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gas gaps operated in avalanche mode at atmospheric pressure have
reached timing accuracies below 50 ps (standard deviation) with
efficiencies above 99% [2]. The avalanches in high homogeneous

electric fields of 100kV/cm are strongly influenced by space

charge effects which are the main topic of this article. We a)
extend a previously discussed Monte Carlo simulation model HV
of avalanches in resistive plate chambers [3] by the dynamic

calculation of the electric field in the avalanches. We complete

the previously presented results on time resolution and efficiency

data with simulated charge spectra. The simulated data shows Gas Gap 0.3mm
good agreement with measurements. The detailed simulation of

the avalanche saturation due to the space charge fields explains Hy |
the small observed charges, the shape of the spectra, and the linear
increase of average charges with high voltage.
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I. INTRODUCTION rl;

ESISTIVE Plate Chambers (RPCs) were originally op- Glass 2mm
erated in streamer mode providing large signals which ~ Gas Gap 0.3mm —
simplifies readout electronics and gap uniformity requirements.
However, high rate applications and detector aging issues made C)
the operation in avalanche mode popular. This was also facili- HY
tated by the development of new highly quenchingFgH,-
based gas mixtures [4]. While the physics of streamers Fig. 1. RPC geometries similar to the ones developed by P. Fonte et al. [2],
difficult to study, the avalanche mode opened the possibili@' (61
for a detailed simulation of the detector physics processes in
RPCs.

In this article we discuss the avalanche propagation, chaftj¢ gas gain has to be extremely large to ensure that enough
spectra and average avalanche charges in Timing RPCs, ugiviglanches reach the threshold and thus explain the measured
the devices by P. Fonte et al. [2], [5], [6] as exampleRPC efficiencies. In that case only a strong space charge effect
They have 0.3mm gas gaps and resistive glass plates witweuld explain the observed small avalanche charges of around
volume resistivity of about 210'2 Qcm. The gas is €F,Ho/i- 1 pC. The influence of the electric field of the avalanche charges
C4H0/SF; 85/5/10 and the operating voltage is 6 (3)kV fofthe influence of thepace chargeon the applied electric field
the double (single) gap RPCs, resulting in an electric field & in the gas gap of an RPC is shown schematically in Fig.
100kV/cm in the gas gaps (Fig. 1). 2. The electric fieldE; sensed by the majority of the moving

In order to explain the high efficiencies of RPCs, a largelectrons in the center of the avalanche is reduced. At the tip
ionisation density and large gas gain are required. A larged tail of the avalanche the fields, and E3 are increased.
ionisation density is necessary to ensure a high probabilityis not obvious whether an avalanche can progress under
for the deposit of electron clusters close the cathode. Frdhe extreme conditions necessary for the suppression of high
here the avalanches can cross a large fraction of the gap &harges without developing into a streamer at one of the points
due to the exponential growth they can reach sufficient siz¢bere the field is increased [7].
to be detected. Even in the case of a large ionisation densityPrevious simulations show that the measured efficiencies and
, . time resolutions of Timing RPCs can be reproduced using a
Manuscript received Nov. 7, 2002. Author Contact Address:. . . .
EP-Division. CERN, CH-1211 Geneva 23, Switzerland, Emaioimulation model that assumes a uniform electric field equal
Christian.Lippmann@cern.ch, Werner.Riegler@cern.ch to the applied field [3]. However, the simulated avalanche
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Fig. 2. A schematic image of an avalanche in a parallel plate geometry [7].

charges differ from measurements by a factor of up t6 10
and the obtained charge spectra show an exponential shape ©
while measurements show a very different shape (For example,,,
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see [6]). In this article we extend the model from [3] by the [ [foas] . T E P
inclusion of the space charge effect, by dynamically calculating °f =/ h 3 v it Eb
the electric field of the avalanche charges and adding it to thezs| ./ F feds 116
applied electric field [8]. We shall see that a careful study of 20f~" - '1 negative 19
the electric field deformations in the avalanche can accurately 1s - T A, O J10
explain the small observed charges. 10} 3 | i
5 3 I J 4
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Monte Carlo simulation procedures of RPCs have been

reported in [3], [8-10]. As mentioned pr_ewou.sly, our Sm_mFig. 3. A simulated avalanche. We show snapshots of the charge configuration

lation procedure bases on the one described in [3]. The infruk 0.3 mm single gap. The distribution of positive ions, negative ions and

parameters are electrons at different time steps is shown a_n_d cor_responds to the left axes
(number of charges per step). The gap is divided in 500 steps. The electric

« the average distance between primary clusters field is also plotted (right axes; kV/mm). The applied high voltage is 3KV,
« the probability distribution for the number of electrons pe#=1013mb,7=296.15K.
cluster,

« the Townsend coefficient, . .
. the attachment coefficient, layers [14], [15]. The space charge at each step is contained

« the drift velocityv of electrons in the gas and transdverdsedly i'n .diSkaWEh Gaussian cZarge gistributic;)nﬁ. The
the transverse and longitudinal diffusion coefficients D'St"_"n ar eV|at|9n of the Gaussians epen shprand the
and D. drift distance. With the value of the electric field we calculate

. . ..., the values of the paramet andv at each step.
These parameters and their dependence on electric field anﬁihe induced cu‘r)rent one;iSpTi]ckup electrode is P

pressure are obtained by the programs HEED [11], MAG-

BOLTZ [12] and IMONTE [13]. Details are given in [3]. SN B o

While the electrons in the gas gap drift towards the anode, ilt) = Ew - 0(t)  N(t) - @)
their multiplication will statistically fluctuate around an average where E,, is the normalised weighting field anfy(t) is
given by an exponential lawa(6z) = exp((a — 1)dz). The the number of charge carriers moving with velocitgt). For
simulation employs a one dimensional model in the sense tlamalytic formulas for the weighting field in an RPC see [14],
the propagation of the avalanches is simulated on a linez{the[16].

axis) through the gas gap, which is divided into several stepslf we accept that a space charge effect limits the maximum
The new ingredient is the calculation of thecomponent of charge carried in an avalanche, which can be simulated in a
the electric field at each step where electrons are found ardde way by cutting the avalanche growth at a certain size
after each time step [8]. For the field of the space charge, e 1.6x 107 electrons for the discussed RPC geometry), we
use analytic formulas for the potential of a point charge ifind satisfactory results [3], [17] also for the charge spectra [4].
an infinite plane condenser with three homogeneous dielectrricthis article we shall present results using the more correct



g % L = remaining in the gas gap is lowered to half the applied electric
S F [_No Space Charge Effect | ] field value Ey, while at the tip its value is more than doubled.
3 80 T Q= 8.7 x 107pC = The drift velocity at the tail of the electron cloud is lowered
70 B = such that the electron distribution is becoming wider. After this
i ] stage the electrons moving in the gap are all in a region of
60 i E decreased field strength. This is due to the amount of positive
50 E- = ions remaining in the gap (they are drifting much slower than
F 3 the electrons), but also the electrons that reached the anode
405 e stick on the resistive surface and lower the field just before
30 [ = the anode. At this stage we find strong attachment and small
2 3 E drift velocities (See image at 1.04ns in Fig. 3). The process
c : of electron attachment creates negative ions. After all electrons
10 - either left the gas gap or got attached, we find a majority of
0 S AR : . ] negative ions just before the anode (See image at 1.58ns in
a) 0 1 2 3 4 5, Fig. 3).
total signal charge [pC] x10 Simulated spectra are shown in Fig. 4. The saturation effect
0 70 ] due to the space charge field suppresses the large charge values
c °F . and leads to a shape of the spectrum that is different from
§ 60 ’ Space Charge Effect |_' exponential. The average charge of around 2pC is close to
F Q71.95pC - measured charges and also the shape of the spectrum matches
50 i experimental results very well (For example, see [6]).
a - The assumption that the transverse dispersion of the
40 - avalanche is given only by diffusion is certainly underestimat-
- . ing the real radial spread of the electrons, especially at a later
30F - stage, where a strong space charge effect will lead to repulsion
- ] of electrons in the avalanches head. This is also clear from
201 = Fig. 2. A detailed study of the radial space charge fields would
C ] clarify the effects on the avalanche propagation but lies beyond
10 - the scope of this article.
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b) 0 2 10 A. Streamers

4 6 8
total signal charge [pC] The phenomenon of streamers in RPCs is discussed in detalil

Fig. 4. Simulated charge spectra for a single gap Timing RPC at 3ku;,] [71. A”Qde streamers form ?.t the tip of a moving cluster Of
p=1013mb and T=296.15K. The mean charge is indica®@g,]. a) Space e€lectrons in an avalanche while cathode streamers form at its
charge effect is not included in the simulation. b) Space charge effectjgj| [18]. The presence of a big space charge is a necessary
included. requirement for the development of a streamer. This space
charge can be either ions from previous avalanches, that have
treatment of saturation by including the actual electric field &t Yet left the gas gap or the charge carriers of the avalanche
the space charge. |ts<_elf. The second phe_nome_npn Ieads_ to thef avalanche itself
being the cause of its instability. The field of its space charge
at some point exceeds some critical value so that the more
or less well regulated avalanche propagation transforms into a
As discussed previously, the electric field of the positivetreamer. When streamers reach both electrodes a channel of
and negative avalanche charges reduce the field sensed byhigh conductivity is formed between the electrodes, leading to
electrons in the center of the avalanche. A lowered field strengthocal discharge in the RPC [19].
reduces the effective Townsend coefficient; ; = oo —  and Fig. 5b shows the evolution of the peak value of the electric
therefore the gas gaimv.ry can even reach negative valuesield strength in the RPC gap in simulated avalanches. We see
leading to the attachment of free electrons. that the field can easily reach double or three times the value of
A simulated avalanche consisting of three primary clusteE. At very high fields, where measurements show a significant
in a single gap Timing RPC is shown in Fig. 3. The first twastreamer probability, the simulations still show a saturated
clusters have merged by diffusion at 0.61ns. Here we alawalanche. Measurements show that at applied field strengths of
observe that the space charge begins to alter the electric fieztdund 10 kV/mm in four gap Timing RPCs, streamers occur
in the gap. As in Fig. 2, the field is lowered in the center ofith a probability of around 1%, typically releasing a pulse
the electron cloud and increased at it's tip and tail. At 0.91md 20 pC [2], [5]. At higher voltages the streamer probability
we observe that the field at the center of the electron cloud sidl growing up to 25% at around 11kV/mm. Therefore the

I1l. AVALANCHES IN RPCs, DISCUSSION
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Fig. 5. a) The total number of charge carriers in simulated avalanches stafféggl 6. a) The total signal charge and the induced charge of simulated
by one electron at the cathode for different high voltages. b) The maximwawerage avalanches started by one electron at the cathode as a function of the
value of the electric field in the same avalanches as in a). 100 time stepplied electric field. The proportional mode, where the charge is increasing
correspond to about 0.5ns. The maximum is reached just before the elecemponentially with the high voltage, is indicated. It is however giving small
cloud reaches the anode. From that point on the highest field is present atdharges. b) The same plot on a linear scale. The approximately linear increase
tail of the electron cloud. After the electrons have left the gas gap their presentehe charges with the high voltage is visible.

in the resistive anode layer and the ions in the gap still alter the electric field

in the gap.

mod§. The charge continues to rise more slowly up to the

quantitative description of the avalanche-to-streamer transitigfineraloreakdownof the chamber or th&eiger-Miller mode

is not reproduced by our model. Note that no photonic effed?l [21]. o .
have been included. For parallel plate geometries like RPCs and neglecting space

charge effects we expect an exponential dependence of the
charge onc.;¢(E). Since at high fields the dependence of
B. Space Charge Mode and Streamers aesr(E) on the field E is approximately linear, the relation
From wire chambers filled with a quench gas with goodetween the charge arddwill be approximately exponential, as
UV absorption it is known that for certain high voltages oni the wire chamber. As can be seen in Fig. 6a, the Timing RPC
observes a region where the charge is proportional to thleows this proportional mode at low fields which is however
primary chargeroportional modg Here the charge increaseggiving charges that are too small for efficient operation. We
exponentially with the high voltage. After this one encounte@so observe that in the broad operational region from around
the very narrowspace charge modef usually less than one 9 to 11kV/mm the detector is operated in space charge mode.
hundred Volts where that proportionality is no longer valid. In Fig. 6b we observe that the value of the charge depends
When further increasing the high voltage, the average chaffijst exponentially on the applied high voltage but then the
suddenly increases by a factor 10 to 10inited streamer dependence becomes approximately linear, which is also an



S 40;‘ [ L B R B the avalanche-to-streamer transition, because no photonic
g o effects are included.
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