
1 Detailed Simulation of a Highly Granular Readout
for a TPC

1.1 Theoretical Background

1.1.1 Charge Summation with High Granularity

How well the energy loss can be measured depends mainly on two parameters: the
effective length of the sampled track, and the number of independent samples measured
along track. This is expressed in the empirical formula derived by [1], p. 339, from
comparing various former drift chambers and time projection chambers:

RdEdx =
σdEdx
µdEdx

∝ L−0.32 ·N−0.13, (1)

where RdEdx is the relative uncertainty of the energy loss measurement, L is the effective
track length and N is the number of independent samples of that track. The exponent
of N is quoted to be between −0.11 and −0.14, depending on the reference analysis, and
in this work the average of −0.13 is used. In most use-cases when two potential systems
are compared to each other, L and N are directly connected, causing Equation 1 to have
limited immediate applicability. Therefore, the granularity G = N

L
is introduced and

Equation 1 becomes:
RdEdx ∝ L−0.45 ·G−0.13. (2)

In many cases, one compares gaseous detectors with a fixed readout structure, i.e. a
constant G, but changes the effective track length, e.g. when extrapolating from a small
prototype to a large scale experiment. Then Equation 2 expresses the well-known de-
pendence of increasing precision of the energy-loss measurement with larger L, which is
a little less strong than the naively expected square-root behavior. The exponent of L is
estimated to be −0.37 or −0.36 in Equation 1 by [2,3] and [4], respectively, which would
bring the dependence in Equation 2 closer to a square-root behavior. In this study, we fix
the track length and vary the granularity instead. Then Equation 2 suggests, that also
with increasing granularity the uncertainty on the energy-loss measurement decreases,
albeit with a moderate exponent around −0.13. In [1], a corresponding behavior is
shown down to a granularity of 5mm and it is questioned whether further increase in
granularity will increase the dE/dx performance.

1.1.2 Separation Power

The separation power S is defined as the difference between the amount of ionisation
(measured as number of hits, or as summed charge) of two different particle species 1
and 2 for a given momentum p, over the width σ of the ionisation distribution:

S(p) =
|µ1(p)− µ2(p)|
〈σ(p)〉 . (3)

Since this is a differential measure, it is unaffected by the aforementioned saturation
effect. The width σ is usually the width of one of the ionisation distributions of species 1
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or 2, depending which is considered as signal and background. In hadron identification,
pions are often considered background, and thus in literature it is often chosen that
〈σ〉 = σπ. In the more general case here, where a separation power should be computed
independently of the role of the respective species, a combined 〈σ〉 is used:

〈σ(p)〉 =
√

1

2
(σ2

1(p) + σ2
2(p)). (4)

1.2 Results

After optimisation, the separation power performance for cluster counting and charge
summation is compared in Figure 1. The red and green points show the simulated data,
while the corresponding lines are polynomial fits to these data to guide the eye.
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Figure 1: Combined plot for separation power by cluster counting and charge summation,
depending on pad size, in comparison to test beam results of existing systems
and to empirical behaviour.

1.2.1 Comparison

In addition, test-beam based results from the existing readout systems AsianGEM,
GridGEM and Micromegas as well as GridPix were extrapolated to the conditions of
the simulation (in particular the track length) and added to the plot as blue squares
for reference. The extrapolation of test beam results of the existing systems is done as
follows.
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Figure 2: Ionisation densities of pions and kaons (left), and relative ionisation density
w.r.t. muons (right).

The test beams have been performed with electron beams, resulting in a measure-
ment of the dE/dx resolution of electrons Re = σe/µe, based on the mean µe and
width σe of the measured distributions. This needs to be translated to the working
point of this simulation study, i.e. pion-kaon separation at 3GeV. Following the Bethe-
Bloch equation and Figure 2, the mean ionisation values of pions and kaons relative
to the relativistic plateau of electrons are µπ = 0.880µe and µK = 0.759µe. Let η be:
µπ/µK = 1.16 =: η. Emulating different particle species via a change in the cluster dis-
tance factor is equivalent to changing the gas pressure in the TPC’s sensitive volume.
Therefore, the relative dE/dx resolution R scales like R ∝ L−0.32, according to Equa-
tion 1, e.g. RK/Re = 0.759−0.32 =: ρK . Here, L is the effective track length, which
is equal to the relative ionisation factors 0.880 and 0.759 above, and µ ∝ L1. With
R = σ/µ it follows that σ ∝ L0.68, and σπ/σK = η0.68. Then one can calculate:
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S =
|µπ − µK |√

σ2
π+σ

2
K

2

(5)

=
µK | µπµK − 1|√
σ2
K

(
σπ
σK

)2
+σ2

K

2

(6)

=
µK |η − 1|

σK

√
(η0.68)2+1

2

(7)

=
|η − 1|

RK

√
η1.36+1

2

(8)

S =
|η − 1|

ReρK

√
η1.36+1

2

(9)

This can now be used to translate between the published relative dE/dx resolution
values for electrons and the separation power at the working point.

The GridGEM system [5] reported a dependence of the dE/dx resolution Re(N) on
the number of hits in a track N as Re(N) = Re(0) · N−k, shown in Figure 3, with
Re(0) = 0.587 and k = 0.465, after adjustment to the direct measurement. For the
simulated track length of 300mm the row pitch of 5.85mm gives N = 51, resulting
in Re(51) = 9.43% and via Equation 9 in a separation power of S = 1.47. For an
extrapolation to the ILD TPC the reported resolution is Re,ILD = 4.71%.

The AsianGEM system [6] reported a dE/dx resolution of Re(26) = 13.52% with a row
height of 5.26mm. Assuming a scaling with Re(N) ∝ N−k similar to the GridGEM with
k = 0.48, 300mm tracks result in a resolution of Re(57) = 9.28% and a separation power
equivalent of S = 1.50. The reported resolution for the ILD TPC is Re,ILD = 4.61%.
The Micromegas system [7] reported a resolution of Re(192) = 4.8% with a row height

of 7mm, which is very close to the extent of the ILD TPC. An extrapolation to 300mm
tracks with k = 0.48 gives Re(43) = 9.8% and S = 1.41.

The GridPix system [8], other than the pad-based ones, reported numbers on the
separation power, since also here a cluster counting algorithm was used. These numbers
have been revised [9], since, and are SCS = 8.6 for charge summation, SCC = 8.7 for
a cluster counting approach and Scomb = 9.2 for a combination of the two. This was
calculated for 1m tracks and by comparing the measured electron data to muon data
emulated from the electron data. For this, 1m of electron data was taken and the
positions of the reconstructed hits on the Timepix anode were stretched by a factor
of 1/0.7 to fill 1m, since µµ/µe = 0.7 =: η̃, following the emulation conditions. Then
the same reconstruction algorithms were used on these new hit positions and resulted
in mean and width values for a truncated charge, in case of charge summation, and
a weighted mean distance, in the case of the cluster counting approach. With these
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Figure 3: Extrapolation of the measured dE/dx resolution of the GridGEM system to
the ILD TPC dimensions, from [5]. The fit results given in the plot change,
when an exact match with the measured data point is required, resulting in a
more conservative estimate as indicated in the text.

mean and width values, the separation power was calculated using the same formula as
Equation 3 and Equation 4.

In an attempt to apply the translation above to these published values in order to
translate to a resolution and then back to a pion-kaon separation power it was found
that the dependencies are somewhat different from the ones laid out above. It was
decided within this work, to use more direct approach using the base mean and width
values from the GridPix results (from [10]), in order to provide a fair comparison. The
calculation, based on the measured and emulated values of the truncated charge, is laid
out in the following. For simplicity, units are omitted.

µe,meas = 6347, σe,meas = 262.9 (10)
µµ,meas = 4284, σµ,meas = 212.2 (11)

µµ,meas/µe,meas = 0.675 = η̃1.1, 1.1 =: a (12)
µπ,sim/µe,sim = 0.759 ⇒ µπ,meas = µe,meas · 0.759a = 4684 (13)
µK,sim/µe,sim = 0.880 ⇒ µK,meas = µe,meas · 0.880a = 5513 (14)

This means, if the GridPix method was applied to a target ionisation of pions or
kaons at 3GeV, then following the same dependence these are the expected mean values.
Similarly for the widths:
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σµ,meas/σe,meas = 0.804 = η̃0.611, 0.611 =: b (15)
σπ,meas = σe,meas · 0.759b = 222.2 (16)
σK,meas = σe,meas · 0.880a = 243.2 (17)

These mean and width values can again be used with Equation 3 and Equation 4,
to result in S = 3.56, for 1m tracks and charge summation only. Since the same base
values are not known in this work for the combined approach, a linear extrapolation
is assumed, by multiplication with 9.2/8.6. In addition, the track length of 0.3m is
extrapolated with a scaling exponent of k = −0.5. This results in a final separation
power for the GridPix system, translated to the working point in this work of S = 2.09.
Since the current GridPix system has an anode coverage of about 60%, in addition a
reference point is included at S = 2.09 ·

√
0.6 = 1.62.

The dE/dx resolution reported by GridPix is 4.1% for charge summation and 1m
tracks. This can be extrapolated using the same scaling to the ILD TPC and a combined
approach via 4.1%/

√
1.35/(9.2/8.6) = 3.3% for a full coverage, and 4.3% for a 60%

coverage.
The references values of all systems used in Figure 1 are summarised in Table 1.

Readout system granularity Sπ/K Re,ILD

GridGEM 5.85mm 1.47 4.71%
AsianGEM 5.26mm 1.50 4.61%
MicroMegas 7mm 1.41 4.8%
GridPix, full 55 µm 2.09 3.3%
GridPix, 60% 55 µm 1.62 4.3%

Table 1: Summary of the reference values of the different existing TPC readout system
based on test beam results. The values of the separation power S at the pion-
kaon working point simulated in this chapter are used in Figure 1, the relative
dE/dx resolution values R for the ILD TPC are used in Figure 4.

In Figure 1, at large pad sizes around 6mm, comparable to the existing pad-based
systems, the performance of the simulation with charge summation is similar to the ones
observed in experiments at S ≈ 1.5, which serves as general validation of the simulation.
For decreasing pad sizes, a rise in performance is visible following a PP−0.13-behaviour,
as indicated in the plot. This agrees with the empirical observation taking into account
various former experiments as summarised in [1]. The separation power via charge
summation has a maximum around a few hundred µm, depending on the drift length,
and decreases for smaller pads due to the threshold effect explained above. For a drift
distance of 1000mm, the maximum of about 1.75 lies at a pad size of 1000µm and 10%
above the level at 6mm pad size. For a drift distance of 200mm, the maximum lies
between 400 and 600mm and is about 2, exceeding the 6mm point by about 20%. For
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even smaller pads, the performance via cluster counting surpasses the one via charge
summation at about 500µm (300µm) for a drift distance of 1000mm (200mm). It
peaks for a pad size of 110µm at a value of 2 for 1000mm drift and 2.3 for 200mm drift,
exceeding the reference value at 6mm by 20% and 44%, respectively. For 55µm pads,
the cluster counting performance shows a drop, and reaches a similar value as the one
achieved in test beam by the GridPix system, if a full anode coverage is assumed. This
drop is addressed in chapter 1.2.3.

For charge summation, the drift distance is negligible for larger pads >2mm, but there
is a significant difference for most of the simulated pad sizes, with events at short drift
outperforming ones at large drift. This, however, is due to limitations in the maximum
amplification and simulated electronics readout and could be at least partially compen-
sated by using a setup optimised for the specific pad size.
In contrast, the performance for cluster counting is similar with regard to short and long
drift for most simulated pad sizes, but differs for the smallest ones. Here, the necessary
information of cluster correlation is actually diminished during drift, which can not be
restored by choosing optimised system parameters. This is further investigated in view
of the 55 µm-drop in chapter 1.2.3.

Via Equation 9 the separation power can also be converted into a dE/dx equivalent
for the ILD TPC and compared to the reported or extrapolated values of the test beam
systems, which is done in Figure 4. The plot does not contain additional information,
but may be more convenient for the discussion of different readout options for the ILD
TPC. Pad-based systems with a granularity around 6mm report a dE/dx resolution
extrapolated to the ILD TPC of about 4.7%. With a granularity of 1mm this could be
improved to about 4.2% via charge summation, and via cluster counting to about 3.5%
at a granularity below 200µm. The GridPix system can achieve a dE/dx resolution
equivalent of 4.3% with 60% anode coverage and 3.3% with a full coverage, at least for
the so far investigated drift lengths of a few cm.

1.2.2 Combination

In a further step, one can try to combine charge summation and cluster counting for
each pad size, since both algorithms can be applied simultaneously. The two estimates
for the energy loss, the recorded charge and the number of hits, were linearly combined
with an optimised relative factor for each granularity. The resulting combined observable
was then used to measure the separation of the simulated pions and kaons. Figure 5
and Figure 6 show that for a fixed GEM voltage, there is a clear transition region
visible, where both algorithms contribute to the performance. However, with a variable
GEM voltage, the two algorithms have different optimal gain values at most pad sizes.
Thus, the combined observable is calculated for each GEM voltage, and again the best
performing voltage is chosen for that pad size. Generally, the best combination does
not perform significantly better than chosing the best of either charge summation or
cluster counting. This means, that the resulting combined separation power only adds
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Figure 4: Combined plot of dE/dx resolution equivalent for the ILD TPC, based on
separation power by cluster counting and charge summation, depending on pad
size, in comparison to test beam results of existing systems and to empirical
behaviour.

a negligible improvement when compared to a system optimised for the best fitting
algorithm. This is true for short and long drift distances.

1.2.3 The 55 µm Situation

In Figure 1 the question remains why the separation power via cluster counting at 55 µm
is lower than at 110µm pad size instead of further increasing. One clear limitation is
still the gain at the maximum GEM voltage: For charge summation, already at a pad
size of around 1mm the gain is insufficient to maintain the necessary charge information
against the pixel threshold. This effect becomes relevant for cluster counting too, but
only at a pad size below 110µm. Allowing for a GEM voltage of 300V, which is equal
to a gain of about 384 k, raises the 55 µm point to about the level of the one at 110µm,
which also still slightly increases indicating a moderate threshold effect also for this
pad size. Further studies, summarised in Figure 7, revealed another limiting aspect:
the charge cloud size. If the characteristic features of the electron clusters get blurred
out too much by the charge clouds in the amplification process, caused by the diffusion
in the GEM stack, the increase in granularity becomes irrelevant. In simulation it is
possible to reduce the charge cloud size to overcome this effect by reducing the distance
between the GEMs. The simulated diffusion values are given in Table 2. By significantly
reducing the transversal diffusion this way to about a third of the default value, the
55 µm point for cluster counting shifts up further and gets close to a separation power
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Figure 5: Combined separation power by charge summation and cluster counting, for
a drift length of 200mm. Left for a fixed GEM voltage of 280V, right after
GEM voltage optimisation, where every point reflects a different, optimal GU,
but the combination was done for the same GU for cluster counting and charge
summation.

Figure 6: Combined separation power by charge summation and cluster counting, for a
drift length of 1000mm. Left for a fixed GEM voltage of 280V, right after
GEM voltage optimisation, where every point reflects a different, optimal GU,
but the combination was done for the same GU for cluster counting and charge
summation.
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of 2.8, while the 110µm point stays lower. This now describes one way to emulate
the conditions of extreme anode and amplification granularity in the GridPix system,
resulting in a performance exceeding the GridPix test beam results, instead being close
to an extrapolation of the empirical expectation curve. This result indicates that the
GridPix result may possibly be further improved with an optimised cluster counting
algorithm, as opposed to the weighted mean distance algorithm.

It should however be noted that the simulated conditions are hardly physical, let alone
achievable in a real setup with GEMs: a voltage of 300V is not considered stable any
more and would likely lead to frequent discharges in the GEMs. An inter-GEM distance
of 0.1mm would be mechanically more than challenging, in particular considering that
even with the recently flatness-optimised GEM-glueing procedure, an overall flatness
with an RMS of 41 µm could be achieved [5]. In addition, deformations of the GEMs
can happen in the GEM stack when high voltage is applied, leading to a further change
in the distances. Finally, the separation power value close to the GridPix could only be
achieved with a very short drift distance. Otherwise, the diffusion during drift would
again eradicate the cluster information, which the assumed extreme conditions made
available. The identification of primary electron clusters can only reach the highest
levels, if all three aspects that limit the spatial reconstruction are optimised: transversal
diffusion in the drift volume via a short drift distance, diffusion in the amplification
stage via minimised GEM distances, and reconstruction uncertainty from the anode
granularity.

GEM distances
Gd / mm σtrans/mm σlong/mm

2, 2, 3 0.358 0.129
1, 1, 1 0.232 0.0826

0.5, 0.5, 0.5 0.164 0.0584
0.1, 0.1, 0.1 0.0734 0.0261

Table 2: Transversial and longitudinal diffusion used in the simulated amplification stage
depending on the inter-GEM and GEM-anode distances.
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Figure 7: Separation power for extreme parameter values, depending on transverse dif-
fusion (Table 2). Values in the legend are drift length and pad size; a GEM
voltage of 300V was used. The blue line represents the performance of the
pixel-based readout.
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