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ABsTrACT: To operate the ALICE Time Projection Chamber in continuous mode during the Run 3 and
Run 4 data-taking periods of the Large Hadron Collider, the multi-wire proportional chamber-based
readout was replaced with gas-electron multipliers. As expected, the detector performance is affected
by the so-called common-mode effect, which leads to significant baseline fluctuations. A detailed
study of the pulse shape with the new readout has revealed that it is also affected by ion tails. Since
reconstruction and data compression are performed fully online, these effects must be corrected at the
hardware level in the FPGA-based common readout units. The characteristics of the common-mode
effect and of the ion tail, as well as the algorithms developed for their online correction, are described
in this paper. The common-mode dependencies are studied using machine-learning techniques. Toy
Monte Carlo simulations are performed to illustrate the importance of online corrections and to
investigate the performance of the developed algorithms.

Keyworbps: Charge transport and multiplication in gas; Electron multipliers (gas); Micropattern
gaseous detectors (MSGC, GEM, THGEM, RETHGEM, MHSP, MICROPIC, MICROMEGAS,
InGrid, etc); Time projection Chambers (TPC)
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1 Introduction

Charged particles passing through the active volume of the Time Projection Chamber (TPC) ionize
the gas along their path. The electrons generated in this process drift toward the end plates on
which the readout chambers are mounted. By amplifying the signal in the readout chambers, the
TPC provides a three-dimensional reconstruction of the charged-particle tracks. In the data-taking
periods Run 1 (2009-2013) and Run 2 (2015-2018) of the Large Hadron Collider (LHC), the readout
chambers of the ALICE TPC [1, 2] consisted of multiwire proportional chambers (MWPCs) [3].
The ions generated during the amplification process in the MWPCs were blocked by a “gating
grid”, a series of wires located between the cathode wires and the drift volume. However, the time
requirements of the operation with gating grid limited the maximum readout rate of the TPC to
around 3 kHz. On the other hand, operation of the MWPC-based TPC without ion gating would
lead to intolerably large space-charge distortions in the drift region. Therefore, in order to operate
the TPC with the expected minimum bias Pb-Pb collision rate of 50 kHz in Run 3 and Run 4



(2022-2030) [4], all readout chambers were replaced by gas electron multipliers (GEMs) during
the Long Shutdown 2 (LS2) (December 2018 — March 2022) of the CERN LHC, since stacks of
GEMs have intrinsic ion blocking capabilities [5]. To achieve the required gain while effectively
suppressing the back-flow of ions, a stack of four GEM foils named from top to bottom (i.e. from
drift to pad plane): GEM1, GEM2, GEM3, and GEM4, was employed for all chambers [6]. At the
same time, due to the change from triggered to continuous operation, the front-end electronics (FEE)
had to be replaced. A detailed description of the upgrade, from the design of the chambers and the
new FEE to the pre-commissioning of the upgraded TPC, can be found in ref. [7].

The typical semi-Gaussian pulse shape of a single readout channel is shown in figure 1. The
signals from the charged particles are influenced by various effects, such as diffusion and track
inclination angle. They also exhibit a characteristic undershoot, due to capacitive coupling across
the induction gap between the pad plane and the GEM foils, and a long overshoot after the signal
pulse caused by the slow movement of the ions in the induction gap. These two effects are referred
to as “common-mode” (CM) effect and “ion tail” (IT), respectively. They are more prominent for
high multiplicity environments and, if not accounted for, lead to significant deterioration of particle
identification (PID) and tracking performance of the detector. Detailed studies conducted during
Run 1 and Run 2, where similar baseline fluctuations were observed, emphasize the crucial need to
understand, simulate, and correct for these effects to maintain the performance of the TPC [8§].
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Figure 1. Typical electronics response of a single readout channel [6, 7]. Reproduced from [6]. © 2021
CERN for the benefit of the ALICE collaboration. Published by IOP Publishing Ltd on behalf of Sissa
Medialab. CC BY 4.0.

This paper is organized as follows; section 2 describes the measurements obtained during
the pre-commissioning phase during LS2. These data served as input for the initial analysis of
the two effects. In section 3, the dependencies of the common-mode effect are investigated using
machine learning techniques. In section 4, a detailed analysis of the ion-tail properties is performed.
In section 5, the two online correction algorithms as implemented at the hardware level in the
FPGA-based common readout units (CRUs) are described, and a proof of principle is provided. Toy
Monte Carlo (MC) simulations are performed to demonstrate the impact of the two effects on the
TPC signals and to investigate the performance of the two online correction algorithms.



2 Measurements

A quadruple GEM configuration with foils having different hole pitch was optimized for the ALICE
TPC during an extensive R&D phase. The TPC volume is divided equally into two readout sides
(A-side and C-side) by a central electrode. The TPC sectors are positioned on the endplates, each
covering 20° in azimuth. They are radially segmented into an inner and outer readout chambers
(IROC and OROC, respectively). The OROC is further subdivided into three individual GEM stacks,
therefore a TPC sector consists of a total of four GEM stacks, labeled IROC (stack 0), OROC 1
(stack 1), OROC 2 (stack 2), and OROC 3 (stack 3) (see figure 2). The pad signals are read out by
the FEE mounted on the TPC end plates at a sampling rate of 5 MHz, which corresponds to a time
bin duration of 200 ns [7, 9]. Custom-made ASICs, called “SAMPA” chips [10], are responsible
for the signal amplification, shaping, and analog-to-digital conversion. The digitized data are then
streamed to the CRUs, where the baseline subtraction, common-mode effect correction, ion-tail
filtering, and zero suppression (ZS) are performed.
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Figure 2. Dimensions (mm) of a sector of the TPC with four GEM stacks. The spacer cross, a structure that

496.5

ensures the mechanical stability of the GEM foils against electrostatic forces, is shown as two 1.5 mm wide
and 2 mm deep bars in the longitudinal and transverse directions for each stack [7]. Reproduced from [6]. ©
2021 CERN for the benefit of the ALICE collaboration. Published by IOP Publishing Ltd on behalf of Sissa
Medialab. CC BY 4.0.



2.1 Laser data

To study the common-mode and ion-tail effects, the laser calibration system of the TPC was
used [11, 12]. Laser data were collected for all sectors during the pre-commissioning of the TPC in
the clean room located at the LHC Point 2 [7]. The laser is a pulsed (5 ns pulse duration, 10 Hz
repetition rate) Nd: YAG laser equipped with two frequency doublers, resulting in a final wavelength
of 266 nm, which corresponds to an ionization energy of 4.66 eV. However, the ionization potential
of the TPC gas components is much larger (Ex. = 22¢€V, Eco, ~ 14€V, En, ~ 16¢eV). Therefore,
with two-photon processes [13], the laser ionizes organic impurities (approximately 1 ppm) in the
gas with ionization potentials of 5 — 8 eV. Through a series of mirrors, beam splitters, prisms, and
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Figure 3. Reconstructed laser tracks of a particular bundle on the C-side of the TPC. The black lines indicate
the sector boundaries. The laser ID is a unique number assigned to each of the 336 laser tracks.

micromirror bundles, 336 laser tracks simultaneously irradiate the TPC. In each TPC half, 6 wide
laser beams illuminate 24 bundles of micromirrors located at four nearly equidistant positions along
the LHC beam direction. For each bundle, 7 narrow reflected beams enter the TPC gas parallel to the
end plates. Figure 3 shows the reconstructed laser tracks of the C-side bundle O (the bundle closest
to the endplate), with the color scale indicating the laser ID.

In these measurements, for each laser event (corresponding to one laser pulse), raw data with a
length of about 500 time bins (one time bin corresponds to 200 ns) were streamed from the FEE to
the CRUs, corresponding to the full electron drift time. The data taking was triggered at 10 Hz by
the laser system. For each TPC sector, a sufficient amount of laser events (approximately 400-1200)
were collected. To increase the signal-to-noise ratio, the signals were averaged over all available
events in order to reach better precision of the shapes of the common-mode signal and of the ion tail.
Figure 4 shows three laser clusters! detected on one TPC pad row. The simultaneous common-mode
signal is seen as an undershoot in the remaining pads, which are referred to as non-signal or empty
pads. After the signal pulse, the long ion tail is also clearly visible in the signal pads.

1A cluster is defined as concentrated deposited charge detected within a search window of 3 bins in pad direction and 3
bins in time direction.
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Figure 4. Laser signals and induced common-mode signals in the pads of a given pad row. The signal height
axis is zoomed-in such that the signals are not to scale. The ion tail is also visible for the signal pads.

Very large signals saturating the dynamic range of the SAMPA chip were discarded from the
analysis, since their actual amplitude is not known. Moreover, very large charges fed into the input
of the SAMPA chip may lead to loss of sensitivity of this channel for a short time. This can be seen
as a saturation of the SAMPA response at a constant value of about 100 ADC, as shown in the right
panel of figure 5 with red and brown solid lines. Note that this effect is an artifact of the electronics
and therefore does not affect the neighboring pads.
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Figure 5. Left: four laser tracks projected on to the local x-y plane. The dashed oval highlights saturated
signals. Right: saturated laser signals of the cluster highlighted in the left panel.

2.2 Calibration pulser data

Measurements with a calibration pulser system were performed independently during the pre-
commissioning phase in order to investigate the shaping characteristics of the FEE. These
measurements involve injecting a pulse into the bottom electrode of the GEM4 foil (GEM4B), which



induces a signal at the pad plane due to capacitive coupling. Ideally, the same charge should be
measured in all pads of the same stack since they have the same dimensions. However, as shown
in figure 6, significant variations are observed from pad to pad due to sagging of the GEM foil. The
figure shows the normalized pulser charge, i.e., the charge normalized to the median charge in the
stack, for an IROC. For pads positioned at the stack edges and under the spacer cross, the measured
charge is significantly higher due to the presence of a dielectric material at these positions. Despite
the spacer cross, the GEM4B bends slightly in the direction of the pad plane due to the stretching of
the foil and electrostatic forces. This increases the capacitance and thus the pulser charge. As shown
in figure 6, the relative change in the capacitance for a given pad reaches up to 50%.
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Figure 6. Ratio of pulser charge to median pulser charge in the stack for an IROC.

The measured pulser charge is proportional to the pad capacitance, which is an essential
parameter in the analysis of the common-mode effect. Since both, the pulser charge and the effective
field between the GEM4B and the pad plane, are inversely proportional to the distance between the
GEM4B and the pad plane (except for pads in the spacer cross and at the edges), the pulser charge is
also a relevant parameter for the ion-tail studies.

3 Common-mode effect analysis

3.1 The common-mode effect

The common-mode effect results from the capacitive coupling between the GEM foils and the
pad plane. When electrons moving from GEM4 to the pad plane induce a signal on one pad, a
simultaneous signal of opposite polarity (also called undershoot) is induced on all pads of the same
stack, as shown in figure 4. This is caused by a voltage drop across the GEM electrode due to the
currents caused by the charges drifting through the induction gap. The magnitude of the undershoot
in each pad for a given time bin, Qg;\é[(t), is proportional to the sum of the positive signal in the
stack at the same time bin. This pad- and time-independent proportionality factor will be referred to
as common-mode fraction (CF) factor, kcg,pad, and is defined as

0N (1)

<QPOS (t) >stack ,

kCF,pad = (3.1)



where

(Cpos() e = ., Q[N (3.2)
Q(1)>0
instack
is the average positive signal in the stack and N is the number of pads in the stack. The main objective
of the common-mode effect analysis is to investigate the dependencies of the kcF paq. The laser
signals usually span three time bins (see figure 4), so for the analysis of the effect, the common-mode
charge and the average positive signal in the stack were summed over three time bins around the
laser signal. Since the common-mode effect influences all pads in a given stack, the common-mode
signals are also present in the laser signal pads, i.e., the true laser signal is slightly larger than the
measured signal. This is taken into account in the analysis.

3.2 Dependencies of the common-mode effect

All possible dependencies of kcp,pag Were explored using the Random Forest (RF) machine learning
algorithm [14] as implemented in the ROOTInteractive framework [15]. To estimate the common-
mode signal, 33% of the non-signal pads were randomly selected as training data. Then, the selected
sample was randomly subdivided into 200 estimators, and a decision tree with a depth of 12 was
generated for each estimator. The dependencies of the kcF paq On all available variables were tested.
The importance of each variable is listed in table 1.

Table 1. Variable importance for kcr,pad, reflecting how many times the decision tree was divided because of
that specific variable.

Variable Variable importance (%)
normalized pulser charge (Qgﬁfslﬂr,pa & 61.1
stack type 36.1
average positive signal in stack 1.0
fraction of signal pads in stack 0.8
remaining dependencies 1.0

3 norm
The normalized pulser charge, qulser’pa d

normalized to the mean pulser charge in the stack), measured with the calibration pulser system and
the stack type account for approximately 97% of the dependencies. The Qggffe‘r,pa 4 18 responsible
for the pad-by-pad capacitance variations, while the stack type (IROC, OROC1, OROC2, OROC3)
accounts for the absolute stack capacitance due to the different stack dimensions. Note that the

(i.e., the pulser charge measured in a given pad

amplitude of the measured laser signal is reduced due to the underlying common-mode signal. This
is referred to as missing charge, which is responsible for the second-order effects mentioned in
table 1; the average positive signal in the stack and the fraction of signal pads in the stack. The
contribution of track-related properties such as the bundle (i.e. diffusion) and the beam (i.e. track
inclination) was investigated, but no significant dependence was found.

In figure 7, the kcE,paq data, the RF prediction, and the difference between the two for each pad
are plotted for the training data, where very good agreement between the data and the prediction is
observed. The peak value of kcF paq moves towards larger (absolute) values as the stack area and
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Table 2. Position of the maximum of the CF distributions in figure 7 for each stack type.

Stack area (mm?) Peak position of CF
IROC 171154 -0.42 £0.03
OROC1 174853 -0.43 £0.02
OROC2 231284 -0.50 £ 0.02
OROC3 294836 —-0.58 £ 0.02

hence capacitance increases (see table 2). The spread within each stack results from the pad-by-pad
capacitance variations, which can be seen as a linear dependence between kcr, paq and Qggf;gr’pa i
in figure 8. The proportionality also holds for pads with much larger capacitance located at the
chamber edges and crosses. By performing linear fits on the data points, the common-mode fraction

of a pad can be expressed as
norm
kCF,pad = Ktack - qulser,pad’ (3.3)

where kg,ck 1S the absolute value of the slope (0.44-0.58, depending on the stack type).

The following conclusion can be drawn from the studies: The kcF pag of a given pad depends
mainly on the capacitance between the pad and the GEM stack (see table 1), which can be described
by the stack type and the normalized pulser charge, the latter reflecting the pad-by-pad capacitance
variations within a given stack. Note that the missing charge has a negligible effect on the common-
mode correction, as discussed above. However, it is accounted for in the full MC simulations that
use a GEANT3 implementation of the TPC detector setup [16].
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4 TIon-tail analysis

4.1 Ion tail in GEMs

The analysis of laser data for the common-mode effect revealed unanticipated signal tails. In figure 9
(left) the response of a single pad to a laser pulse is shown. On the right, the same response is
zoomed in on the signal (y) axis. After the signal peak, a long tail is observed, caused by the ions
generated in the amplification process, lasting about 16 ps. In this example, the maximum of the tail

tail
tot °

. The shape and duration of the tail depend

is about 0.7% of the maximum of the electron signal, while the integral of the tail, Q
signal
tot

on the distance between the GEM4B and the pad plane, the distance of the signal from the center

corresponds
to approximately 9% of the total electron signal, O

of gravity (COG) of the cluster along the pad direction, the track inclination, and the diffusion.
Consequently, the above ratios are strongly influenced by these parameters.
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Figure 9. Left: Response of a pad to a laser signal. Right: The same signal zoomed in on the (y) axis. The
undershoot observed before the signal pulse is the common-mode response due to signals in other pads of the
same stack.

A long ion tail as a negative undershoot was also observed during Run 1 and Run 2, where the
TPC was based on the MWPC technology. The integral of the ion tail accounted for approximately
50% of the total signal, resulting in significant degradation of the detector performance, especially



in the case of out-of-bunch pile-up events [8]. Despite its positive nature and smaller amplitude,
the ion tail still requires a correction during the Run 3 data-taking period, where, on average, five

pile-up events are expected within a full drift time.

Simulations were performed to understand the origin of the ion tail observed in GEMs. For
these simulations, only the last GEM foil (GEM4) was modeled, which is sufficient to a first
approximation due to the shielding of the ions generated in the previous amplification stages by
the GEM4 electrodes. The electric field maps were calculated using the finite element method as
implemented in ANSYS [17]. The transport properties of the charge carriers were determined using
Magboltz [18], and their multiplication was simulated in Garfield++ [19]. The simulations show that
two categories of ions contribute to the ion tail, which can be classified by their point of origin. They
are created either in the GEM4 holes or in the induction gap, i.e., the region between GEM4B and
the pad plane. While the first category can not be avoided and will be present in any GEM system,
the latter is particular for the HV settings chosen for the ALICE TPC GEMs, where a high induction
field (electric field between the GEM4B electrode and the pad plane, Ejng) plays an important role in
minimising the ion backflow. A detailed description of the HV settings can be found in [7].
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Figure 10. Simulated drift times of ions until they reach an electrode for two categories of ions: those
generated in the GEM4 holes (top) and in the induction gap (bottom). Different induction field values are
shown as different colors, with the nominal value corresponding to 3.5 kV/cm.
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The simulation results are summarized in figure 10, where the time between the creation of
each ion until it is collected at an electrode or leaving the amplification area (the end-drift time)
is plotted separately for the two types of ions mentioned above. It can be seen that the number of
ions generated in the amplification stage (top panel) is considerably larger than those generated in
the induction gap (bottom panel). The former are referred to as the fast component of the ion tail
due to their sharp distribution in small end-drift time values, while the latter are referred to as slow
component due to their flat distribution. The distribution of the fast component does not depend on
Eing, however, in the case of the slow component, the distribution becomes narrower with increasing
Eing and acquires a slight slope. Since the probability of ionization depends on the induction field,
the number of produced ions rapidly decreases with decreasing Ej,q. As seen in the bottom panel of
figure 10, for the low Ej,q settings, the end-drift time distribution of the slow component ions is
flat, indicating a uniform production of electron/ion pairs in the induction gap. On the other hand,
for higher Ejyq and in particular for Ej,q > 4 kV/cm (see figure 2 of ref. [20]), the electron/ion pair
creation probability is larger closer to the pad plane, due to avalanche effects. Note that the nominal
induction field value, Eiln(ij%, is set to 3.5 kV/cm.

4.2 Induction field dependence

A dedicated set of measurements was added to the pre-commissioning program to study the tail
properties and disentangle the contributions of the two different ion types. In these measurements,
5000 laser events were collected for two TPC sectors. The value of the induction field was set to
50% of the nominal value and then increased in 5% steps, from 75% to 100%. The high number of
laser events compared to the standard laser calibration runs (with 1000 events) was chosen to ensure
a good signal-to-noise ratio, since the tail magnitude is relatively small.

Figure 11 shows the average normalized laser signals of all central pads. The normalization is
with respect to the maximum value of a given pad signal. It demonstrates that the magnitude of the
tail decreases with decreasing induction value and the shape also varies depending on the induction
field value. Apart from the magnitude, the shape of the tail is also different. In particular, the tail
decays faster for lower values of the induction field. Note that, due to the steeply rising nature of the
tail, as illustrated in figure 9, and the fluctuations in the laser signal positions, the bins near the peak
exhibit greater fluctuations, leading to increased statistical errors.

4.3 Estimation of the contribution from the two categories of ions

Based on the simulation results, an estimate of the contributions from the two categories of ions
described in section 4.1 can be made. It can be assumed that for £ fn%% = 1.75 kV/cm the contribution
of the slow component is negligible with respect to higher field settings as see in figure 10. Since the
fast component is practically independent of the induction field, the slow component contribution for
a given Ej,q value can be estimated as the difference between the value with this induction field and
the one with F 15131%’ i.e., one can write

Qfast(Eind) ~ Qmeas(Eisn%%) (4-1)

Qslow(Eind) ~ Qmeas(Eind) - Qmeas(Eisn%%)- (42)
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Figure 11. Normalized signals as a function of time for the different induction field settings, averaged over all

central pads (within 0.2 cm from cluster COG). Numbers listed in the legend correspond to percentages of

100%
Eind

. The error bars (standard error of the mean) are smaller than the marker size.

The results of the above procedure are shown for all central pads of OROC3 in figure 12 and
figure 13. In figure 12, the average normalized ion tail is shown for the E;%% setting, which is
dominated by the fast component. An exponential shape is observed. In figure 13, the normalized
ion tail (left) and its difference from the E fn%% setting (right) are shown for different values of the
induction field. The difference approximates the slow component. A nearly linear shape of the slow
component is observed in the right column of figure 13, consistent with ions uniformly produced in
the induction gap.

0.30
|dCOG| <0.2cm

0.25

0.05

Normalized signal (%)
o
=
(%]

0.00

20 40 60 80 100
Time (200 ns)

Figure 12. Average normalized ion tail for £ iSnO%’ which is assumed to describe the fast component independent
of the induction field setting. Only the data from the central pads of OROC3 are shown. The error bars
correspond to the RMS of entries in each time bin.

4.4 Ion tail parametrization

The ion tail can be corrected online using an exponential filter algorithm (see section 5). However,
the additional linear component must be taken into account to avoid any bias. For this, two external
parameters, the ion-tail slope and the ion-tail fraction (Q:f‘)itl / Qts('fnal), are used as input during online
processing. To optimize these parameters, each pad signal was fitted with the convolution of a
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Figure 13. Average normalized ion tail (left) and difference from the E fn%% (right), for Eiln%()% (top), E ﬁlsd%

(middle), E;Sd% (bottom). Only the data from the central pads of OROC3 are shown. The error bars correspond
to the RMS of the entries in each time bin. The slow component of the ion tail (right) is nearly linear for all
induction field settings, with its contribution decreasing as Ej,q decreases.

Gaussian and an exponential function to simultaneously describe the signal and tail as shown in
the left and right panel of figure 9, respectively. In figure 14, the ion-tail fraction averaged over all
pads is shown as a function of the induction-field setting. The points are fitted with a function of the
following form:

fir(Eing) = A+ B - €€ Eina | 4.3)

The first term corresponds to the contribution from the GEM4 holes that is independent of the value
of the induction field, while the second term corresponds to the contribution from the induction
gap. By reducing the induction field value from 100% to 95%, the average ion-tail fraction is
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reduced by 10%. This indicates that the ion-tail fraction near the nominal setting is very sensitive to
small fluctuations in the effective induction field. From the fit, one can also obtain fi7(0) =~ 0.045
and fir(50) = 0.05, indicating that for Ejpg < 50% there is a residual contribution of about 10%
from the slow component. This negligible residual is consistent with the assumption used in
eq. (4.2). Moreover, the data shown here are consistent with the observation of figure 13, where
for the nominal induction field the contributions of the fast and slow components are almost equal,

Sir(50)/ fir(100) ~ 0.5.
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S L | —e—— Data ]
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0.05 == ]
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Figure 14. Dependence of the (average) ion-tail fraction on the induction field value. The data points are fit
with the function defined in eq. (4.3).

Figure 15 shows the dependence of the ion-tail fraction and the ion-tail slope on the normalized
pulser charge. The pads located in edge regions or close to the spacer cross of each chamber were
considered separately in the analysis, since the dielectric material placed in these regions influences
the signal shapes. In the upper panels of the figure, these pads (cross/edge) are shown in red, while
the rest of the pads (bulk) are shown in blue. A linear correlation is observed between the ion-tail
fraction and the normalized pulser charge for the bulk pads. This is explained by the fact that the
pulser charge and the value of the effective induction field are inversely proportional to the distance
between the pad and GEM4B, resulting in a wide range of the ion-tail fraction, from about 5 to
20%. The proportionality does not apply to the pads in the cross/edge region due to the additional
dielectric material. In the bottom panels, the bulk region is shown for pads with a distance to the
COG of the cluster (dCOG) of less than 0.8 cm and for the four different GEM stacks.

Figure 16 shows the dependence of the ion-tail fraction on the distance from the COG of the
cluster for the bulk pads. For the mean, about a 20% difference is observed between the center of
the cluster and the center of the neighboring pad. The large spread of the two distributions shown
in figure 15, mainly due to the pad-to-GEM4B distance, does not allow an accurate pad-by-pad
calibration of the ion-tail parameters. This is because the foil sagging not only affects the capacitive
coupling, but also increases the effective induction field, which leads to a stronger amplification and
thus to a change in the ion-tail shape. Moreover, only a small fraction of about 10% of the TPC pads
“see” the laser signals. Since accurate knowledge of the parameters is important for the restoration of
the baseline bias and its fluctuations, krypton calibration data were used to disentangle the ion-tail
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color indicates the pad position in the chamber, with blue representing the bulk and red the regions influenced
by the presence of the spacer cross or edges. In the bottom panels, the bulk region for pads with |[dCOG| <
0.8 cm are shown, where the color scale indicates the stack number.

dependencies (see section 5.1).
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Figure 16. Dependence of the (average) ion-tail fraction on the distance of the pad to the COG of the cluster
for the bulk pads. Only pads with [dCOG| < 0.8 cm are shown. The different quantiles are shown with
different colors.

5 Common-mode and ion-tail corrections

Correcting the common-mode effect and ion tail online, before applying the ZS, is critical for
maintaining the PID and tracking performance of the TPC and for limiting cluster losses. Moreover,
the correction of the ion tail also helps with minimizing the data volume produced by the TPC. The
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multiplexed data streamed from the FEE are decoded in the CRUs, where subsequently the pedestal
subtraction, common-mode correction, ion-tail correction, and ZS are performed. Due to the large
number of pads, the data from each TPC stack are read out by either two (for OROC) or four (for
IROC) CRUs.

With the current configuration, information cannot be exchanged between different CRUs. This
additional CRU segmentation implies that calculation of the common-mode charge for a pad using
eq. (3.1) cannot be applied. The calculation of the average positive signal in the stack (ons(t)>staCk

would require combining information from different CRUs. Instead, a baseline estimation is
performed using the empty (or non-signal) pads in the CRU, by using eq. (3.1) and eq. (3.3) [9]:

o(1) - Qm<Q—(”> 6.
pulser,pad

where () denotes averaging over empty pads in a given CRU. The algorithm consists of two parts:
First, the empty pads are selected and the mean baseline is calculated for a given time bin. Second,
the common-mode correction is applied to all pads, scaling accordingly using the normalized pulser
charge. Since each pad has a different pulser charge, a static map must be provided to the CRUs.
An advantage of this method is that the stack-dependent parameters (see figure 8) are not needed,
since the correction is calculated at the CRU level. The efficiency of the algorithm depends on the
correct selection of the empty pads on a time-bin basis. For this, apart from a simple threshold
cut (Qpad(t) < n - (noise)), an additional check is performed by comparing the pad charge to that
of a number of randomly selected pads in the CRU. This ensures that pads measuring the ion
tail of earlier signals (superimposed with common-mode) are excluded. A pseudo-code for the
common-mode correction is given in appendix A.

Online correction of the ion tail is performed on a pad-by-pad basis prior to ZS in the CRUs.
Since the polarity of the ion tail is positive, ZS does not result in missing charge and thus missing
clusters. Consequently, the ion tail can be corrected online to first order and the remaining second-
order deficiencies can be handled during track reconstruction, if necessary. An exponential correction
of the form

Qout(1) = Qin(1) = ) Ay - e~ (1t (5.2)

is quite difficult to implement directly in the CRU FPGAs. In the equation, Qi,(7) and Qg (¢) are
the pad signals for the time bin ¢ before and after the correction is applied, respectively. The sum
runs over all previous signal peaks i for the given pad. The parameters A; and A; are the maximum
and slope of the tail corresponding to the signal peak i, respectively, while # max is the position
of the peak maximum. The complexity of such a correction stems from two factors: the number
of resources required and the time needed to perform the calculations. First, applying the above
correction would mean that the entire peak history for each of the roughly 1600 pads read out by a
CRU would need to be stored. However, FPGAs are not typically designed to store large amounts
of data. Second, while it is possible for the FPGAs to compute an exponential (e.g., using the
CORDIC? functions), FPGAs would need to perform multiple exponential calculations in parallel.

2The CORDIC (Coordinate Rotation Digital Computer) algorithm is an iterative method for computing elementary
functions in the electronics using rotations.
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Figure 17. Parameter distributions used as input for the toy MC simulation. Only IROC pads are included.
Top left: distribution of normalized pulser charge from a pulser calibration run. Top right: noise distribution
from a pedestal/noise run. Bottom left (right): ion-tail fraction (slope) obtained from the laser data. For
simplicity, no correlations between parameters were assumed.

Based on the number of digital-signal processors available in the CRU FPGA, these calculations
would introduce some latency.

To avoid the aforementioned complications, an exponential filter has been developed for online
correction of the ion tail. The filter requires only simple mathematical operations. Note that this
correction assumes a perfectly exponential ion tail, which is not entirely realistic (see section 4.3).
Moreover, the input parameters are tuned using the laser tracks (see section 4.4), so different track
topologies are not taken into account. Namely, residual biases, expected to be on the per-mill
level, are inevitable. However, they may still have an impact on the tracking efficiency and PID
performance. More details on the implementation of the exponential filter are given in appendix B.

5.1 Toy MC simulations

To quantify the effects of common-mode and ion tail on the baseline, and to investigate the
performance of the two online correction algorithms, toy MC simulations were performed. The
stepwise procedure is as follows:

* 250 Pb-Pb events were simulated, with particle composition derived from particle spectra
measured with the ALICE detector at 5.02 TeV (Run 2 conditions). An area of 1000 pads
(data from between 1200 and 1600 pads are transferred to a single CRU) and 1000 time bins
were considered for the simulation of the common-mode effect.
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around 26 and 31 are due to saturated signals. The distribution was fitted with an exponential function (red)
in the range (10, 24). The input distribution for the MC (blue) is constructed using the data distribution for

VOmax < 20, and the fit function for VQmax > 20.

* Random values for the normalized pulser charge, noise, ion-tail fraction and slope were
assigned to each pad according to the distributions obtained from the calibration data (see
figure 17). For the pedestal, a value in the range (0,1) was assigned, since the integer part of
the pedestal can be subtracted trivially.

* A number of clusters were generated, with the number of clusters per event randomly distributed
such that the variations in detector occupancy resembled the conditions of Run 3.

* For each cluster, a value for Qax (maximum value among all digits in a cluster) was generated
using the distribution obtained from the Pb-Pb collision data (see figure 18). Each cluster
spreads over three pads and three time bins, following a Gaussian distribution in the pad- and
time-space.

* The ion tail was simulated as a perfect exponential, and for each pad, the simulated parameters
for the ion-tail slope and fraction were used.

* The common-mode was simulated using eq. (3.3). A value of 0.5 was used for the slope,

norm

namely kCF,pad =05- qulser,pad'

* Noise, pedestal and rounding were added.
* The pedestals were subtracted.
* The common-mode effect was corrected using the algorithm described in appendix A.

* The ion tail was corrected using the algorithm described in appendix B. The order in which
the ion-tail and common-mode corrections are applied is important because the ion tail also
produces small common-mode undershoots in the other pads.

Figure 19 shows a simulated pad signal for an event with multiplicity corresponding to
approximately 30% occupancy in TPC. Both the common-mode effect and the ion tail are included.
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Figure 19. Top: pad signal for an event with about 30% occupancy, without noise. Bottom: pad signal
zoomed in on the y-axis. The red dashed line shows the ZS threshold.

The baseline is systematically shifted to negative values due to the common-mode effect. Next, a
series of simulations were performed to optimize the correction parameters, including simulated
noise. For each event, 500 random settings were simulated, allowing for the following options:

¢ Common-mode simulation: ON or OFF.

¢ Common-mode simulation ON and correction of the common-mode effect either OFF, or
using a mean correction, median correction, mean 2™ iteration, or median 2" iteration.

* Random values (in reasonable ranges) for the parameters nPadsRandom, nPadsMin,
Q_thrl, Q_thr2.

¢ Jon-tail simulation: ON or OFF.

* Jon-tail simulation ON and ion-tail filter either OFF, or correction using the pad-by-pad ion-tail
parameters (pad-by-pad), or correction using the median value of the parameter distributions
shown in the bottom of figure 18 (fixed-to-median).

* Random value for kO in the range 70—100%.

Figure 20 shows the results of the parameter scan. On the left, the average baseline shift and on the
right its RMS are shown as a function of occupancy. A 99% least-trimmed-squares method was used
to exclude some extreme outliers. For the top panels, only the common-mode effect was simulated.
The different correction methods (no correction, mean, median, and 2™ iterations) are shown with
different colors. It can be seen that the average baseline bias can reach up to —5 ADC and its RMS
up to 1.5 ADC if the common-mode effect is not corrected. Compared to the RMS in the absence of
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the two effects (caused by the noise), this corresponds to roughly a 60% increase. For the bottom
panels, only the ion tail was simulated. The average baseline bias reaches up to 1 ADC and its RMS
1.25 ADC, which corresponds to an increase of about 35% when the tail is not corrected.

In figure 21, the average baseline shift is shown as a function of occupancy for the pad-by-pad
(left) and the fixed-to-median (right) corrections of the ion tail. As mentioned in appendix B, a value
of k0=100% overcorrects the data, which can be confirmed by the negative values of the baseline
bias (red markers). It can be seen that the optimal value for the pad-by-pad method is k0 =~ 85-90%,
while for the fixed-to-median method it is kO ~ 90-95%. The baseline shift is slightly larger for the
fixed-to-median method.

Figure 22 shows the average baseline shift for the different methods used in the common-mode
(left) and ion-tail (right) corrections, where the occupancy is 28-32%, corresponding to the highest
expected multiplicities in Run 3. All parameter settings were averaged. It can be seen that the
common-mode correction can restore most of the baseline shift. Using the median 2" iteration
method instead of the mean results in roughly a 60% smaller average baseline bias. Similarly,
correction of the ion tails restores most of the baseline shift. Using the pad-by-pad method instead
of the fixed-to-median method results in an approximately 70% smaller average baseline shift.

The impact of the ion tail on the data volume produced by the TPC is shown in figure 23 as a
function of occupancy. The space saving is defined as:

d data si
space saving (%) = 100% — —LPreoSee Gatd 5126

, 53
uncompressed data size (5-3)

where the uncompressed and compressed data size is the size before and after ZS, respectively. It can
be seen that the ion tail significantly reduces the space saving compared to the original signal. As
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Figure 20. Average baseline shift (left) and its RMS (right) as a function of occupancy. The simulation and
correction of the “common-mode only” (“ion tail only”) scenario is shown in the top (bottom) panel. The
various marker colors corresponds to the different correction methods.
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Figure 21. Average baseline shift as a function of occupancy for the pad-by-pad (left) and the fixed-to-median
(right) methods of the ion-tail correction. The common-mode effect was not simulated. The color scale
indicates the different correction fractions.
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shown by the blue and magenta lines, simulating and correcting for the common-mode effect leads
to a larger space saving than the original signal due to a remaining negative bias. The reduction in
space saving due to the ion tail can be restored by applying its correction.
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Figure 23. Impact of the ion tail on the space saving. Noise was not included, and a threshold cut of 1.2 ADC
was applied.

Table 3 summarizes the importance of the ion-tail correction for space saving for minimum bias
Pb-Pb events (occupancy < 30%). Due to the ZS, an uncompressed data rate of 3.5 TB/s would be
reduced to 650 GB/s in the absence of the ion tail and the common-mode. This number is consistent
with the expected zero-suppressed rate of about 600 GB/s [21]. When adding the ion tail, the rate
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increases by about 30%, to 888 GB/s. After correction for both effects, a given choice of parameters
results in an inaccuracy of about 3 to 5% for each effect.

Table 3. Impact of the ion-tail correction on the space saving for minimum-bias events with occupancy
<30%. Noise was not included, and a threshold cut of 1.2 ADC was applied. Note the realistic order of
implementation of the effects and the corresponding corrections.

M1n1mu@ bias GB/s

space saving (%)
input signal 81.4 650
input + ion tail 74.6 888
input + common-mode + correction 82.1 628
input + ion tail + common-mode + correction 83.1 594
current assumption 82.9 600

Although this toy MC simulation study is based on a data-driven approach, detector performance
studies using the full MC simulations should be carried out in order to account for different track
topologies and cluster shapes, diffusion, and other detector effects that have not been considered.

6 Conclusions

The signal response of the GEM-based ALICE TPC was studied in detail using the data collected
with the laser calibration system. The dependencies of the common-mode effect were understood
using machine learning techniques. It was found that the common-mode signal depends largely
(96%) on the stack type and the normalized charge detected in runs with the dedicated calibration
pulser system. The stack type accounts for the absolute capacitance of the stack, while the normalized
pulser charge is responsible for the pad-by-pad capacitance variations. An unpredicted ion tail was
observed in data recorded with the TPC laser system. The measurements have shown that ions
from two categories contribute almost equally to the generated signal at the nominal induction field
setting. The contribution of the ions generated in the GEM4 holes is practically independent of
the value of the induction field and results in an exponentially shaped tail. Ions generated in the
induction gap of the GEM stack result in an additional contribution, which depends on the electric
field applied to the induction gap.

The performance of the two online correction algorithms was studied in detail using a toy MC
with input parameters determined in a data-driven way. The common-mode correction algorithm
correlates all pads of a given CRU for each time bin, while the ion tail is corrected on a per-channel
basis using an exponential filter. Both effects are efficiently corrected, despite a residual bias in the
baseline, comparable to the noise. Since the ion-tail parameters used in the exponential filter are
obtained from the laser tracks, different track topologies were not considered. Therefore, possible
imperfections in the ion-tail correction are to be expected. These should be considered when
repeating these studies using a full MC simulation. Furthermore, the ion tail has a significant impact
on online data compression. During Run 3 and Run 4 data taking periods, the raw data readout
rates are estimated to be about 3.5 TB/s. The toy MC results obtained in this study show that in
the presence of the ion tail, the final data rate after baseline subtraction is about 890 GB/s instead
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of 650 GB/s, which is the estimated value given in the technical design report [6]. The proposed
ion-tail correction algorithm fully covers this increased data rate. The two correction algorithms will
be commissioned using pp and Pb-Pb collisions at record energy and luminosities as part of the TPC
readout system from 2023 onward.
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A Common-mode correction algorithm

The following pseudo-code for the common-mode correction is tested in section 5.1 using a toy MC
simulation and implemented in the CRU firmware:

1 // Some constants to be set before

2 int nPadsCRU; // Number of pads in the current CRU

3 int nPadsRandom; // Number of pads (around 10) at random distance to the current to
pad. To be compared for additional check if the current pad is an empty pad

4 int nPadsMin; // Minimum number of pads (around nPadsRandom/2) required to have Q
very close to current pad

5 float Q_thrl; // Optimized threshold 1 (comparable to 2*noise)

6 float Q_thr2; // Optimized threshold 2 (comparable to noise)

7//

8 // Main CM correction algorithm

9 for each time binf{

10
11

12

// Calculate mean baseline of empty pads
vector<float> Q_pad_array; // Array to hold Q of empty pads of a CRU
for each pad{
float k_pulser = GetNormQPulser (padID); // from 2D pad-by-pad map
// Simple check if the current pad is empty
if (Q_pad <= Q_thri1){
// Additional check if the current pad is empty pad
int nPadsOK = 0;
for (int i = 0; i < nPadsRandom; i++){
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20

int padRandomID = GetRandomPad(); // Randomly select a pad
float k_pulser_rndm = GetNormQPulser (padRandomID);
if (abs(Q_pad/k_pulser - Q_padRndm/k_pulser_rndm) < Q_thr2)
nPadsOK++;
}
// If empty, add charge of current pad into array, scale accordingly
if (nPadsOK >= nPadsMin) Q_pad_array.push_back(Q_pad/k_pulser);

}
}
// Calculate mean baseline of the non-signal pads
Q_baseline = mean(Q_pad_array); // Alternatively use median

// Apply common-mode correction

for each pad{
float k_pulser = GetNormQPulser (padID); // From 2D pad-by-pad map
Q_pad = Q_pad - Q_baseline*k_pulser;

Note that Q_pad and Q_padRndm are the charge after the pedestal subtraction. The above
algorithm can be made more robust by using a median estimator instead of the mean for the baseline
estimation. Furthermore, since the mean method can incorrectly classify pads with low-signal
amplitudes as empty, biasing the baseline estimate, the selection of empty pads can be improved by per-
forming a second iteration after the baseline calculation and before the common mode correction (line
29). In this case, the simple check in line 15 becomes (Q_pad - Q_baseline*k_pulser <=Q_thrl),
which allows a better classification of the empty pads. Figure 24 shows the fraction of pads identified
as empty pads for the mean and the mean 2"¢ iteration common-mode correction methods as a
function of occupancy.

— mean

Percentage of used pads (%)

SUiii llllllllllllll IIITIITIIT

0
Occupancy (%)

Figure 24. Fraction of pads used for the common-mode baseline estimation as a function of occupancy, for
the mean (blue) and the mean 2™ iteration (red) methods. Only the common-mode effect is simulated.

B Ion-tail correction algorithm

The following pseudo-code for the ion-tail correction is tested in section 5.1 using a toy MC
simulation and implemented in the CRU firmware:

// Constant to be set before
float kO; // Multiplicative correction factor, same for all pads (around 0.9)
for each padID{

float k1 = GetFractionIT(padID); //k_fraction, from a static map

k1*=k0; // Scale IT fraction
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float k2 = GetExpSlopeIT(padID); // = exp(-k_slope), from a static map
float Q_correction = 0;
for each time bin{

Q_out = Q_in - k1*(1-k2)*Q_correction;

Q_correction+=Q_in;

Q_correction*=k2;

3

The amount of correction for a given time bin is k1*(1-k2)*Q_correction, where
Q_correction is the buffered charge value of the previous time bin and k1 (fraction of the
ion-tail integral with respect to the total charge of the pad signal) and k2 (slope of the ion-tail
assuming an exponential form) are the ion-tail parameters. Since these are pad-dependent parameters,
they are provided as input to the CRUs in the form of two-dimensional, pad-by-pad maps. The
pad-by-pad calibration of these parameters was obtained from data recorded with radioactive krypton
isotopes in the gas volume [1]. Alternatively, the median value of the distributions shown in figure 15
can be used. The impact of this simplification is demonstrated in section 5.1. An additional scaling
parameter, kO, whose value is the same for all pads, is introduced to account for the difference
between the integral of the input charge with a continuous Gaussian form and the digitized signal,
which has a discrete structure. The digitized signal is equal to or greater than the input, so the
parameter kO is defined as kO < 1. Note that the above filter can be applied continuously, even in the
absence of signals. In this case, the filter has no effect on the measured charge.

In figure 25, the exponential filter is applied on the averaged laser signal of a pad. The ion-tail
fraction and ion-tail slope parameters, as obtained from the fit, were used for the correction. It can be
seen that a 100% correction (k0=100%) slightly overcorrects the data, which is due to the bias of the
sampled charge. Figure 26 (top) shows the normalized data and the 100% correction for randomly
selected pads of the nominal induction field setting, while the bottom panel shows the averaged data
and the corresponding corrections.

o 3 - T T T T T T
g 25 ; ‘ ‘ | ——e—— Data :
= E Fit function
e 2 Tail correction 80%
k=) 15 == Tail correction 90%
(7] = Tail correction 100%
1=
0.5
oL
-0.5F

0 180 200 220 240 260
Time (200 ns)

Figure 25. Demonstration of the ion-tail filter applied to laser data averaged over many signals on a given pad.
The laser data are shown in black, the fit function in red, and the corrected data in blue, green, and magenta,
for different values of the parameter k0. The convolution of a Gaussian and an exponential function was used
to fit the data. The ion-tail parameters obtained from the fit were used for the correction.

In figure 27 the simulation and correction of both effects are demonstrated. To show the
effects more clearly, noise is not included. For the ion-tail correction, the ion-tail parameters of the
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Figure 26. Top: normalized ion tail before (red) and after (blue) correction for randomly selected pads. For
each pad, the fitted tail parameters were used for the correction with k0=100%. Bottom: averaged data with
the corresponding corrections of 80%, 90% and 100%. The error bars correspond to the RMS of entries for
each time bin.

respective pad were used, and a value of k0=80% was chosen. For the common-mode correction,
a two-iteration median correction was applied with nPadsRandom=6, nPadsMin=4, Q_thrl=2,
Q_thr2=2.

—26—



20—

15—

10—

Signal height (ADC)
T

-10 L L

15—

10—

Signal height (ADC)
T

~10b——
20 ——

15—

10—

Signal height (ADC)
T

!

! !

P
200 220
Time (200 ns)

P P P

140 160 180
Figure 27. Illustration of ion tail and common-mode correction of a simulated signal. The input signal is
shown in black, the simulated effect (top: ion tail, middle: common-mode, bottom: ion tail and common-mode)
in blue, and the corrected signal in green. Noise is not included in the pad signal for better visibility.
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