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Abstract

We extend an existing one dimensional simulation model for avalanche mode RPCs by
the inclusion of diffusion and space charge effects. We investigate the influence of space
charge on charge spectra, signal rise time, time resolution and charge-to-time correlation.
We present a 1.5-dimensional model, which allows fast simulation of events and a two
dimensional model that is slower but allows to study the transverse dispersion of avalanches
due to space charge.
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1 Introduction
Resistive Plate Chambers (RPCs) [1, 2] operated in avalanche mode at atmospheric pres-

sure offer an affordable and reliable technology for detectors for present and future high energy
physics experiments. Large area RPCs with a 2 mm single gas gap (Trigger RPCs) operated in
avalanche mode provide above 98 % efficiency and a time resolution of around 1 ns up to a flux
of several kHz/cm2 [3, 4]. They are constructed of two resistive electrode plates made of bake-
lite as shown schematically in Fig. 1a. Timing RPCs [5] with gas gaps of 0.2 to 0.3 mm are used
in multi gap configurations [6] for Time-Of-Flight purposes [7]. They provide 99% efficiency
and time resolutions down to 50 ps [8, 9, 10, 11]. Different technologies with one or more re-
sistive electrode plates are used. The two single gap designs investigated in this publication are
shown in Fig. 1.
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Figure 1: a) Single gap RPC with two resistive electrode plates. b) Single gap RPC with one
resistive electrode plate as in [8, 9, 10].

The Monte-Carlo simulation of the physical processes in particle detectors is an important
tool for understanding the behavior of the detectors in the particle physics experiments in which
they are or will be implemented. In order to optimize the detector physics parameters like gas
mixture, gas pressure, gas gain and electronics parameters like preamplifier peaking time, noise,
threshold settings etc., generally a detailed simulation of the detector response is carried out.
For the simulation of wire and drift chambers one often utilizes the simulation tool GARFIELD
[12]. For the simulation of RPCs no such tool exists. As a consequence, many experimental
results have not been properly studied. Even though the geometry of the device is much simpler
than that of a wire based detector, there are still disagreements about the explanation of several
aspects of the performance of RPCs [13]. Thus the need for a detailed Monte-Carlo simulation
of avalanches in RPCs arose. In [14] we presented a Monte-Carlo model suitable to simulate
the time resolution and efficiencies of RPCs. It turns out that neglecting a space charge effect
(see Fig. 2), the simulated average charges and shapes of the charge spectra differ largely from
measurements. A saturation due to the space charge effect can be simulated in a crude way
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Figure 2: A schematic picture of an avalanche and the electric field deformations caused by the
avalanche charge carriers. At the tip and the tail of the charge distribution the fieldsE1 andE3

are higher than the applied electric fieldE0. In the center of the charge distribution the field
E2 is lower thanE0. As a consequence, the values of the gas parameters like drift velocity and
Townsend coefficient are not uniform in the gas gap in the gas gap.

by cutting off the avalanche growth at a certain size [15]. A different approach is proposed in
[16, 17], where the saturated growth is explained by a constant-coefficient, non-linear differen-
tial equation that is also used to describe the evolution of a biological population in a limited
resources environment. In [18] a space charge effect is included by introducing a functional
dependence of the effective Townsend coefficientαeff , that describes the average avalanche
multiplication (n(z) = eαeff z ), on the avalanche size.

A much more accurate approach involves the dynamic calculation of the electric field con-
tributed by the avalanche charges. We follow this approach and describe the detector physics
of the RPC using only well-defined fundamental physics parameters. For the values of the gas
parameters and their dependence on the electric field we use the predictions by the simulation
programs MAGBOLTZ [23] and IMONTE [24] (see Figs. 3 and 4). For the primary ionization
parameters (mean free path and cluster size distribution) we use the program HEED [25] (for
plots, see [14]). Extending the basic model from [14], we use analytic formulas for the potential
of a point charge in a three layer geometry like the RPC [19, 20] (Fig. 1a). With the calculated
values for the electric field of the space charge we further calculate dynamically the actual val-
ues of the gas parameters like drift velocity and Townsend coefficient. This approach ensures an
understanding and description of the evolution of avalanches in RPCs in a very elementary way.
Some first results obtained with this model (the so-called “1.5-D model”, see section 2) were
presented in [21, 22]. In this publication we present the progress made in the simulation of elec-
tron avalanches using the 1.5-D model. Moreover we introduce and describe a two dimensional
avalanche simulation Model (2-D model) and present results obtained with it.
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Figure 3: Townsend and attachment coefficients for different gas mixtures calculated with
IMONTE at T = 296.15 K and p = 1013 mbar [14]. a) A typical Trigger RPC gas mixture.
b) A typical Timing RPC gas mixture and pure isobutane.
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Figure 4: a) Drift velocities calculated with MAGBOLTZ for different gas mixtures together
with measurements. The circles show measurements from [26] for two different mixtures and
the square shows a measurement from [27] for C2F4H2/ i-C4H10/ SF6 (96.9%, 3%, 0.1%). b)
Diffusion coefficients calculated with MAGBOLTZ for C2F4H2/i-C4H10/SF6 (85%, 5%, 10%),
which is often used in Timing RPCs, and for isobutane. The data for the gas mixture C2F4H2/
i-C4H10/ SF6 (96.7%, 3%, 0.3%) is very similar to the one with 10% SF6 and is not shown. All
values are forT = 296.15 K andp = 1013 mbar.
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Figure 5: The geometry for the 1.5-D simulation. The point of observation is(r, φ, z) and the
disk with the Gaussian radial charge distribution is positioned atz′. Since the simulation is
performed only along thez-axis, it is sufficient to calculate the field only at(r = 0, φ = 0, z).

2 The 1.5-D Model
We extend the 1-D avalanche simulation model described in [14] by including diffusion

and space charge effects. The basic structure of the simulation is the following:

1. Thez-axis (see Fig. 5) is crossing the gas gap perpendicular to the electrode plates. It is
divided intoN steps of sizeδz = g/N corresponding to time steps ofδt = δz/v0, where
g is the gap size andv0 = vD(E0/p) is the electron drift velocity at the applied electric
fieldE0 and at pressurep.

2. We assume that all particle tracks are perpendicular to the electrode plates of the detector.

3. The primary clusters are distributed onto the steps, with distances following an exponen-
tial distribution with a mean corresponding to the mean free path for primary ionization.

4. Primary electrons are put to each cluster, following the cluster size distribution.

5. The electric fieldE(z) at all steps where electrons are situated is calculated. Here we also
include transverse diffusion. The procedure is described in detail in section 2.1.

6. The drift velocityvD(E(z)/p), the Townsend coefficientα(E(z)/p) and the attachment
coefficientη(E(z)/p) are calculated at each step where electrons are found (Figs. 3 and
4).

7. The avalanches for each single electron are simulated using the procedure outlined in
[14]. We also include longitudinal diffusion by drawing a random number from a Gaus-
sian distribution with a standard deviation depending on the longitudinal diffusion coef-
ficientDL(E0/p) [

√
cm ]. We use the constant value ofDL at fieldE0. The charges are

redistributed onto the steps. A resistive anode plate is simulated by letting the electrons
that reach this plate ’stick’ to its surface.

8. At each time step, the current and charge induced by the drifting electrons are calculated
with the help of the weighting field formalism and the Ramo theorem [28].

9. Steps 5 to 8 are repeated until all electrons have left the gas gap.
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Figure 6: The average signal chargeQtot, which is the charge of the positive ions in the gas gap
at the end of the avalanche development, and the induced chargeQind for different numbers of
steps. We used a 0.3 mm gap Timing RPC at 2.7 kV and simulated average avalanches. For a
number of steps larger than 200 we find a fluctuation of 2.2% and 0.3% r.m.s. forQind andQtot.

2.1 Calculation of the Space Charge Field
We use cylindrical coordinatesr, z andφ and assume that the avalanche has rotational

symmetry around thez-axis. The longitudinal avalanche propagation is completely simulated,
while the transverse spread is included by considering the charges at each step to be contained
in disks with a Gaussian charge distribution in the radial direction. This explains the terminol-
ogy “1.5-D” used to refer to this model. The standard deviation of the Gaussian depends on
the transverse Diffusion coefficientDT (E0/p) [

√
cm ] and on the drifted distance. We use the

constant value ofDT at fieldE0. Thez-component of the electric field of a disk at positionz′

containing the unit charge is calculated as the space integral over the mentioned radial charge
distribution and the potential of a point charge in an infinite plane condenser comprising three
homogeneous layers. An analytic solution for this potential is given in [19, 20]. The positions
of the charge distribution and the point of observation are shown schematically in Fig. 5. The
field of all the charge in the gap (the field of the space charge) is calculated by integration
(summation) over all the disks.

We can now calculate the field of the space charge in the gas gap at all positions. Above
a certain step number the calculation is only very slightly depending on the chosen step size,
which is shown in Fig. 6.

2.2 Results for Trigger RPCs
The average charges in 2 mm gap Trigger RPCs obtained with the Monte-Carlo simula-

tion without a space charge effect but with longitudinal diffusion are:

Qind ≈ 7.9× 103 pC , Qtot ≈ 2.6× 105 pC . (1)

In experiment one measures values that are several orders of magnitudes smaller [29]:

Qind ≈ 2 pC , Qtot ≈ 40 pC . (2)

6



gap [mm]
0 0.4 0.8 1.2 1.6 2

1

2

3

1
2
3
4
5

a) t=0.00ns

0 1012140
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6

h) the induced signal

gap [mm]
0
5

10
15
20
25
30
35
40

5x10

0
1
2
3
4
5
6
7
8
9

g) t=15.48ns

gap [mm]
00

5
10
15
20
25
30
35
40
45

1
2
3
4
5

b) t=1.42ns

gap [mm]
0
2
4
6
8

10
12

0
1
2
3
4
5

c) t=5.60ns

gap [mm]
0
2
4
6
8

10
12
14
16

4x10

0
1
2
3
4
5
6

d) t=7.34ns

gap [mm]
0
4
8

12
16
20

5x10

0
1
2
3
4
5
6
7
8

e) t=9.09ns

gap [mm]
0
5

10
15
20
25
30
35
40

5x10

0
1
2
3
4
5
6
7
8

f) t=10.48ns

field

pos. ions

neg. ions
electrons

field

0

3x10

electrons

electrons

pos. ions

0 0.4 0.8 1.2 1.6 2 0 0.4 0.8 1.2 1.6 2 0 0.4 0.8 1.2 1.6 2

0 0.4 0.8 1.2 1.6 2 0 0.4 0.8 1.2 1.6 2 0 0.4 0.8 1.2 1.6 2 2 4 6 8
t [ns]

ch
ar

ge
s/

st
ep

ch
ar

ge
s/

st
ep

ch
ar

ge
s/

st
ep

ch
ar

ge
s/

st
ep

ch
ar

ge
s/

st
ep

ch
ar

ge
s/

st
ep

ch
ar

ge
s/

st
ep

in
du

ce
d 

cu
rre

nt
 [m

A]

el
ec

tri
c 

fie
ld

 [k
V/

m
m

]

el
ec

tri
c 

fie
ld

 [k
V/

m
m

]

el
ec

tri
c 

fie
ld

 [k
V/

m
m

]

el
ec

tri
c 

fie
ld

 [k
V/

m
m

]

el
ec

tri
c 

fie
ld

 [k
V/

m
m

]

el
ec

tri
c 

fie
ld

 [k
V/

m
m

]

el
ec

tri
c 

fie
ld

 [k
V/

m
m

]

Figure 7: A simulated avalanche in a Trigger RPC. We show snapshots of the charge configura-
tion in a 2 mm gas gap (500 steps). The distributions of electrons and positive and negative ions
are shown and correspond to the axes on the left. Thez-components of the electric field across
the gap is also plotted and correspond to the axes on the right. The last image is the induced
current signal.
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We observe a discrepancy of up to 4 orders of magnitude! The measured small avalanche
charges are explained by a space charge effect. A typical simulated avalanche in a single gap
Trigger RPC filled with C2F4H2/ i-C4H10/ SF6 (96.7%, 3%, 0.3%) at 10 kV is shown in Fig. 7:

(a) At t = 0 ns the passage of a 120 GeV muon generates 20 primary clusters with between
one and three electron-ion pairs each. The electrons are then drifting towards the anode
at z = 2 mm.

(b) Some of the primary electrons get attached or enter the anode resistive layer att =
1.42 ns.

(c) The space charge begins to influence the electric field att = 5.6 ns (compare to Fig. 2).
(d) At t = 7.34 ns the space charge field reaches around 10% of the applied electric field

strength.
(d) At t = 9.09 ns the space charge field reaches around 40% of the applied electric field

strength.
(e) At t = 10.48 ns the field drops dramatically in a large fraction of the gas gap due to the

large amount of negative charge (electrons) that has entered the resistive anode. Due to
the high resistivity of the material this charge is sticking to the anode surface for a time
that is much longer than the signal time1). From now on the field is very low in all areas
where electrons are situated. As a consequence we find strong attachment and low values
of the electron drift velocity (see Figs. 3a and 4a).

(f) At t = 15.48 ns all electrons have either left the gap or got attached. The field in front of
the anode is lowered to only 40% of the applied electric field.

(h) In the last image we show the induced current signal.
We accumulated spectra of the induced charge including a space charge effect in the

simulation for single gap Trigger RPCs at different high voltages (9.5 kV, 9.75 kV and 10 kV).
We chose 500 steps for the 1.5-D simulation procedure. In Fig. 8 we show the induced charge
spectra. At 10 kV and higher voltages, the simulation tends to be unstable and some events
show an exploding electric field. If this behavior is detected the simulation of the current event
is stopped and skipped. The charges of these events are missing in the spectra and thus in the
calculation of the average charges. Since the skipped events are generally events that would have
given rather large charges, the average induced charge at 10 kV (〈Qind〉 = 2.25 pC) and also the
average total signal charge (〈Qtot〉 = 33.6 pC) might be somewhat too small. Nevertheless, we
find numbers for the average charges that are very similar to measurements. Also the shapes of
the spectra are very similar to measured data (for example, see [29]).

2.3 Results for Timing RPCs
2.3.1 Charge Spectra

The average charges obtained with the Monte-Carlo simulation for 0.3 mm single gap
Timing RPCs without a space charge effect but with longitudinal diffusion are:

Qind ≈ 5× 107 pC , Qtot ≈ 5× 109 pC , (3)

In the experiment one measures values that are several orders of magnitudes smaller
[8, 9, 10]:

Qind ≈ 0.3 pC , Qtot ≈ 5 pC , (4)

8



gap [mm]
0 0.1 0.2 0.30

0.4
0.8
1.2
1.6

2

0

2

4

6

8

10
a) t=0.00ns

gap [mm]
0 0.1 0.2 0.3

0
2
4
6
8

10
12
14

0

2

4

6

8

10

b) t=0.17ns

gap [mm]
0 0.1 0.2 0.3

0

2

4

6

8

10

0
2
4
6
8
10

d) t=0.42ns

gap [mm]
0 0.1 0.2 0.3

0

1

2

3

4

5

0

2

4

6

8

10
c) t=0.28ns

0 0.4 0.8 1.2 1.6
0

0.2
0.4
0.6
0.8

1
1.2

h) the induced signal

gap [mm]
0 0.1 0.2 0.30

2
4
6
8

10

x10

0

4

8

12

16

20

g) t=1.42ns

t [ns]

x10

gap [mm]
0 0.1 0.2 0.3

0
5

10
15
20
25
30
35

4x10

0

5

10

15

20

25
e) t=0.76ns

3

5

gap [mm]
0 0.1 0.2 0.3

0
2
4
6
8

10

5x10

0

4

8

12

16

20
f) t=0.93ns

x10 x102

field

electrons

ions
pos.

pos. ions
neg. ions

electrons

field

ch
ar

ge
s/

st
ep

ch
ar

ge
s/

st
ep

ch
ar

ge
s/

st
ep

ch
ar

ge
s/

st
ep

ch
ar

ge
s/

st
ep

ch
ar

ge
s/

st
ep

ch
ar

ge
s/

st
ep

in
du

ce
d 

cu
rre

nt
 [m

A]

el
ec

tri
c 

fie
ld

 [k
Vm

m
]

el
ec

tri
c 

fie
ld

 [k
Vm

m
]

el
ec

tri
c 

fie
ld

 [k
Vm

m
]

el
ec

tri
c 

fie
ld

 [k
Vm

m
]

el
ec

tri
c 

fie
ld

 [k
Vm

m
]

el
ec

tri
c 

fie
ld

 [k
Vm

m
]

el
ec

tri
c 

fie
ld

 [k
Vm

m
]

pos. ions
neg. ions
electrons

field

Figure 9: A simulated avalanche in a Timing RPC. We show snapshots of the charge configura-
tion in a 0.3 mm gas gap (500 steps). The distributions of electrons, positive and negative ions
are shown and correspond to the axes on the left. Thez-components of the electric field across
the gap is also plotted and correspond to the axes on the right. The last image is the induced
current signal.

We observe a discrepancy of up to nine orders of magnitude! We chose 500 steps for
the 1.5-D simulation of avalanches and accumulated charge spectra of the induced chargeQind

and of the total signal chargeQtot for Timing RPCs including a space charge effect. A typical
simulated avalanche in a 0.3 mm single gap Timing RPC filled with C2F4H2/ i-C4H10/ SF6

(85%, 5%, 10%) at a high voltage of 3 kV is shown in Fig. 9:
(a) In the first image att = 0 ns the passage of a 7 GeV pion generates three primary clusters;

one cluster consisting of one electron-ion pair and two clusters with two electron-ion pairs
each. The electrons are then drifting towards the anode atz = 0.3 mm.

(b) The electrons in the cluster closest to the anode have left the gas gap att = 0.17 ns.
(c) The two remaining electron clusters grow further.
(d) The second electron cluster has left the gap att = 0.42 ns. We observe how the space

charge begins to influence the electric field. The field is increased at the tip and at the
tail of the last electron cloud in the gas gap while at its center it is about 15% lower.
As a consequence, we find regions with increased multiplication and regions with slower
multiplication. Because of the resistivity of the anode layer all charges that reach the
anode ’stick’ to the electrode surface. Their presence influences the electric field in front
of the anode.

(e) The closer the cluster approaches the anode, the higher the field at its tip gets. Att =
0.76 ns the maximum space charge field has a value that exceeds the applied electric
field (at the tip of the avalanche) while in the center of the electron cloud the field is
halved. Here we find strong attachment of electrons and large amounts of negative ions
are formed.

1) The time constantτ is given byτ = ρε0εr, whereρ [Ωcm] is the volume resistivity of the material,ε0 is the
dielectric constant of vacuum andεr is the relative permittivity of the resistive material
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(f) Due to the many electrons that have entered the resistive anode surface the field drops
dramatically. From now on there is strong attachment of the remaining electrons in the
gas gap and the drift velocity is decreased. The amount of negative ions in front of the
anode grows rapidly.

(g) At t = 1.42 ns all electrons have either left the gap or got attached. The field in front of
the anode is lowered to only 40% of the applied electric field.

(h) In the last image we show the induced current signal.
In Fig. 10 we show simulated and measured spectra of the total signal charge in a 0.3 mm

single gap Timing RPC at high voltages of 2.3 kV, 2.5 kV and 2.8 kV. The mean of the simu-
lated spectra is around a factor two larger than the measured one. But as compared with the
discrepancy of several orders of magnitude that we observed if a space charge is neglected, we
can consider the simulation to be close to the measured values. Also the shape of the spectra is
very similar to the measured data.

An uncertainty concerning the value of the Townsend and attachment coefficientsα(E/p)
andη(E/p) at large electric field strengths is a possible reason for the small deviation of the
average values of the spectra. It turns out that a decrease of the value ofα(E/p) by 10% leads
to a decrease of the mean value of the spectra by 30%. Since measurements ofα(E/p) and
η(E/p) at the large values of the electric fields observed in RPCs are not available, an error of
10% or even more is certainly imaginable.

2.3.2 Operational Mode of RPCs
From wire chambers filled with a quench gas with good UV absorption it is known that

for certain high voltages one observes a region where the charge is proportional to the primary
charge (proportional mode). Here the charge increases exponentially with the high voltage.
After this one encounters the very narrowspace charge modeof usually less than one hundred
Volts where the charge growth deviates from the exponential. When further increasing the high
voltage, the average charge suddenly increases by a factor 10 to 100 (limited streamer mode).
At even higher voltages, the charge continues to rise more slowly up to the generalbreakdown
of the chamber or theGeiger-M̈uller mode.

For parallel plate geometries like RPCs and neglecting space charge effects we expect
an exponential dependence of the charge on the effective Townsend coefficientαeff = α − η.
Since at high fields the dependence ofαeff on the fieldE is approximately linear (Fig. 3), the
relation between the charge andE will be approximately exponential, as for wire chambers. As
can be seen in Fig. 11, the Timing RPC shows this exponential behavior at low fields, which
is however giving charges that are too small for efficient detection. We also observe that in
the broad operational region (in the case of the 0.3 mm gap Timing RPC from around 9 to
11 kV/mm) the detector is operated in space charge mode.

The value of the charge depends first exponentially on the applied high voltage but then
the dependence becomes approximately linear, which is also an observed experimental fact (for
example, see Fig. 3 in [30] and Fig. 5 in [9]). Only at very high fields the occurrence of streamers
is experimentally observed, which limits the space charge region towards higher voltages.

2.3.3 Signal Rise Time
At the discriminator threshold level of 10 to 100 fC the avalanche in an RPC generally

consists of more than 106 electrons. It turns out that at that level the space charge effect does
already have an influence on the avalanche growth and hence the signal rise time. Fig. 12b
shows the intrinsic time resolutions for single gap Timing RPCs at 3 kV for two cases: In the
first case we included the space charge effect in the simulation, in the second we did not include
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The temperature isT = 296.15 K and the pressurep = 970 mbar. b) Measured spectra from [9].
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Figure 14: The value off0 = (α− η)vD. We show simulated values (the solid circles) forQ1 =
40 fC andQ2 = 80 fC and measurements (open circles) from [32].

it. We find that the mean is shifted slightly but the r.m.s. is almost unaffected. It seems that even
though the space charge effect affects the signal rise time, its influence on the time resolution
is negligible. To illustrate this result, we investigate single avalanches in Fig. 13, where the in-
duced charge versus time is plotted for ten avalanches that were started by single electrons. The
very beginning of the avalanche determines its final size [14]. This means that the fluctuation in
the threshold crossing time, which determines the time resolution of an RPC, is caused by the
avalanche fluctuations at a level where the avalanche is still small. An avalanche that is initially
growing more rapidly reaches the threshold sooner than an avalanche that undergoes a slow ini-
tial growth. Once the avalanche has reached a sufficient size (&10 fC), it grows exponentially
like e(α−η)z, if we neglect a space charge effect. Thus the avalanche growth is similar for differ-
ent avalanches, once they have reached that size. The space charge effect introduces a deviation
in the signal rise from an exponential (saturation), which explains the shift of the mean times.
However, this deviation is similar for all signals so that the time resolution is not affected. If we
overlay the different curves from Fig. 13a at the threshold level, which is done in Fig. 13b, we
find that they are almost indistinguishable. This shows that the time resolution is determined by
avalanche fluctuations at the very beginning and that space charge has no influence on it.

Finally we want to compare the signal rise times to measurements. An induced current
signal would rise likeexp(f0t), wheref0 = (α − η)vD, if no space charge effect is present.
In [31] the authors show that sending this signal through a general linear network, the output
signal shows the same exponential rise andf0 can be measured by setting two thresholdsQ1

andQ2 to the signal. From the two threshold crossing timest1 andt2 one findsf0 by

ln(Q2/Q1) = f0 (t2 − t1) . (5)

This relation holds only if the input signal is exponential at the threshold crossing times.
Fig. 14 shows measured [32] and simulated values off0 for different voltages in single gap
Timing RPCs. The simulation is quite close to the measurement. The deviation of the measured
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and the simulated value of the expected valuef0 = (α − η)vD = 23.5 GHz is the consequence
of the non-exponential growth of the avalanches at the threshold level due to the space charge
effect, as it was plotted in Fig. 12.

2.3.4 Charge-to-Time Correlation
We now investigate detector-intrinsic charge-to-time correlations without electronics. In

Fig. 15 we plot the time at which the threshold of 10 fC is crossed by the signals versus the in-
duced charge. We observe a triangular distribution that we will explain in the following. We will
use the expressionleading cluster, which refers to the cluster that is deposited at the position
closest to the cathode. In general, the total signal charge is determined by the leading cluster
because it has the longest drift distance and can thus reach the largest number of charge carriers.
In Fig. 16 we show how the total signal charge is correlated to the position of the formation of
the leading cluster. Obviously the signal charge is largest for avalanches with a leading cluster
closer to the cathode. But let’s come back to the charge-time correlation in Fig. 15. In the plot
we have marked three zones that form the limits of the distribution:
Zone 1: The value of the threshold defines this limit. Avalanches that do not cross the threshold

do not appear in the distribution.
Zone 2: Here we find the events with a very fast signal rise time. The fastest possible signal

rise defines this limit. The signal rise time is determined by the avalanche statistics. As
mentioned before, the very beginning of each avalanche determines its final size. Thus
also the threshold crossing time is determined by the early stage of growth. In zone 2 we
find no correlation of the threshold crossing time to the charge. To understand this we
assume that the leading cluster determines the timing and that it is crossing the threshold
very early. The position in the gas gap where it is deposited is randomly distributed.
According to Fig. 16, the avalanche charge will be very high if it is deposited close to
the cathode. Correspondingly the charge will be very low if it is deposited closer to the
anode. In that case it may just be large enough to cross the threshold. As a consequence,
the charge is not correlated to the time in this zone.

Zone 3: Here we find the events with a slow signal rise time. We observe a clear correlation of
the threshold crossing time to the charge. Towards higher values of the total signal charge
the signal rise is becoming faster. To understand this we again assume that the leading
cluster determines the timing. The signals with the highest charges have a leading cluster
that was deposited close to the cathode. They also have a fast signal rise time, meaning
that the corresponding avalanches underwent a fast early growth. On the other hand the
events with the slowest signal rise time are connected to avalanches with lower values of
the total signal charge. This can be understood if one imagines that an avalanche with the
leading cluster close to the cathode has to undergo a very slow growth process in order to
arrive at a small final charge.
To further illustrate the charge-to-time correlation we simulated avalanches that were

started by one electron either at randomz-position in the gas gap or right at the cathode at
z = 0. Fig. 17 shows that for a given avalanche charge the signals with the slowest signal rise
time are given by avalanches that are started at the (close to the) cathode. The highest charges
are reached by avalanches starting at the (close to the) cathode and undergoing a fast initial
growth process.
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3 The 2-D Model
Again we use cylindrical coordinatesr, z andφ and assume rotational symmetry of the

avalanche around the z-axis. The simulation routine has the following basic structure:
1. A cylindrical volume of the gas gap is divided into a two dimensional grid of ther-

andz-coordinates. If thez-coordinate is divided intoNz steps of sizeδz = g/Nz, the
corresponding time steps of the simulation areδt = δz/vD(E0, p), wherevD(E0, p) is
the electron drift velocity at the applied electric fieldE0. Ther-coordinate is divided into
Nr steps of an appropriately chosen sizeδr. The charge that is situated in the grid point
(r′, z′) is actually a charge ring of sizeδr andδz centered at thez-axis.

2. One electron is put inside the volume.
3. A two dimensional electric field vector (Ez, Er) at each bin is calculated, if there is at

least one electron in that bin. The procedure is described in more detail in section 3.1.
4. The Townsend and attachment coefficients, the drift velocity and the diffusion coefficients

at each bin are calculated according to Figs. 3 and 4.
5. The avalanches for each single electron are simulated according to the procedure de-

scribed in [14]. The electrons are propagated. The procedure is described in section 3.2.
6. Steps 3 - 5 are repeated until all electrons have left the gas gap or got attached.

We assume a detector geometry as in Fig. 1b, where only one electrode is made of a resis-
tive material and the other one is made of aluminum. We assume that the conductive electrode
is the anode and that the cathode is made of 3 mm thick glass. Due to the conductivity of the
anode, the electrons entering the anode plate disappear instantly. They do not contribute to the
electric field in the gas gap.

3.1 Calculation of the Electric Field Vector
To calculate the electric field~Ering of a free charged planar ring containing the unit

charge, we integrate over the electric field solution~Epoint of a free point charge in cylindri-
cal coordinates:
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~Ering =

∫ 2π

0

~Epoint dφ
′ . (6)

r′, z′ give the radius and position of the ring and(r, φ, z) is the point of observation. Due
to the rotational symmetry, we can chooseφ = 0. We obtain

Er(r, z, r
′, z′) ≈ Q

2πε2

1

r a2 b

[
c2 E

(
−4rr′

b2

)
+ a2 K

(
−4rr′

b2

)]
, (7a)

Eφ(r, z, r′, z′) = 0 , (7b)

Ez(r, z, r
′, z′) ≈ Q

πε2

(z − z′)
a2b

E

(
−4rr′

b2

)
, (7c)

where

a2 = (r + r′)2 + (z − z′)2 , (8a)

b2 = (r − r′)2 + (z − z′)2 , (8b)

c2 = r2 − (r′)2 − (z − z′)2 (8c)

and

K(x) =

π
2∫

0

1√
1− x sin2(ξ)

dξ , E(x) =

π
2∫

0

√
1− x sin2(ξ) dξ . (9)

K(x) andE(x) are the elliptic integrals of the first kind and of the second kind.
In the simulations we approximate the field of the space charge in the gas gap at the grid

point (z′, r′) with the sum of the fields of free charge rings (with radiusr′ at z′) and of mirror
charge rings on the anode side (with radiusr′ at 2g − z′). The field of a mirror charge ring can
be calculated by simply substitutingz′ with 2g − z′ in Eqs. 7a and 7c. The field at (r = r′,
z = z′) is not included in the calculation of the space charge field due to the divergence of Eqs.
7a and 7c at this point.

3.2 Propagation of the Charges
Knowing the electric field strength at each grid point, the charges can be propagated. With

the absolute value of the electric fieldE = | ~E(r, z)| =
√
E2
r (r, z) + E2

z (r, z) at the grid point
(r, z), we obtain the values of the Townsend coefficientα(E/p) and attachment coefficient
η(E/p), the drift velocityvD(E/p) and the longitudinal and transverse diffusion coefficients
DL(E/p) andDT (E/p). As the next step, the electrons at each grid point are multiplied, ac-
cording to the procedure described in [14]. The electrons are moved to a new grid point that lies
in the direction of the drift velocity vector~vD, which is parallel to the vector of the electric field
~E. We also include diffusion here, keeping in mind that longitudinal diffusion is always in the
direction of ~E, which is not necessarily parallel to thez-axis. Accordingly, transverse diffusion
is perpendicular to~E. In a coordinate system with̃x, ỹ, z̃ and with thez̃-axis parallel to~E, the
propagation and diffusion are calculated the following:
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– The newx̃-coordinate is calculated by drawing a random number from a Gaussian distri-
bution with meanµ = 0 and sigmaσ = DT

√
δl = DT

√
|vD| δt. Hereδl is the drifted

distance andδt is the time step of the simulation.
– The newỹ-coordinate is calculated accordingly.
– The newz̃-coordinate is calculated by drawing a random number from a Gaussian distri-

bution with meanδl and sigmaσ = DL

√
δl = DL

√
|vD| δt.

Since the electric field has in the main coordinate system the directionθ, the propagation
has to be rotated. Forθ we find the relations

cos(θ) =
Ez
|E|

and sin(θ) =
Er
|E|

.

Since the problem has cylindrical symmetry we can chosex = x̃. The rotation is then
performed by

 x
y
z

 =

 1 0 0
0 cos(θ) sin(θ)
0 − sin(θ) cos(θ)

 x̃
ỹ
z̃

 (10)

With the new coordinatesr =
√
x2 + y2 andz the electrons are redistributed onto the

bins. For large numbers of electrons this procedure becomes very time consuming. In that case
the electrons are propagated in groups.

3.3 Comparison of the different models
In this section we compare the results of the two different simulation models. Figs. 18a

and 18b show the development of the total number of electrons in random avalanches started by
one electron at the cathode. We observe that the initial growth is very similar for the different
models. The avalanches reach their maxima at the same time step. At the stage where the number
of electrons is large, the growth rate is suppressed to a larger extend in the avalanche that is
simulated with the 1.5D model. Even though the initial growth of this avalanche was stronger,
the maximum number of electrons is only around a third of the number that is obtained with the
2-D model. The saturation effect is stronger in the 1.5-D case. Two reasons can be given:

– In the 1.5-D model we calculate thez-component of the electric field of radial Gaussian
charge distributions, namely always atr = 0, in the center of the avalanche. However,
here the field has the largest value. In a real avalanche electrons are also situated at other
positions withr 6= 0, where the field is less strong. This means that in the 1.5-D simula-
tion we calculate a space charge field that is somewhat too strong.

– The electron clouds are distorted transversely by the attractive and/or repulsive space
charge fields. In the 1.5-D model, on the other hand, the standard deviationsσ of the
radial Gaussian charge distributions depend only on the transverse diffusion. If we accept
that the radial repulsion of the electrons in the center and at the tip of the electron clouds
leads to an increase of the radial spread of the avalanche, thenσ is chosen too small. Thus
we will overestimate the radial charge density in the 1.5-D model. Thez-component
of the electric field of radial Gaussian charge distributions with differentσ can differ
considerably. As as a result, the space charge effect is overestimated in the 1.5-D model.
After the maximum is reached, the electron number decreases due to attachment and due

to the fact that electrons enter the anode and leave the gas gap (compare to Fig. 9). The decline
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Figure 18: Comparison of two random avalanches that were simulated with the different models
that implement the space charge effect. We simulated a Timing RPC at a high voltage of 2.8 kV
filled with the standard gas mixture C2F4H2/ i-C4H10/ SF6 (85%, 5%, 10%) atT = 296.15 K
andp = 1013 mbar. The avalanches were started by one electron at the cathode. In both models
we used a division of thez-axis into 300 steps. In the 2D model ther-coordinate is divided in
150 steps. a) The total number of electrons versus time. b) The same plot on a linear scale. c)
The induced current versus time. d) The induced charge versus time.
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of the electron number is faster in the case of the 1.5-D model. Here propagation is only allowed
longitudinally along thez-axis. Since the calculated space charge fields are stronger in the 1.5-D
model than in the 2-D model, the region with strong attachment is larger in the 1.5-D case.

The induced current signal and the development of the induced charge are shown in Figs.
18c and 18d. The charges that are induced by the avalanches are 0.27 pC for the 1.5-D model
and 0.52 pC for the 2-D model. The difference is about a factor of two. The charge of the ions
in the gas gap at the time when the electrons have all either entered the anode or got attached2)

is 1.79 pC for the 1.5-D model and 4.05 pC for the 2-D model.

3.4 Results for Timing RPCs
3.4.1 Electron Density

Fig. 19 shows the electron distribution in an avalanche that was started by a single electron
at positionr = 0, z = 0 and att = 0 ns. From the cathode the electron crosses the whole gap
and reaches a maximum size of almost4× 107 electrons.

(a) On the first image att = 1.0 ns we observe that the shape of the distribution differs from a
strictly Gaussian shape. It is very similar to the shapes that were obtained with the 1.5-D
model (see Fig. 9). At the tip of the distribution the multiplication is very strong while at
the tail it is less strong.

(b) At t = 1.05 ns the peak of the electron distribution reaches the anode. The actual drift
velocity in the gas and at the applied field strength would lead to a drift time oftD =
0.3 mm/(0.2 mm/ns) = 1.5 ns. Nevertheless, diffusion combined with the repulsive space
charge field that acts on the electrons at the tip of the distribution lead to an acceleration
of the electrons there.

(c) At 1.19 ns many electrons have already entered the conductive anode. The shape of the
distribution changes dramatically from now on.

(d) At 1.29 ns the electrons close to the anode disappear rapidly. They are attached to the
electronegative gas components due to the lowered field in this region.

(e,f) The electrons leave the gas gap or get attached. The electron density in the center of the
avalanche at small values ofr decreases faster than further ’outside’.
Fig. 20 shows a contour plot of the electron density in a cluster of electrons that moves

towards the anode atz = 0.03. While in the first image att = 0.5 ns, where the avalanche is
still relatively small (≈ 8 × 105 electrons), the shape of the distribution is roughly symmetric,
it is different in the second image (t = 0.65 ns). Here the avalanche has reached a size of about
1.3 × 107 electrons and the electrons at the tip of the electron cloud are repelled transversely
from the center atr = 0 by repulsive space charge fields, while at the tail of the distribution
they are attracted by a field of opposite sign. We shall investigate the radial space charge field
in more detail in a later section.

3.4.2 Total Ion Density
We now focus on the ion distribution. Fig. 21 shows the total ion density in an avalanche

that was started by a single electron at positionr = 0, z = 0 and att = 0 ns. We show the
number of positive ions minus the number of negative ions at each grid point.

(a) The shape of the distribution of ions att = 0.71 ns represents an approximately exponen-
tial avalanche growth combined with diffusion. The avalanche consists of about1 × 106

electrons.

2) This is the number of positive ions minus the number of negative ions. It is not to be confused with the total
signal chargeQtot that is given by the number of positive ions.
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Figure 19: Electron density in an avalanche in a 0.3 mm gap Timing RPC filled with the standard
gas mixture and with an operating voltage of 2.8 kV. The avalanche was started by one electron
at (r = 0 mm,z = 0 mm).
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Figure 20: Electron density in an avalanche in a 0.3 mm gap Timing RPC filled with the standard
gas mixture and with an operating voltage of 2.8 kV.

(b) At t = 0.81 ns the shape is different. As the electron cloud propagates, the multiplication
and thus the increase of the number of ions is smaller than before. The same effect was
found in the 1.5-D simulations (see Fig. 9).

(c) At 1.05 ns the avalanche has reached the anode. The shape of the ion distribution is very
similar to the shape of the electron distribution as shown in image 19b.

(d) At 1.14 ns the number of positive ions close to the anode decreases rapidly, which is due
to the attachment of electrons in that region (compare with Fig. 19).

(e) At 1.24 ns the number of negative ions grows further, leading to a reduction of the density
of positive ions.

(f) At 1.95 ns most electrons either entered the anode or got attached. The density of positive
and negative ions close to the anode is similar so that the overall ion density approaches
zero here (compare to Fig. 9).

3.4.3 Electric Field
The value of the electric fieldE(r, z, t) = | ~E(r, z, t)| sensed by the electrons in the

gas gap determines the values of the gas parameters (Townsend and attachment coefficients,
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Figure 21: Ion density (number of positive ions minus number of negative ions) in an avalanche
started by one electron at (r = 0, z = 0)in a Timing RPC at an operating voltage of 2.8 kV.
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Figure 22: Absolute value of the space charge field. The field is set zero at all grid points where
no electrons are situated.

diffusion coefficients and drift velocity). Fig. 22 shows the absolute value ofE(r, z, t) at differ-
ent times and at the different grid points where electrons are situated. Again we simulated an
avalanche that was started by a single electron at the positionr = 0, z = 0 and att = 0 ns. We
show the value of the electric field contributed by the avalanche charges (the space charge field).
The total field can be calculated by adding the applied external electric fieldE0 = 93.3 kV/cm.
(a,b) In the initial phase of the avalanche, where the electron cloud has not yet reached the

anode (att = 0.81 ns and att = 1.0 ns), the electrons are distributed both in regions
with increased and lowered electric field strength. While at the tip, where the field can be
increased dramatically, the electron density is large (compare to Fig. 19a), there are only
a few electrons at the tail, where the field is increased as well.

(c) At a later stage (att = 1.14 ns), where the avalanche has reached the anode and consists of
about5.1×107 electrons, the field is lowered almost everywhere, where we find electrons.
But still we find a region at the tail of the electron cloud, where electrons sense an electric
field strength that is increased by up to 40%.

(d) The electrons then all enter the region of decreased electric field strength in front of the
anode. Att = 1.48 ns, where the avalanche has5.1×105 electrons, and at all later stages,
the electrons will sense an accordingly lowered drift velocity and effective Townsend
coefficient.
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From this data we learn that there are regions of drastically decreased electric field
strength in an avalanche that are the cause of the saturated growth and the low observed final
avalanche charges. We also observe regions where the electric field is increased dramatically,
but there is only a minority of electrons situated in those regions. The increased multiplication
at the regions of higher field strength is more than compensated by the dramatically decreased
multiplication in the center of the electron clouds.

3.4.4 Effective Townsend Coefficient
In this section we investigate the value of the parameter that determins the avalanche

multiplication during the evolution of an avalanche in the gas gap of a Timing RPC: the ef-
fective Townsend coefficientαeff (r, z, t) = α(E(r, z, t)/p) − η(E(r, z, t)/p). Fig. 23 shows
the value ofαeff (r, z, t) at different times and at the different grid points given by ther- and
z-coordinates. Again we simulated an avalanche that was started by a single electron at the po-
sition r = 0, z = 0 and att = 0 ns. A positive (negative) effective Townsend coefficient means
that on average the number of electrons in the corresponding grid point will increase (decrease).
We callα0 the value ofαeff (r, z, t) at the applied electric field strengthE0.

(a) At t = 0.95 ns the avalanche has almost reached the anode and consists of around1.9 ×
107 electrons. The deformations in the distribution of the effective Townsend coefficient
in the gas gap are very large. At the tip (tail) of the electron cloud the increase is more
than 100% (50%) as compared toα0, in the center the effective Townsend coefficient is
just negative.

(b) At t = 1.0 ns the first electrons have reached the anode. Now the effective Townsend
coefficient reaches a value of three timesα0. In the center of the electron distribution,
where most of the3.0× 107 electrons are situated, the value ofαeff (r, z, t) is negative.

(c) At t = 1.1 ns the avalanche has grown to about6.1 × 107 electrons. Up to now at most
positions the value ofαeff (r, z, t) was still positive. Now we find a region in front of the
anode whereαeff (r = 0, z → g, t) < −1000 /cm.

(d) At t = 1.24 ns most electrons are situated in the region of very low effective Townsend co-
efficient in front of the anode. In the largest fraction of this region the value ofαeff (r, z, t)
is negative. The minimum value is around−1500 /cm. Accordingly, the number of elec-
trons has dropped to2.3 × 107. However, in the region further away from the anode, we
still find a region of strong multiplication with an effective Townsend coefficient up to
150% increased as compared toα0. As was mentioned earlier, in this region the electron
density is small so that the effect on the avalanche growth at this stage is small.

(e) At t = 1.31 ns the number of electrons has dropped to1.9 × 106 electrons. Almost ev-
erywhere the effective Townsend coefficient is much lower thanα0. The minimum value
reaches−6000 /cm!

(f) At t = 1.62 ns the few electrons left in the gas gap undergo strong attachment. The
minimum value ofαeff (r, z, t) is around−2000 /cm.

3.4.5 Radial Electric Field
The value of ther-component of the electric fieldEr(r, z, t) that is sensed by the electrons

in the gas gap is the parameter that determines the radial spread of the electron cloud on top
of the transverse diffusion. Fig. 24 shows the value ofEr(r, z, t) at different time steps and at
the different grid points where electrons are situated. Again we simulated an avalanche that was
started by a single electron at positionr = 0, z = 0 and att = 0 ns.

(a) t = 0.81 ns: At the early stages of the avalanches, where no electrons have yet reached
the anode, the electrons are attracted (repelled) to (from) the center of the avalanche at
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Figure 23: Effective Townsend coefficient at the positions where electrons are situated in the
gas gap.
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Figure 24:r-component of the space charge field. The field is set zero at the points where no
electrons are situated.

r = 0 at the tip (tail) of the avalanche (compare to Fig. 20).
(b) t = 1.0 ns: The first electrons reach the anode.
(c) t = 1.1 ns: As many free electrons have left the gas gap, the density of positive ions

now is larger than the density of electrons. The field now attracts electrons to the center
everywhere.

(d) t = 1.57 ns: The value ofEr(r, z, t) is decreasing.
Generally we observe that the radial space charge field reaches values that are comparable

to the longitudinal space charge field.

4 Summary and Conclusions
We have applied standard detector physics simulations to RPCs and find good agreement

with measurements. While from the simple electric field configuration found in the gas gap of
an RPC one might expect a just as simple description of the avalanche propagation, it turns out
that the physical processes are very complex. The detailed simulation of the signal development
demands for the dynamic calculation of the electric field that is sensed by the electrons in the
avalanche and that is contributed by the positive and negative avalanche charges. Especially at
the final stages of the avalanche development this space charge field can easily reach the same
strength as the applied electric field. We can roughly divide this field into three zones: In the
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two zones at the tip and at the tail of the electron distributions the total electric field is increased
by the space charge field. At the center of the avalanche, where most of the electrons are situ-
ated, the total electric field is strongly decreased. Assuming an avalanche in an electronegative
gas, we find negative values for the effective Townsend coefficient and thus strong attachment
here. At a later stage, when the electron cloud has reached the anode, almost all electrons are
situated in that zone of extremely lowered field strength and attachment dominates. Moreover,
we find that the radial electric field contributions of the space charge are within the same order
of magnitude as the applied electric field. Thus the influence of this effect on the radial spread
of the avalanches at large gas gain is large.

The detector behaviour is well understood. The experimentally observed average avalanche
charges and the shapes of charge spectra can be explained with standard detector physics and
the values of the gas parameters as predicted by HEED, MAGBOLTZ and IMONTE. Contrary
to wire chambers, RPCs operate in a strong space charge mode. The experimental result of a
first exponential and then linear dependence of the average charges on the high voltage is repro-
duced by the simulations. The space charge effect affects the signal rise already at the threshold
level but has no influence on the time resolution.
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