [4]). In each half of the TPC, six
broad laser beams illuminate 24 bundles of micro-mirrors positioned nearly equidistantly along

the drift-time direction. Within each bundle, seven narrow beams are reflected into the TPC. The

projections of the laser tracks on the pad plane (x, y coordinates) and on the time axis (z coordinate)

are shown in figure 1 and figure 2, respectively.
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Figure 1. The (x,y) projection of the ideal laser positions (left) and the reconstructed laser tracks (right).
The pattern repeats eight times along the entire length of the TPC, four times on each side (A and C) of the
central electrode.
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Figure 2. TPC laser signals on a single pad before pedestal subtraction and zero suppression over the entire drift
time. The peaks at 36 ps, 68 ps, and 95 ps correspond to the second, third, and fourth laser bundles, respectively,
while the peak at 98 ps corresponds to the central electrode signal originating from photoelectrons released
from the central drift electrode. The first laser bundle closest to the pad plane is located at 13 ps but no signal is
evident on this pad in this event.



The laser system uses a pulsed UV laser beam with a wavelength of 266 nm from an Nd:YAG
laser. It is designed to provide 100 mJ per pulse of 5 ns duration at a repetition rate of 10 Hz. The
data analysed in this publication were taken in dedicated standalone calibration runs where the event
readout was triggered by the laser system. This mode of operation provides the flexibility to read all
data without suppression of the baseline for the individual electronics channels, and to tune several
external parameters, such as the anode wire voltage, the number of events, and the laser intensity.

There are several challenges in the signal shape analysis. Since the characteristic ion tail spreads
over tens of microseconds, and the magnitude of the undershoot is comparable to the electronics noise,
a data set with low track density is required such that the signal tail is not distorted. In addition, a
high-statistics sample is needed to ensure good resolution of the tail shape. For these reasons cosmic
tracks were used in the past [7]. Laser data were not initially considered due to the repetitive structure
of the laser tracks along the time axis and the shorter distances between the laser layers (~ 30 ps)
compared to a typical signal tail (~ 40 ps for inner and ~ 80 ps for outer readout chambers). However,
the finite resolution in the angle of the laser mirrors in the (x, y) plane results in pad regions where at
least one of the four laser signals is not recorded. These regions could then be used to inspect signals
where the long ion tail was undistorted by subsequent large positive laser signals. The example in the
right panel of figure 3 shows a signal at 38 ps whose tail does not overlap with the subsequent laser
pulse at 68 ps, but is instead on the adjacent pad due to the above mentioned slight misalignment of the
laser track positions. The six distinct hotspots on the left plot correspond to laser clusters originating
from different laser tracks. Here, a cluster is defined as an accumulation of charge signals detected
within a search window of five bins each in pad and time direction, as illustrated in figure 4.
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Figure 3. Left: charge clusters from laser tracks in the pad-time plane. Right: signal shape as a function of time
on a single pad indicated by the two solid black lines in the left panel. The signal is summed over 1000 laser
events. The sharp dip at around 68 ps corresponds to the common-mode signal which is explained in ref. [8].

Signal generation is well understood and implemented into the Garfield simulation package,
which allows accurate modeling of the signal response, including primary ionization, electron drift,
diffusion, and signal induction on different electrodes [7, 10]. The simulated drift paths and the
corresponding signal shapes for individual ions produced in the vicinity of the anode wire are shown
in figure 5. Tons moving towards the pad plane add positively to the signal tail, whereas ions drifting
away contribute negatively. Thus, the slight increase of the signal between 45 and 62 ps in the
right panel of figure 3 results from ions collected at the pad plane, and the dip at around 76 ps is
caused by ions collected on the cathode wires.
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Figure 5. Left: the drift curves of ions originating from the avalanche close to the anode wire. Ions collected on
the pad plane, cathode wire, and gating grid are shown with red, purple, and green curves, respectively, while
ions escaping back into the drift volume are shown in blue. Right: corresponding ion signals induced on the
cathode pads. Reprinted from [7], Copyright (2010), with permission from Elsevier.

The mobility of the electrons is about three orders of magnitude larger than the mobility of the
ions, therefore electrons are essentially instantaneously removed from the amplification region. As
a consequence, the signal induced on the cathode pads is characterized by a fast rise due to the ions
generated at the high field in the vicinity of the anode wire and by a long tail due to the slow drift in
the low-field region. While the maximum amplitude of the ion tail is about 1% of the fast-signal pulse
height, its extended duration means the ion-tail integral is comparable to that of the initial positive signal.
Consequently, subsequent signals on the same readout pad that are close in time are strongly affected by
signal overlap, resulting in a significant reduction of the signal quality. In particular, in high-multiplicity
scenarios some fraction of the pad signal may fall below the zero suppression threshold and may be lost
(see for example figure 6 of ref. [8]). Hence, the study of the signal shape dependencies played a crucial
role in improving the calibration of energy-loss measurements in the TPC, as elaborated in ref. [8].



3 Characterization of the ion tail

3.1 Signal shape dependencies

To investigate the signal shapes thoroughly, we first performed a scan of approximately 0.5 million
pads in the TPC to identify all signals with undistorted tails. We then improved the signal-to-noise
ratio by doubling the number of events per run to 2000, compared to the default 1000 for a stand-alone
laser run. In addition, we increased the laser intensity to obtain larger pulse heights, achieving signal
amplitudes of about 800 ADC at a noise level of about 1 ADC. Furthermore, we identified an additional
high-frequency electronic noise which we filtered using the Fast Fourier Transform feature within the
ROOT framework [11]. The result after elimination of the high-frequency noise is depicted in figure 6.

There are several aspects that determine the shape of the ion tail: the gas mixture, the electrode
geometry, the field configuration, and the position of the given readout pad with respect to the
center-of-gravity of the charge cluster.
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Figure 6. The ion-tail signal of a central pad for the IROC geometry before (red curve) and after (green curve)
the removal of the high-frequency noise.

We first investigated the dependence on the gas mixture. Figure 7 shows the ion-tail signal shapes
in the Ar-CO; (90-10) and Ne-CO, (90-10) gas mixtures, where significant differences are observed.
The primary ionization in Ar-CO; is about two times higher than in Ne-CO, [12]. Therefore, the
gas gain for Ar-CO; had to be kept correspondingly lower to keep the amplitudes of the fast-signal
pulses the same for the two gas mixtures. This resulted in a significant change in the avalanche spread
around the anode wires, which in turn altered the number of ions directed towards the drift volume
as opposed to those collected at the pad plane. This is reflected in a difference between the ratios
of the integral of the negative ion tail (“Q,”) and the integral of the positive signal (“Q},,”). For
the Ar-CO; the O, /Oy, ratio was 0.68, while for the Ne-CO, mixture it is much lower at 0.27. In
addition, the shift of the second minimum, from ~ 26 ps for Ne-CO; to ~ 45 ps for Ar-CO;, can be
explained by the different ion arrival times at the cathode wires due to the different ion mobilities,
which are ~ 3.13 cm?/Vs and ~ 1.61 cm?/ Vs, respectively (see ref. [13]), which uses the current data
for the ion mobility calculations). These values are consistent with the ion mobility measurements
reported elsewhere [14]. For the remainder of the paper, we analyzed signal shapes generated in the
Ne-CO; gas mixture due to their superior statistical quality.
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Figure 7. Normalized pad signals of the central pads for the IROC geometry with a zoom into the y-axis for
Ar-CO; (90-10) (red) and Ne-CO; (90-10) (green) gas mixtures. The Ne-CO, data have a factor of 20 larger
statistics than the Ar-CO; data, where no removal of high-frequency noise was performed.

The ALICE TPC employs different wire geometries for IROCs and OROCs, where the difference
lies in the gap sizes between the cathode wires, anode wires, and pad plane (see figure 10 of ref. [4]).
In figure 8, normalized signals are shown for IROC and OROC geometries where the Q. /Oy, ratio
and consequently the gain and the avalanche spread around the anode wire are similar. Due to the
larger distances between the anode-wire plane and the cathode-wire plane as well as between the
anode-wire plane and the pad plane, which lead to larger ion drift times, the time positions of the local
maximum and of the second minimum shift to larger values in the case of the OROC geometry.
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Figure 8. Normalized pad signals of the central pads with a zoom into the y-axis for IROC and OROC
geometries, for the anode voltage settings of 1270 V and 1490V respectively.

Since the ion drift velocity increases with higher fields, the anode wire voltage also has an
effect on the position of the local minima, as shown in the left panel of figure 9. However, the more
dominant effect reveals itself in a change of the avalanche spread around the anode wire. An increase
in the anode wire voltage not only leads to higher gains but also an earlier start of the avalanche,
and hence an enlarged angular spread of the avalanche around the anode wire. This increases the



number of ions arriving at the pad plane, as shown as red solid lines in figure 5. As a consequence,
the second local maximum at about 15 ps is enhanced and the Q. ,/Qf, ratios are reduced with
increasing anode voltage, as shown in figure 9.
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Figure 9. Normalized pad signals of the central pads for the IROC geometry with a zoom into the y-axis for
different anode voltage settings. Left: ion-tail shape. Right: the Q. /Qj, ratio of the signal as a function of
anode voltage.

While the anode voltage, wire geometry, and gas mixture remain fixed parameters during collision-
data taking, there is another strong dependence that must be taken into account: the distance of a
given pad from the center-of-gravity (COG) of the cluster, which varies for every measured signal.
Each pad within a given cluster receives a different fraction of ions produced during amplification,
as well as a different magnitude of induced mirror charge due to the avalanche spread around the
anode wires. This leads to differences in the shape of the ion tail of each pad in the cluster, as
shown in figure 10, where a dramatic change in the Q. /Oy, ratio is observed when moving from
the most central pads to the more peripheral ones.
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solid green and red curves indicate the most central (dcog = 0 mm) and peripheral (dcog = 16 mm) pad signals,
respectively. Right: the Q. /Oy, ratio of the signal as a function of distance to the center-of-gravity of the cluster.



3.2 Simulations

In its original implementation, Garfield was designed to model two-dimensional chamber geometries
made of wires and planes where the exact fields are known. However, for three-dimensional
configurations, the dielectric media and complex electrode shapes are difficult to handle with analytic
techniques. To cope with this problem, Garfield is interfaced with the neBEM (A nearly exact Boundary
Element Method) [15] program, which provides the field maps as the basis for the calculations of
Garfield. The three-dimensional wire and pad geometry of the ALICE TPC IROC created using the
neBEM program is shown in figure 11. In addition to the pads that are analysed in the simulation,
two pads were added on each side to avoid boundary effects.
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Figure 11. Three-dimensional setup of the ALICE TPC IROC wire and pad geometry used in the Garfield
simulations. The black lines on the pad plane serve to mark the boundaries between individual pads.

The drift path of the ions, and hence the ion signal induced on the pads, depends on their distribution
around the anode wire. To this end, an electron cloud with Gaussian density profile is generated
outside the amplification region. The electrons are then drifting through the wire grids to the anode
wires, neglecting diffusion, as shown on the left panel of figure 12. The arrival points of the electrons
at the anode wire are used to estimate the ion distribution around the wire, see figure 12, right panel.

Reasonable agreement between the data and Garfield simulations is achieved, as shown in figure 13.
In particular, the pad position dependence is reproduced. However, the simulated signal shapes exhibit
a sharp negative spike. The smearing of these spikes in the real data can be attributed to the fluctuations
in wire positions, which are assumed to be Gaussian and are in the range of ogeom ~ 50 pm [5, 7].

Furthermore, there is a striking difference in the timing of the negative spike: it appears at about
22 ps in the simulations and 26 ps in the data. This is mainly due to the lack of information in the
literature about the identity of the drifting ions in a Ne-CO; (90-10) gas mixture. Therefore, in our
current simulation we have opted for a simplified approach, considering only the presence of noble
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Figure 13. Comparison of the measured and simulated signal shapes for the IROC geometry in five pads of
a cluster where pad number 3 is the center of the cluster. Upper panel: pulse shape. Lower panel: ion tail.
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gas ions (Ne™) and neglecting the influence of the quencher (CO;) as a reasonable approximation. In
ref. [13], it is shown that CO, cluster mobilities, rather than that of Ne*, can describe the observed
data. Eventually, by accounting for variations in wire positions and ion distributions around the
anode wires, as well as using the measured ion mobility, we have achieved an excellent agreement
between simulation and data, as shown in figure 14. Note that this analysis covers only one type
of topology (i.e., cluster shape) where the track is parallel to the pad plane. Since high-precision,
undistorted signals are very difficult to obtain using collision data, one can use such a data-driven
approach to cover all different track topologies by relying on the three-dimensional simulations, mainly
tuning the ion distributions around the anode wires.
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Figure 14. Comparison of the normalized pad signal for the IROC geometry to the Garfield simulations in a
Ne-CO» (90-10) gas mixture for the most central pad of a cluster. The simulation result is scaled to match the
measured ion drift velocity and also smeared, taking the fluctuations of the wire positions into account.

4 Impact of the ion-tail correction on the PID performance

The PID performance of the ALICE TPC is deteriorated as a consequence of the ion tail. A quantitative
study is performed employing the ALICE TPC simulation framework where the observed ion tail
shapes are implemented into the simulation. Collisions of Pb ions are generated using the HIJING
event generator [16] and propagated through the detector setup using GEANT4 [17] transport software.
During the reconstruction of the simulated data, the total charge of each cluster within a given track
was corrected by accounting for the baseline shift which was simulated with realistic ion tail shapes.

The baseline shift estimate is based on the normalized pad signals obtained from the laser
data mentioned above. The corrected pad signals for a given cluster are approximated with the
following vector operation:

Scorr = Sin + @11 * Qtot * Snorms “4.1)

where Scorr and S, are the corrected and input pad signals, respectively, Qo is the integral of the
positive part of the input pad signal, Spormy is the normalized pad signal for the given relative pad
position to the center-of-gravity of cluster, and agr is a fudge factor accounting for the missing charge
and clusters due to zero suppression. After cluster finding the coordinates of the center-of-gravity, Qo

—10 -



and Qmax of each cluster are available but detailed signal shape information for individual pads is not
retained. To address this, the shape of a specific cluster is estimated using the “pad response function”
characterized by a Gaussian shape in both time and pad direction for simplicity. This approach
allows a straightforward calculation of the relative position of each pad along with its associated Qo.
Eventually, the estimated baseline shift is incorporated into each cluster as missing charge. Applying
such a correction to each individual cluster cannot restore signals that fall below the zero suppression
threshold. However, it can restore the lost amplitude for the detected signals. On the other hand,
it should be noted that certain imperfections are unavoidable. For example, the normalized signal
shapes are generated by laser tracks that are parallel to the pad plane. Therefore, variations in the
cluster shape due to track angles cannot be accounted for.

As a measure of the PID performance we use the so-called separation power S, . between
electrons and minimum-ionizing pions:

Se r = | — Hel

- - , “2)
j(o-dE/dx,e + O-dE/dx,n)

where p; and 04k /qx,; are the average dE/dx signal and dE/dx resolution of particle i (electron e and
pion m) within a given momentum range, respectively. The separation power inherently incorporates
information about the dE/dx resolution and serves as the main parameter for evaluating the PID
performance of the TPC. Figure 15 provides a visual illustration of how separation power is calculated,
using a small statistics test of a HIJING simulation implemented with the GEANT4 TPC detector
setup for central Pb-Pb collisions.

The electron-pion separation power and the mean dE/dx position of the minimum ionizing pions
as a function of multiplicity are shown in figure 16. The number of primary particles in the collision is
used as the multiplicity estimator. The reference simulation data without ion tail show a slight decrease
with increasing multiplicity, which is due to the merging of clusters at high detector occupancies. On
the other hand, the ion-tail effect leads to a decrease of approximately 13% in the MIP position and
about 22% in separation power, as shown in figure 16. These effects are almost completely recovered
by an offline procedure where the known ion-tail shapes are used to correct each signal according to
the properties of the preceding signals. The remaining imperfections can be attributed to signals that
are lost during the zero suppression. These signals can not be recuperated with the offline correction,
because the offline correction is applied on the cluster level after zero suppression.

5 Conclusions

A detailed study of signal shapes in the MWPCs of the ALICE TPC was carried out using data
recorded with the laser calibration system. It was found that the signals have a characteristic long
negative ion tail after the main positive signal. The tail strongly depends on the gas mixture, the
electrode geometry, the field configuration, and the position of a particular pad signal with respect to
the center-of-gravity of the cluster. The characteristic signal shape was verified for the first time with
three-dimensional Garfield simulations. Ion tails of this nature can be found in all MWPC-based TPCs
and it is important to consider them when operating in high multiplicity environments to achieve good
tracking and PID performance, as demonstrated through a comprehensive detector simulation that
incorporates these ion tails. The results obtained have not only extended the understanding of the
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signal shape dependencies, but also significantly improved the performance of the offline correction
procedure for Pb-Pb collision events, as reported in ref. [8].
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