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Abstract

Due to the low cost, good time resolution and the properties of RPCs with respect to
electronics damage protection, they are chosen for many large experiments. These detectors
are reliable and stable in their operation with counting rates up to kHz/cm2. The aim of this
work is to understand the fundamental rate limits of RPCs in order to find an efficient way for
their optimization and hence, extend their applications. Several types of materials have been
used and operational parameters have been optimized in this work comprising simulations
and experiment. High efficiency, excellent position resolution, low noise and high rate
capability is demonstrated. These type of RPCs open new avenues in several applications, for
example in crystallography, biology and medicine.
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I. Introduction

Due to the low cost, good time resolution and electronics damage protection
properties Resistive Plate Chambers, (RPCs) are chosen for many large scale
experiments for LHC at CERN and in other experiments elsewhere, for example:
ATLAS, CMS, ALICE and MONOLITH. These detectors are reliable and stable in
their operation with counting rates of 100-1000 Hz/cm2. At higher rates RPCs made
of conventional materials (melamine, phenolic, glass) suffer from charging up effects,
excessive current and an unacceptable high rate of noise (spurious) pulses, both in
avalanche and streamer mode of operation. The first successful attempts to develop
RPCs made of new low resistivity materials capable of operating at even higher rates
were described in ref. [1,2]. In this work we have performed the optimization of this
promising type of RPC. The ultimate goal was to build and test extremely high rate
RPCs for biological and medical applications. The work was performed in two
parallel directions: simulation and experimental work. Simulations have allowed us to
better understand the electrostatic field configuration, as well as perform geometry
optimizations. The experimental part of the work permitted a verification and final
tuning of RPCs. Below we present the progress in the developments of position-
sensitive high-rate RPCs.

II. Experimental set up

Our experimental set up (see Fig.1) consists of an aluminium gas chamber inside
which various designs of RPCs (sizes 5x5cm2 and 10x10cm2) could be installed and
tested: for example, designs without spacers between electrodes or with spacers of
various geometry, see table 1. The gap between electrodes could be varied from 0.1 to
a few mm. Some designs of RPCs had metallic readout strips of 50µm or 350µm
pitch on the inner or outer parts of electrodes allowing a performance of high
accuracy position measurements.

Material Resis tivity
(Ω.Ω.Ω.Ω.cm)

Gap/
Spacer

thickness
(mm )

Gas Thickness
/ Coating

Pestov Glass 1010-1012 0.1-3mm All 2-5 mm
n- and p-type

Silicon
0.1 - 2.104 0.1 - 1 All 0.5 - 2 mm

Ceramics 109-1011 0.4 - 1 All 2-3
Ink-Based Epoxy 107-1012 Ar based

Phenolic 5.108 - 3.1010 2-3 2 mm
Bakelite 1010-1011 2-3 Ar based

Melamine 1011-1012 1-2 Ar based CsI, 0.8
Float Glass 7.0.1012 2-3 Ar based 1.85

Metallic 0 1-3 All CsI, 5mm
“Welding” Schott

Glass
1.5.1012 0.1-2 All CsI, 3mm

Table 1
Before assembling the glass, Si or ceramic based electrodes, they were ultrasonically
cleaned in distilled soap water to remove any dust particles. The test chamber was
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also carefully cleaned in the same way. RPCs with cathodes coated with uniform (0.3
µm thick) or porous CsI (up to 10µm thick) layers as secondary electron emitters, see
foe example refs. [3-5] for more details, were also investigated.

Fig. 1

For a comparison, “conventional” designs of RPCs made of phenolic/bakelite or
melamine sheets were also studied. Typically their electrodes had a disc shape with a
diameter of 70-80 mm and gaps between electrodes of 1-3mm.

All RPCs mentioned above were assembled in a clean room1.

In addition, we have tested RPCs of large sizes:1x0.3m2 and 0.25x0.25m2.made of
glass (see table 1). They had their own gas [6,7] with metallic readout strips on the
outside. Some cross check measurements were made with metallic parallel plate
chambers with disc electrodes, 5 cm in diameter, made of stainless steel or copper.
The spacers were placed outside the active area, ~2 cm offset from the edge, of the
detector and the electrode edges were rounded.

Tests were performed in various gas mixtures containing Isobutane, Argon and Freon
(R134a) as well as Argon/Ethane, and Argon or Xenon and Krypton mixtures with
various quenchers and their combinations: CO2, ethane, alcohol and Freon. The
percentages of each component were widely varied.

The ionization was caused by X-rays from an X-ray gun of 6-30 keV, betas90Sr and
106Ru, gammas 60Co, and by UV from a mercury lamp (in order to create single
electrons). For measurements of the sizes of dead zones around spacers a lead sheet
with a hole of Ø 100µm was used. The lead sheet was placed in contact with the
cathode plane and moved perpendicular to the readout strips. For position resolution
measurements with X-rays a slit 30µm wide, oriented perpendicular to the electrode

1 Class 1000
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plane was used. The slit could be moved in the direction perpendicular to the strips
with an accuracy of a fewµm, the efficiency of detection of minimum ionizing
particles could be measured using cosmic muons. They were identified by
coincidence of signals from two scintillators (see Fig.1). In an avalanche mode of
operation, signals from the RPCs were measured at low rates with charge sensitive
amplifiers, and at high rates with current amplifiers. In the streamer mode operation,
signals were directly monitored on two beams storage LeCroy scopes. In addition in
some measurements we used a PM to detect the light produced by avalanches and
streamers or visual observations. For leakage current measurements a Kiethley
picoamperometer was used.

III. Results

III-1. Optimization of Geometry, Materials and Gas mixture
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As was mentioned before, at counting rates greater than 103 Hz/cm2 RPCs
manufactured with conventional materials (melamine, glass, bakelite) suffer from
several problems: charging up effect, leakage current, noise. As was demonstrated in
our earlier works [2], the charging up effect can be strongly diminished by using low
resistivity materials for the electrodes. In this case RPC combine high rate capability,
almost approaching the limits of a metallic parallel plate chamber [2]), and
maintaining the desirable spark protective property. However the remaining
problems: high leakage current and noise need to be solved, hence it is very important
to understand the origin of the leakage current and noise pulses. It is natural to assume
that the leakage current consists of two components, a leakage through spacers and a
current due to the noise. As a first step we focus our studies on the optimization of
spacers. Fig. 2a shows the typical dependence of the leakage current, noise pulses rate
and efficiency vs. the applied voltage in an RPC. One can see that at relatively low
voltages the leakage current increases almost linearly and at higher voltage starts
growing almost exponentially.

One can assume that the linear part is due to the leakage current through spacers
whereas the “exponential” part is due to noise pulses. To verify this assumption
prototypes of RPCs were built with spacers placed far away from the amplification
gap with a specialized (see later) dielectric spacer. Indeed the linear part of the current
decreased almost an order of magnitude. The material of the spacer is equally
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important as seen in Fig. 2(b). A careful design of the spacers and edges may reduce
one of the component of the leakage current. The optimization of spacers and edges
was performed in two steps, simulations studies and experimental verification before
the final tuning.

a) Simulation

The RPC model represents only a reduced cell of symmetry (Fig. 3) for the finite
element computation comprising the Bakelite electrodes with a frame and spacers that
form the gas gap. A 100µm thick graphite coating was applied on top of the Bakelite
to define the HV source. Although the operation of an RPC should be described with
models involving surface and volume currents an electrostatic approach can be
justified under the condition of small overall currents (low particle rate) and
sufficiently low resistivity. Nevertheless qualitative conclusions may be drawn.
Detailed analytic calculations of the electric field in RPCs involving current flow can
be found in [9].

Figure 3: Model of a reduced cell of symmetry.

- The electric field close to frame and spacers

An advantageous effect of dielectric spacers in the active region can be the bundling
of field lines inside the dielectric, weakening the field around the spacer (Fig. 4),
which however is not valid for all geometries. Furthermore spacers are like the frame
a conductive contribution to the overall leakage current in the chamber. Therefore a
careful design is indispensable for reliable operation. Although the frame shape has an
influence on the leakage current, from an electrostatic point of view it should not be a
region of local discharges, since the graphite coating is offset by 20 – 25 mm with
respect to the inner frame wall. Thus the electric field in the gas gap close to the
frame is far below amplification threshold.

Figure 4: Electric field in the gas gap around a cylindrical Polycarbonate button.
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- Spacer buttons

The effect of field bundling for a cylindrical spacer (Polycarbonate) can be seen in the
following plot. The absolute field values may not correspond to operating conditions,
they are rather a qualitative indicator.

Fig. 5 (a,b): Electric field in the gas gap around an E-shaped and spherical spacer.

- Frame edges

As mentioned before the choice of the frame cross-section geometry is based on the
desire to minimize leakage currents. In Figures 6 (a,b) electric field flux lines are
drawn for two different frame cross-sections. From an electrostatic point of view the
square-shaped frame would be favorable. However the T-shaped frame increases the
surface resistivity and hence leakage current is reduced. This is actually observed in
the measurements presented in the next section.

Figure 6 (a,b): Electric field flux lines close to a square-shaped and T-shaped frame

- Linseed drop or inclusion on the Bakelite surface

Linseed oil has been routinely applied to RPCs [10] to reduce resistivity and
smoothen the surface. During the operation of the RPC, even small drops of linseed
oil on the electrodes affect the homogeneity of the parallel plate field in the avalanche
gap. The same is true for inclusions coming from dust particles, or any other pollution
as modeled in fig. 7(a).
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Fig. 7(a): Model of a 2 mm gap RPC with
a droplet.

Fig. 7(b): Electric field distortion close to
the droplet

Figure 7(c): Field along a vertical line over the droplet.

We can see a clear enhancement of the electric field close to droplets due to a local
gap width reduction (Fig. 7 b and c). This will possibly increase the streamer rate for
chambers intended to work in avalanche mode. The droplet density plays here the
crucial role.

- Distance of the graphite coating from the edge
A way to decrease chamber noise due to leakage currents and spurious pulses was
found with increasing the offset of the graphite coating from the chamber edge. In the
simulation we see that this leads to an exponential drop of the electric field in the gas
gap at the edges as shown in the following line and 2-dimensional plots (Figs. 8 and
9). The experimental observation that an increase from 15 mm to 25 mm severely
decreases noise by a factor of three [11] does not clearly follow from the electrostatic
simulation. What becomes clear is that the electric field drops below amplification
level (~ 30–35 kV/cm in the common freon-based mixtures) already a few millimeters
after the graphite coating edge.
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Fig. 8 (a,b): Electric field in the gas gap for various distances of the graphite coating
from the inner frame wall

Figure 9a: Field along a horizontal line through
the gas gap.

Figure 9b: Field along a vertical line 10 mm away
from the frame edge.

- Gain, charge and efficiency vs. gas mixture

Reliable computation of electron avalanches is difficult due to lack of accuracy in the
electron impact cross-sections of Tetrafluoroethane (TFE or C2H2F4). Measurements
of drift velocity and effective Townsend coefficient have been done by Gorini et al,
but in a very narrow E/p range [12]. The measured behavior of the electron drift
velocity computation seems questionable, making it difficult to extract cross-sections
with acceptable accuracy [13]. The following plots (Fig. 10 a and b) show the
simulated and measured drift velocities and Townsend as well as attachment
coefficients for various freon-based gas mixtures.
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Fig.10a): Electron drift velocities for various
freon-based mixtures.

Fig. 10(b): Ionization coefficients for various
freon-based mixtures.

However using the existing cross-sections with a simple avalanching model already
leads to acceptable results (Fig. 11a). This might be a hint that in this electric field
region the saturating effects in the avalanche still play a minor role. For electro-
negative gas mixtures ionization and attachment are related to the chamber efficiency.

Fig.19: Simulated and measured charge spectrum. Fig.20: Simulated chamber efficiencies vs.
ionization-attachment ratio.

Gorini et al have measured an effective Townsend coefficient (ionization minus
attachment), which prevents an exact separation of the single coefficients. However
large attachment values would not permit avalanches with a measurable overall
charge due to large primary electron losses. A simulation indicates that a reasonable
ionization-to- attachment ratio should be greater than three (Fig. 19 b). Still only
careful measurements can lead to an accurate determination of the ionization
parameters respectively electron impact cross-sections needed in detector simulations.
Moreover an advanced model is needed to compute avalanche processes under
dynamic electric field conditions considering the influence of space charges. An
independent treatment of attachment and Townsend coefficient in the avalanche
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computation is preferable for electro-negative gases [14]. W. Riegler et al have
developed a simulation considering these effects, they however operate in perfectly
parallel field geometries and therefore exclude studies of field distortions [15].

b) Experimental verification
- RPCs with amplification gap width 1-3 mm

Fig. 12 (a,b)

Based on simulations we have optimized the spacers shape in such a way that there
are regions on their surface parallel to the RPCs electrodes: grooves or cylindrical
extensions (leakage current protective structures)-see Fig.12. Such spacers allow
minimizing the surface leakage current, especially if the protective structure is large
enough and prevents surface streamer development [8]. However a large protective
structure gives a rather large dead zone (see Fig. 13).
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The spacers should be made with a material of high volume and surface resistivity, for
example Lexan, Noryl or Teflon. One should note however that at high rate, even
operating with relatively low gains (~105) these optimized spacers may create a
problem: charging up the entire RPC electrodes due to absence of leakage current.
This can be observed from Fig.2 (a,b): with Teflon spacers the leakage current was
more, while for the same voltage the amplification was less due to the charging up of
the electrodes. Therefore, it is extremely important to use low resistivity materials for
electrodes even at moderate rates (~104Hz/cm2). In this case the leakage current
through the electrode volume ensures a stable operation of the RPC (see Fig. 14).
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- RPCs with small amplification gaps

Recently there has been a great interest in small gap RPCs due to their extremely
good time resolution (better than 100 ps) [16]. It is technically difficult to
manufacture spacers with protective structures at RPCs gap width 0.1-0.5mm. Thus
one can only rely on good materials and on simple geometrical configurations. At low
rate, cylindrical or ball shaped spacers made of quartz yield good results. However, at
high rates, especially in the case of x-rays, breakdowns still may occur across the
spacer surface, probably due to the radiation induced surface conductivity.

The main conclusion from these experimental studies is that one can optimize spacers,
but for high rates they should be installed outside the active area of the RPC. The
optimized shape of the edge interface is shown in (Fig. 21b); this result is not
supported by the electrostatic simulations.

- Noise pulses

The “exponential “ part of the current is associated with noise pulses (see Fig.2). It
was found that for all RPCs investigated, the rate of the noise pulses increases sharply
when their efficiency to minimum ionizing particles reaches a plateau. Comparing
their pulse-height spectra with those produced by UV photons, one can conclude that
noise pulses are triggered not by single electrons, but by several primary electrons
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emitted simultaneously from the cathode surface. By analyzing signals from the
readout strips we concluded that most of the noise pulses are originating from the
same fixed spots on the cathode surface (Fig. 15).
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Fig. 15

The main conclusions from our studies can be formulated as follows: it is impossible
to completely avoid noise pulses, but one can strongly reduce their rate by an
optimization of the gas mixture, by using smooth surface electrodes, and assembling
RPCs in dust free rooms. Some noise measurements with parallel-plate chambers
made of metallic electrodes (see Section II) were performed. The results showed that
they had no noise at all, suggesting that the noise pulses are associated with the
resistivity of the electrodes.

III-2. Supression of Sparks and Glow Discharges

As was shown in our previous studies, maximum achievable gain in parallel-plate
chambers with metallic electrodes drops with rate due to discharges [17]. It was found
that the same is true for RPCs with low resistivity electrodes (<104 Ωcm) An example
of a spark type of breakdown at high rates is shown in Fig 16(a and b). However, in
the resistivity range 104-108 Ω.cm a new phenomenon has been observed: a glow
discharge Fig 16 (c and d). Contrary to the sparks, the duration of this discharge can
be very long from a fraction ofµs up to infinity. From the point of view of damage to
the electronics, this type of discharge is more dangerous compared to sparks. This is
simply because in RPCs the energy of a spark is limited, a glow discharge delivers a
lot of energy and therefore easily destroy electronics. Surprisingly, in some range of
the electrode resistivities the glow discharge appears even at low rates. To identify the
resistivity regions at which spark or glow discharge occur, we performed studies with
a wide range of resistivities of electrodes. The results of our measurements are
summarized in Fig 17.
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Fig. 16 Spark left(a) right(b)
Scale: a) For both signals 50 ns, 5mV

b)Top 50 ns, 0.5V, Bottom 50 ns, 100 mV

Fig. 16 Glow-Discharge left (c) right (d)
Scale: c) For both signals 50µs, 5V

d)Top 0.1µs, 5V, Bottom 0.1µs,100 mV
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Fig. 17

One observes that at low and high reistivities a spark type of discharge dominates,
while in a “medium” range of resistivities (104-108 Ω.cm), the glow type discharge
dominates. Detailed studies have been performed to find the conditions for the glow
discharge suppression with the conclusion that it is almost impossible fully suppress
it. However it was possible strongly reduce the duration of the glow discharge (up to
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a fraction µs) by using highly quenching mixtures, for example high (<25%)
concentration of ethane in Ar-ethane based mixtures. Note that in the spark region
highly quenching mixtures do not have any effect. Partial suppression of the glow
discharge by using highly quenched mixtures may lead to other serious problems of
aging and surface coating by absorbed layers. Aging creates “weak” points on the
RPC cathodes (depositions) and we observed in the simulation studies an
ehhancement of electric field at the edges of imperfections/depositions. The absorbed
layer leads to bursts of noise pulses, most likely due to the Malter effect. The best
preliminary results from the point of view of supression of the glow discharge,
without bursts of noise pulses were obtained in operational mixtures of Argon with
freon, alcohol vapors. However no long term tests were performed.

III-3 Micro-RPC with secondary electron emitters

- Optimization of the secondary electron emitters

RPC with porous CsI secondary electron emitters have been described elsewhere [18].
The main advantage of this approach is that its allows to improve the time resolution
of the RPCs, as well as its efficiency. However, porous CsI emitters are easily
charged up and therefore can be used only at low rates, <103Hz/cm2.

Note that porous CsI emitters have advantages only for the detection of the minimum
ionizing particles. For the detection of X-rays one can use thin (0.4µm thick) uniform
CsI layers. If X-rays enter the CsI emitter at a shallow angle, it has enough probability
for absorption, and at the same time, secondary electrons created after the X-ray
absorption can be easily be emitted [19]. Below we describe our results for this kind
of approach.

- Position resolution optimization: The micro-RPC

Fig. 18

The position resolution limit in micropattern detectors is determined by the length of
the region available to electrons to be converted by radiation in the gas (primary
electrons). In addition, diffusion in the drift and the geometry of the amplification
region play a vital role. Obviously, in order to achieve the best possible position
resolution one has to optimize each of these parameters. The minimum possible
length available for primary electrons can be achieved by using solid converters of
radiation. In this case, primary electrons are created mostly inside a thin solid layer
and some (sometimes all) of primary electrons could be extracted (by applying a
strong electric field across it) into the gas media and then multiplied. A minimum
spread due to diffusion one can achieve by using a minimum possible gap between
the converter and the amplification region. A minimum avalanche size can be ensured
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by using a small multiplication region. This leads to a concept of a micropattern
detector with a solid converter immediately (without any drift region) followed by an
immediate amplification region without any drift space, the micro-RPC. One possible
design of a such detector is shown in Fig. 29.

Fig. 19

Fig. 19 a shows an image of a slit 30µm wide, placed in front of the detector (0.4 mm
gap) perpendicular to the anode strips and to the electrodes plates. Figures 19 (b,c)
show the images of the same slit shifted each time by 15 micron in a direction
perpendicular to the strips. During further movement of the slit this movement is
periodically repeated. In fig. 19, for simplicity, only one period is presented. From an
image contrast (ratio of counts from neighboring strips) one can conclude that a
position resolution better than 30 micron was achieved. Note that due to the feature of
a parallel plate structure in which the maximum multiplication obtained electrons
created near the cathode, almost the same position resolution could be achieved
without a converter, however the efficiency was very low.

IV. Discussion:

As mentioned in the introduction, at high rates ordinary (high resistivity) RPC suffers
from several problems: charging up of their electrodes, current and spurious noise
pulses. The charging up effect can be diminished by using low resistivity materials for
the electrodes; it was found that even low resistivity materials (~ 2000Ω.cm) are able
to efficiently protect electronics. We demonstrated that some part of the leakage
current is associated with the noise pulses while the other with a leakage current
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occurring through spaces and supporting frames. By a proper shaping of spacers and
frames edges the latter component of leakage current can be minimized, however at
the same time one has to reduce the resistivity of electrodes to ensure good RPC
performance, hence a good compromise can be found. Concerning the noise pulses
we remind that in a parallel-plate chamber with metallic electrodes they are
practically absent suggesting that they are associated with the electrode resistivity.
Based on our earlier studies [17] we may speculate that the origin is a Malter-type
effect: the positive ions deposited on the cathode surface create high local electric
field, and this causes an emission of electron jets containing several primary
electrons. This is why noise pulses appear at voltages when RPCs becomes sensitive
to single electrons (its efficiency close to 100%). One also can speculate that the loss
of the efficiency of high resistivity RPCs with an increase in voltage is also associated
with these noise pulses.

We found that current due to the noise pulses could be minimized by using low
resistivity electrodes. It is also very important to use electrodes with well-cleaned
smooth surfaces. All dust particles should be removed by ultrasonic cleaning in
distilled soap water. RPC assembly should be done in a dust free clean room. One
should also avoid, when using gases with vapors, creating an adsorbed layer and also
gases which “age” (produce polymer films on the RPCs) cathodes. As a result of all
these efforts the counting rate due to the noise pulses could be strongly diminished.
Efficiency of these RPC’s in detecting minimum ionizing particles only slightly
decreases with voltage in contrast to the high resistivity RPC’s.

The other important achievement in this work was a demonstration of an extremely
good position resolution (better than 50µm) of a small gap micro-RPC. This high
position accuracy was obtained in a simple counting mode, without using any
treatment method (like center of gravity). This immediately affords the use of small
gap micro-RPC’s for digital imaging and may be further opttimized by an increase of
pressure.

V. Conclusions and Outlook

Detailed studies of the origin of noise in standard RPCs have been investigated,
materials, geometry and operating conditions have been optimized. We have
demonstrated that a small gap micro-RPC made of low resistivity materials combines
high rate capability, approaching that of metallic parallel-plate chambers, with
extremely good position resolution and electronics protection features. We believe
that with further studies and optimizations these type of RPCs may find a wide range
applications for example in medical imaging, biology, crystallography and as a high
rate capable tracking device.
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