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FOREWORD

On behalf of the Department of Physical Science of the Naples Univer-
sity, of the director of the Naples Section of INFN and of the Organizing
Committee, I am glad to welcome you to the IV Workshop on RPC and
related detectors.

The first meeting on RPC was held in Lecce in January 1991, the second
in Rome in February 1993, the third in Pavia in October 1995. In this
period these detectors have gained the attention of the international sci-
entific community for their capability of giving good space and excellent
time information at "low” price and therefore are ideal for experiments
which have to detect charged particles, mainly muons, on large areas
such as cosmic rays experiments or to instrument muon detectors both
for reconstruction and triggering purposes.

What seemed to be initially a limitation for RPC to properly work in
a high rate environment has been overcome by their use in a different
operating regime, avalanche instead of streamer. RPCs have been defi-
nitely accepted as the muon trigger detectors for LHC experiments and
one of the main points of this workshop will be the comparison of differ-
ent techniques which are being studied to optimize both performances
and large scale productions needed for these experiments.

Beside the R&D program carried out by the LHC groups, since the time
of the Pavia meeting, the CP violation experiments at Slac and Kek,
BaBar and Belle, have equipped their detectors with RPCs gaining much
expericnce in the construction, testing and installation of large scale
systems. On the other hand we are now in the fourth year of running of
a large RPC system as the forward-backward muon detector of L3.

A new fixed target experiment at Fermilab has used RPCs for muon
trigger and identification and in a very short time we will have the
first installation of these detectors at very high altitudes for cosmic ray
physics. We will hear about new ideas for future experiments and new
interesting developments on the detectors itself as the multigap chamber.
Finally the great effort put into the development of new electronics for
the detector will be presented. I finally hope that some contributions to
this workshop will let us gain some deeper insight on the detector itself
and open the way for reliable montecarlo simulations.

Sergio Patricelli
Chairman of the Local
Organizing Committee
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RPC: PRESENT STATUS OF THE ART

R. Santonico
Universita di Roma “Tor Vergata” and INFN Sezione di Roma 2
Via della Ricerca Scientifica 1, 00133 Roma

ABSTRACT

TheevolutionofideasomR PCsincetheimeofthePaviaworkshopispre-

sented. Wide gap and multigap RPCs are discussed together with the streamer
suppression effects observed for some new gases. The studies on electrode sur-
face and detector ageing are briefly presented.

1. Introduction

This report describes the evolution of ideas on RPCs since the time
of the Pavia workshop with the main purpose of fixing a starting point
for the present 1997 workshop. The main emphasis will be put on the
avalanche mode operation which is characterized by a smaller delivered
charge with respect to the streamer mode and is therefore much more
adequate for rate capability, power consumption and detector ageing, to
the working conditions imposed by LHC.

Nevertheless it should be stressed that the RPCs operated in streamer
mode have still important applications to cosmic ray and accelerator ex-
periments according to several talks announced in the present workshop.

2. Pure avalanche operation of RPCs

The central problem of the avalanche operation of RPCs is that of

v
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Figure 1: Avalanche precursor signal charge (triangles) and total charge
(circles) vs. operating voltage for a gas mixture Ar/CoHaF4/n-C4Hyg =
10/83/7.

achieving a “comfortable” operating point in a large voltage range. It
can be focused, just to fix the ideas, using the plot shown in Fig. 1 [1]
which represents the RPC signal charge vs. the operating voltage for
a gas mixture Ar/CyHyF4/n-C4Hyp = 10/83/7. Here the charge of the
avalanche precursor signal is plotted separately from the total charge
which is dominated by the streamer at voltages above the streamer
threshold.

The plot in Fig. 1 shows a region characterized by a rapid increase
of the avalanche charge as a function of the operating voltage followed
by a saturation region where the gas amplification is much less voltage
dependent. Moreover the charge distribution looks peakless with most
events accumulated around zero below the saturation, and exhibits a
peak at voltages above saturation [2].
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The RPC operation in the avalanche saturation region would of-
fer the advantage of a weak dependence of the working features with
respect to the applied voltage. Unfortunately the saturation point is
not far from the streamer threshold, as shown in Fig. 1, so that the
saturated avalanche operation without streamers is possible only in a
modest voltage range. The possibility of extending this range has been

investigated following several ideas that are discussed in the following
sections.

3. The wide gap RPC

The basic idea of the wide gap RPC [3] is that an increased gas gap
(3-8 mm) gives two advantages with respect to the "traditional” 2 mm
gap:

e an increased ionization which improves the primary cluster statis-
fics;

e a better gas gap uniformity based on the fact that, assuming a
given distortion Ag for the electrode plates, the relative gap dis-
uniformity Ag/g decreases for increasing g.

These considerations suggest that a wide gap RPC could offer an in-
creased voltage plateau with respect to the more usual case of a 2 mm
gap, a statement which is interesting to check experimentally even in
spite of a number of disadvantages of the wide gap RPCs like the higher
operating voltage and the worse time resolution [3].

The comparison of 2 and 3 mm gap RPCs, using a gas mixture
CoHyF4/i-C4H;10=97/3 [4], is shown in Fig. 2 where the detection effi-
ciency vs. the operating field is given for both avalanche and streamer
mode operation.

The choice of the electric field instead of the voltage is justified by the
fact that the field is much less gap dependent than the voltage. Indeed,
for a given gas the field fixes the value of the Townsend coefficient o
independently on the gap; nevertheless the operating field is expected
to be lower for a wider gap RPC, the gas amplification being given by
the product ag.

A significant shift to a lower operating field for the avalanche mode
operation is indeed observed for the 3 mm gap, but an even larger shift is
observed for the streamer mode operation, so that the overall separation
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between the avalanche and the streamer working modes is smaller rather
than larger in comparison with the 2 mm gap RPC.

With the purpose of making this argument more quantitative, we
take the difference of the operating fields of the avalanche and the
streamer mode respectively at 50% efficiency as a measurement of the
avalanche-streamer separation.

For RPCs, the voltage can be assumed, to a good approximation,
to be the same everywhere in the chamber area. In this case, the field
disuniformity is given by the gap disuniformity caused by mechanical
distorsions of the plates: AE/E = Ag/g.

For a pure avalanche mode operation, AE/E must be small with
respect to the avalanche-streamer separation, defined as the relative dif-
ference between the streamer and the avalanche operating fields, Eg
and B,y respectively. Fig. 2 shows that (Egy-Eay)/Eayv is 8.3% for the
3 mm and 13.9% for the 2 mm gap, indicating that the gas gap of 2
mim gives a better streamer separation, given by the ratio 13.9/8.3=1.67
even accounting for the gap uniformity, which is a factor 1.5 worse than
for the gas gap of 3 mm.

We conclude that at least for heavy gases as CoHoFy the idea that a
wide gap RPC has a better avalanche-streamer separation with respect
to the standard 2 mm gap is not supported by experimental data.

Finally it should be mentioned that the 3 mm gap RPCs exhibit
much larger streamer signal charges than the 2 mm gap RPCs [4].

4. The multigap RPC

Another approach to the problem of getting a more favorable charge
distribution in avalanche mode is the multigap RPC. This is an RPC
in which the same electrodes pick up the charge induced by several gas
gaps. Depending on the type of multigap (see below), the signal is the
sum or the average of the signals produced by the individual gaps with
an obvious reduction of statistical fluctuations. This is shown in Fig.
3 where the charge distributions of a single and a double gap RPC are
compared [5]. The latter one exhibits a charge peak that is not visible
in the former, indicating a statistical increase in the primary ionization.

Two types of multigap RPCs, schematically represented in Fig. 4,

have been developed. In the type a [6] (Fig. 4a) there is one gas gap on
each side of the pick up electrodes, whereas in the type b [7] (see Fig.
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Figure 4: Sketch of the two types of multigap RPCs.

4b) there are many gaps on the same side of the pick up electrodes.

The type b has the advantage of allowing any number of gaps in
comparison to type a which allows only two gaps. On the other band,
type a has a completely symmetrical pick up for the two gaps. This
symmetry does nol exist in the case b because the size of the induced
charge spot depends on the distance from the pick up plane which is
different for different gas gaps. This means for example that the cluster
size could depend on the gap producing the discharge. This is particu-
larly important when the signal is dominated by the contribution of one
gap only which is also the case in which the multigap RPC gives the
maximum advantage.

Finally, another difference between the two types is related to the
fact that in case b the electrons of an avalanche occurring in a given gap
run a maximum length of only 1/n of the distance between the strip and
the corresponding ground plane. This makes a reduction of the induced
charge by the same factor. The comparison of the two types of multigap
RPCs is summarized in table 1.

5. Streamerless gases

The problem of the pure avalanche mode RPC operation can also
be faced from the point of view of the proper choice of the gas.

Does a “streamerless gas” exist?

Two new gases have been tested. The pentafluoroethane, CoHFs5,
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Table 1: Comparison of the two types of multigap RPCs

Type a Type b

Possible number 2 any number
of gas gaps
Operating voltage the same as for | n times higher than

monogap RPCs monogap RPCs
Pick up symmetry symmetrical non symmetrical
with respect to the gaps
Fast signal charge the same as for 1/n of the
to delivered energy ratio | monogap RPCs monogap RPCs

mixed to 5% C4Hip gave, according to ref. (8], a better voltage plateau
with respect to the more usual gases based on tetrafluoroethane.

The second gas tested was SFg which proved to be an extremely
efficient streamer suppressor even when used in very small amounts
[9]. The addition of about 1% SFg to the baseline RPC gas in AT-
LAS (CyHoF4/C4Hyp) gave about 1 kV streamerless operating voltage
plateau. Fig. 5 shows the detection efficiency and the streamer probabil-
ity for a gas mixture containing 1%, 2%, 5% SF respectively in addition
to the binary mixture CoHoF4/CyHyy = 97/3.

6. Surface treatment of the resistive electrodes

One of the most important features of the electrode surface faced to
the gas gap is the smoothness, which presumably determines the electric
field on a microscopic scale very near to the surface.

A long experience has been accumulated so far in improving the
surface smoothness with paints, like linseed oil, which produce a thin
solid layer coating the natural surface of the electrode plates.

Recently bakelite plates with improved surface smoothness have be-
come industrially available. This could allow a good RPC operation
even if non coated electrode plates are used. Indeed encouraging results
have been obtained by the Pavia group [10] with RPCs using non oiled
plates with very smooth surface.
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Figure 5: Detection efficiency and streamer probability vs. operating
voltage for 5%, 2% and 1% SFg concentrations.

Nevertheless two basic points concerning these RPCs have to be care-
fully studied: the noise level which should not exceed the one achievable
with coated electrodes and the long term stability which is still com-
pletely unknown for RPCs with non coated plates. The testing activity
in this field should therefore proceed accordingly.

7. Ageing effects

RPCs operating under irradiation of intense sources show, after a
long working time, a gradual reduction of their rate capability which
should be presumably explained as an effect due to a parallel increase of
the electrode plate resistivity. This ageing effects have been proven to
be negligible [11] for the RPC applications that are presently foreseen at
the LHC. Nevertheless an intense R&D activity is in progress to improve
the knowledge and the understanding of ageing effects.
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INFLUENCE OF RESISTIVE ELECTRODES
ON DETECTOR PERFORMANCE

M. MARGARIDA FRAGA *

LIP-Coimbra, Departamento de Fisica, Universidade de Coimbra.

February 9, 1998

ABSTRACT

Most papers on RPCs consider the dependence of their efficiency on rate and
call the attention to the voltage drop on the dielectrics, although not suppor-
ted by quantitative measurements. Two regimes may be considered in such
studies: low rate (few Hz/cmz), where “event-per-event” effects can play a
role, and highér rated, for which the "mean effect” due to consecutive events
result on a "current dependent” béhaviour. Experimental data for the study
of this latter regime allow for direct computation of the voltage drop across
the dielectric, and unequivocally prove that the detector performance is only
dependent on the voltage difference across the gas gap. Transient behaviour
of the detectors under fast rate change show that, in first approximation, the
associated time constant is of the order of pec. Furthermore, the possible use
of internal floating electrodes, a solution that changes the effective resistance
but not the parameter pe, is also discussed.

1. Introduction

The effect of the counting rate on the performance of resistive de-

*co authors R. Ferreira Marques, E. P . de Lima, A. J. P. L. Policarpo Laboratdrio de
Instrumentagdo e Fisica Ezperimental de Particulas, LIP - Coimbra Departamento de
Fisica, Universidade de Coimbra, 3000 Coimbra, Portugal; Carmen C. Bueno, Jose-
mary A, C. Gongalves and M, Damy de S. Santos Instituto de Pesquisas Energéticas e
Nucleares - Comsissdo Nacional de Energia Nuclear 05508-900 - Caiza Postal 11049 -
Sdo Paulo - Brasil Departamento de Fisica, Pontificia Universidade Catdlica de Séo
Paulo 01303-050, Sao Paulo, Brasil



tectors has been investigated by several groups (e.g., [1] and [2]) and it
is normally attributed to the voltage drop across the resistive electrodes,
although in a rather qualitative way. Here, without loss of generality of
the results obtained, rate effects are studied with a classical cylindrical
counter geometry. Advantages of this approach are the inherently good
energy resolution (good measurements of charge and current) and clear
definition of the working regime. The interpretation of the results is
based on a rather simple model and relies on the direct comparison of
the data measured with the resistive detector with those measured with
a metallic one of identical geometry, operated under the same condi-
tions. This technique allows a direct measurement of the voltage across
the glass and the errors introduced are small. Due to the finite con-
ductivity of the glass, for a given applied voltage and in the absence of
irradiation, the voltage across the glass wall tends to zero once equilib-
rium is reached. If irradiation starts at ¢ = 0, a current I begins to flow,
the voltage across the glass increases, causing a decrease of the voltage
across the gas. The gain and consequently the current will then also
decrease until the stationary regime is regained. In this work we present
data that, in a quantitative way, contributes to the clarification of the
transient behaviour of resistive detectors.

2. Experimental set-up

A cylindrical tube made of glass (¢; = 12.7 mm, glass wall thick-
ness = 1.1 mm) with the anode wire (tungsten, 127 pm ¢, or stainless
steel, 50 uym ¢) stretched along its axis was used. Its schematic draw-
ing is shown in Fig. 1. This tube is divided into two sections: one of
them was covered externally with a thin grounded layer of Aquadag,
forming a simple resistive detector, referred to below as RD, while the
other was covered internally by the same layer. In a small region of the
part painted internally, conductive painting was also applied externally
for a length I of 30 mm and connected to ground. When the internal
electrode is grounded the tube behaves as a conventional metallic pro-
portional detector and will be designated MD. The internal cathode can
also be floating, i.e., it is not connected externally to any passive or
active electronics, and we designate it as the floating electrode resist-
ive detector, FERD. The resistivity of the glass was measured to be
6.5 x 1012 ).cm and its specific dielectric constant is 5, as given by the
manufacturer.
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Fig. 1. Schematic drawing of the detector.

The gas mixture, Ar+10%CH, (P10) at atmospheric pressure, flows
continuously through the detector. X-rays from a 199Cd source (22 keV)
irradiate the detector through its glass wall. The apparent length of
the detector cylinder irradiated (4 to 16 mm) is limited by Pb plates
positioned symmetrically in respect to the source. The counting rate is
changed by interposing between the source and the detector Al plates of
appropriate thickness (0.5 to 4 mm). The charge spectra were measured
using a conventional charge amplifier electronic system and a multichan-
nel analyzer, calibrated with a standard pulse generator. The effect of
the amplifier RC shaping networks on the charge pulses was taken into
account in order to obtain the total mean charge per avalanche. For the
study of the transient effects the signals from the amplifier are fed to
a CAMAC ADC, and the control software permits to record the pulse
amplitude and time of each event.

3. Results and analysis

3.1. ”Current dependent” behaviour

The effect of counting rate on the gain of a resistive detector was



studied [3], for a stationary regime, for two electric field geometries and
for a wide range of gains (G = 102 —7x 10*). The ratio between the gains
measured with the resistive and the metallic detectors, for the same ap-
plied voltage, is represented in Fig. 2, both as a function of the applied
voltage (a) and the current (b). When the detector is irradiated, a cur-
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Fig. 2. Gain ratios (Grp/Gmp) as a function of the applied voltage (a) and of the
current (b). Open symbols: 50 pm SS wire; full symbols: 127 ym tungsten wire.

rent flows through the gas and a potential drop AV = RI is established
between the internal and external surfaces of the tube (I being the cur-
rent that flows through the gas, when the equilibrium state is reached,
and R the resistance of the irradiated part of the tube). This voltage
drop can be computed by comparing the charge peak amplitudes meas-
ured with the resistive and metallic detectors of the same geometry. The
effective potential across the gas is then given by Vs = Vo — AV and

the reduced electric field at the anode by E,/P = V.44/ [Ta P ]_n(i'.:.)]

where Vj is the applied voltage and r, and r; the radii of the anode
and the internal surface of the tube, respectively. If we represent the
ratio between the gains measured with the resistive detector and the
metallic one, for the same reduced electric field at the anode, as a func-
tion of E,/P, we find that it is approximately constant over the E,/P
range investigated (Fig. 3). This proves unequivocally that the de-
tector performance is only dependent on the voltage difference across
the gas. A similar behaviour was observed with the resistive detector
which has an internal floating cathode (FERD). The advantage of using
the FERD is that in this case the resistance can be accurately computed

4
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as R = pIn(3%)/(2mh), where p is the resistivity, r is the external radius
of the tube and A is the length of the tube through which the current
flows. For the FERD A is the length of the external aquadag layer (see
Fig. 1) and does not depend on the irradiation conditions. By increasing
this length we can decrease the overall counting rate effect on the gain
of the detector.

3.2. Transient behaviour

A simple model was developed to describe the transient response of
our resistive detector, which is valid under the following assumptions:
i) space charge effects in the multiplication region and surface currents
on the glass can be neglected; ii) a "mean effect” due to consecutive
events results on a ”current dependent” behaviour; iii) the glass has a
permittivity which does not depend on time.

Applying the Maxwell equations to our problem, we obtain the fol-
lowing differential equation

dVess 01 Ci1

— = -+ ==V - — Ve 1
where C = Cy + Cy, 7 = pe, C; is the capacity of the glass tube,
Co is the capacity of the corresponding metallic detector, and i(t) =
Qo.v.G(t), v being the irradiation rate. The variation of the gain with
time results from the variation of the voltage across the gas. For the



range of variation of V.44 (from ¢ = 0 until equilibrium is reached), we
can approximate the gain by an exponential function G = e®Vets, where
a and Gy are parameters obtained by fitting the gain versus applied
voltage for a metallic detector of the same geometry. An example of
this variation is shown in Fig. 4.

40000 -
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35000 - ye 5.062E-036" STE™ Ve

30000 - /

25000

Gain

20000 <
15000 -

10000 =

15’60 15‘00 16‘00 16'29 \8"0’!6’80 18:80"7‘00
Applied Voltage (V)
Fig. 4. Variation of the gain as a function of the applied voltage, for the P-10 gas
mixture, as measured for the metallic detector.

The differential equation for V,s; implies that the glass can be con-
sidered electrically equivalent to a capacitor of capacity C; in parallel
with a resistor. Upon numerical integration it was found that the res-
ulting curves G(t) could be fitted by either one exponential decay plus a
constant term or by a sum of two exponentials plus the constant term,
depending on the irradiation conditions. As an example, we present
in Fig. 5 the calculated variation of the gain with time for an applied
voltage of 1700 V and a counting rate of 1014 Hz (I, = 4 nA). It is
worth noting that both time decay constants are smaller than the pe
value of the glass (2.9 s) calculated with the dielectric constant given by
the manufacturer. Measurements of the transient response of the resist-
ive and floating electrode resistive detectors were performed for currents
from 4 up to 4000 pA. Similar results are obtained for both of detect-
ors. Namely, it was found, as predicted by our model, that for the lower
currents the data can be fitted by the sum of a single exponential and
a constant term (Fig. 6) while for higher currents a sum of two expo-
nentials plus the constant term is needed (Figs. 7 and 8). However, the
time decay constants are approximately one order of magnitude larger
than those predicted by our model on the assumption that kgia,, = 5.
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Fig. 5. Variation of the gain with the time, as predicted by calculations.

Therefore, we must use a capacity ten times larger to reproduce our
data. The equilibrium value of the gain is also in agreement with the
one obtained from the integration of equation (1).
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Fig. 6. Pulse height as a function of time (fo = 300 pA).

However, the time decay constants are approximately one order of
magnitude larger than those predicted by our model on the assumption
that kgiass = 5. Therefore, we must use a capacity ten times larger to
reproduce our data.

The dependence of the time constants on the current was also in-
vestigated. The model described above predicts a decrease of the time
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Fig. 7. Dependence with time of the amplitude of the charge signals, for the FERD
(Io = 1000 pA).

constants with increasing current (see table I). Experimentally we found
the same behaviour. As it can be seen from Fig. 9, the time constant
decrease as we increase either the applied voltage or the counting rate,
i.e., the current.

Table 1. Time decay constants.
Io (pA) | 1 (s) t2 (s)
1770 6.4+0.2 | 17.56+0.1
4000 4.840.1] 14.44+0.1

The dependence of the time constant on the counting rate was fur-
ther investigated, for the FERD, for an applied voltage of 1700 V (G ~
4x10*). In this case, and for rates above 200 Hz (I, > 600 pA), a sum of
two exponentials and a constant term is needed to fit the experimental
data. In Fig. 10, the variation of the two time constants are plotted
as a function of counting rate, the two sets of data corresponding to
measurements in two different days.

4. Conclusions

From the experimental data we conclude that the time evolution
of the amplitude of the charge signals (or the current) in the resistive
detector can be described by a single exponential decay, for low counting
rates and/or low gains (low currents), and by a two exponential decay
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Fig. 8. Dependence with time of the amplitude of the charge signals, for the FERD

(Io = 3300 pA)

for higher currents. The time decay constants decrease with the current
increase and are higher (up to a factor of 10) or of the order of the
assumed pe value.

Our simplified model implies the correct gain drop for a given ap-
plied voltage and a given counting rate, and a time dependence of the
charge gain that can be described by one or two exponential decays,
depending on the current flowing through the gas. It is also found that
the decay time constants decrease with the current. However, it does
not reproduce the measured decay constant values. Although we do not
know precisely the ¢ value of our glass (measurements of glass samples
are under way), we do not expect it to be more than two or three times
larger than the value used. The established model is very simple and it
does not take into account, for example, the fact that glass is not polar-
ised instantaneously. More complicated circuits, e.g. with the addition
of other branches (consisting of a capacitor in series with a resistor) in
parallel with the C;, can be used to describe the behaviour of the glass
[4]. A complete study of the electric properties of the glass used are
under way and a comparison will then be performed with the relaxation
of the dielectric under irradiation conditions.
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A NEW MATERIAL FOR EXTREMELY HIGH
COUNTING RATE PROPORTIONAL-MODE RPCs

P. FONTE’
LIP, Dep. de Fisica, Univ. de Coimbra, Portugal
ISEC, Quinta da Nora, Coimbra, Portugal

ABSTRACT

A new custom-made medium resistivity material was used for the anode plate of an
asymmetric, wire-mesh cathode, Resistive Plate Chamber. The anode plate resistivity
could be controlled from 2x10 to 3x10'? © cm, allowing for a large flexibility in the
chamber counting characteristics.

Proportional counting rates up to 10° Hz/mm? were achieved at gains above 10°. The
energy resolution at 5.9 keV was 20% FWHM. The observed gain-rate trade-off is
well described by a simple ohmic model and further improvements may be expected
by lowering the resistivity of the anode material.

Eventual discharges were quenched by the resistive anode and constrained to the glow
discharge phase of the sparking process. The discharge affected the detector only
locally and the charge released was limited to a few nC.

1. Introduction

Parallel geometry chambers are used in three main configurations: Parallel
Plate Chambers (PPCs), with two metalic electrodes, Resistive Plate
Chambers (RPCs), with two resistive electrodes and Parallel Mesh
Chambers (PMCs), with multiple wire-mesh ¢lectrodes.

Common features of these detectors when operated in proportio,pal mode are
the good timing characteristics [1], good position resolution [2], ease of
production in large areas and large gain. The maximum gain is limited to the
point where individual avalanches reach a charge around 10° electrons,
triggering the formation of streamers [3] that subsequently evolve to higher

*Co aulhors: .
N.Carolino, Y.Ivaniouchenkov LIP, Dep. de Fisica, Univ. de Coimbra, Portugal.
V.Peskov NASA, Marshall Space Flight Center, Huntsville, Alabama USA.
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current discharges [4]. Recently a new rate-induced breakdown mode was
identified in PMCs [5].

In chambers with metallic electrodes (PPCs, PMCs) the discharge
progresses until fully formed sparks appear. Although the sparks don’t seem
to affect the detector in a permanent way [6], the phenomenon causes
unacceptable dead times and may compromise the integrity of the readout
electronics.

When the electrodes are highly resistive (RPCs) the discharge is quenched at
an earlier stage, affecting the detector only locally and being harmless to the
readout electronics. It is even possible to operate the RPCs in a saturated
gain “streamer mode”, featuring very large and fast signals, up to a few
hundred pC [7].

The advantage of RPCs in terms of sparkless operation is offset by a severe
counting rate limitation of a few kHz/cm’, while PPCs and PMCs can reach
counting rates at least up to 10’ Hz/cm? [5, 8] without any decrease of the
pulse-height, suggesting their use as high-rate detectors.

It is attractive to attempt to combine the “protectiveness” of RPCs with the
large counting rate capability of the metallic chambers. Earlier attempts [9]
were focused on an asymmetric RPC with wire-mesh electrodes except for a
resistive anode made of Pestov glass. However due to a lack of anode
materials with lower resistivity, the counting rate of the device didn’t exceed
a few tens of kHz/cm®,

In the present work we introduce a new custom-made medium resistivity
material whose resistivity can be controlled from 2x10” to 3x10'*Q cm
allowing for a large flexibility in the chamber counting characteristics, while
keeping essentially the same hybrid configuration described above.

The resulting detector actually combined the high counting-rate capability of
PMCs (10°Hz/mm® while keeping the extreme robustness and
"protectiveness” of RPCs.

2. Experimental Setup

A schematic drawing of the experimental set-up can be seen in figure 1.

The detector was constituted by a drift region followed by an amplifying
gap. The drift region was 15 mm long and delimited by two wire meshes.
The amplifying gap, 3.5 mm long, was delimited by the lower drift mesh
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(cathode) and by a resistive plate (anode). The meshes were made of
stainless steel wires of 50 um diameter placed at a pitch of 0.5 mm. The
detector had an active diameter of 4 cm.

The primary charges were created by a collimated X-ray beam produced by
a sharp-focus (0.1 mm) X-ray tube having a Fe anode. The tube produces a
bremstrahlung photon energy distribution peaked at 5.5keV with a
maximum energy of 10 keV. The beam was filtered by a nickel foil to
absorb the lowest energy photons and delimited by a flat ring collimator
placed 4 cm from the tube anode, with selectable openings of 2 and 5 mm
diameter. The collimator was placed over the mylar entrance window, 1 mm
from the upper drift mesh. It is estimated that the 5.5 keV photons wiil
generate 200 primary electrons, and this was the value used for all
calculations.

Sharp focus
X-ray gen.

- - -

300 pF

/olimator
40 mm I .
l] Wire meshes

15 mm i_ Drift

3.5 mm

Resistive plate
over a metal base

Figure 1 - Schematic representation of the experimental setup.

The resistive plate was deposited over a flat metal plate that provided
mechanical support and an uniform electrical connection to the plate. The
metal plate was grounded through a 3 Q resistor and the current signal from
discharges could be recorded directly on a scope connected in parallel with
the grounding resistor.

The cathode signal was readout through a capacitor by a current amplifier
with a 30 ns rise time. Since the rise time of the amplifier was actually
longer than the signal width, the pulse height at the amplifier output was
related to the avalanche charge and not to the gap current. It was found that
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the observed pulse shape at the amplifier output was well reproduced by
injecting in parallel with the amplifying gap a square current pulse of 10 ns
width and 160 pA amplitude, corresponding to a charge of 10’ electrons or
1.6 pC, thus providing a charge calibration of the readout system.

The peak noise level at the amplifier output was around 25 fC and the
discriminating threshold for all measurements was placed at 80 fC. This
relatively high level was forced by a noisy X-ray tube power supply.

The equivalent electrical circuit from the signal source point of view is
shown in figure 2. It can be calculated that the gap capacity per unit area is
Cep=0.25 pF/cm’ and that the plate capacity per unit area is around
Coiare=2.6 pF/cm2 (assuming £=3 and a plate thickness of 1 mm). The total
capacities can be estimated by multiplying those values by the plate area of
25 cm’. The value if the readout capacitor is Creagou=300 pF.

Signal
current —1

| e

Crcadout

Figure 2 - Equivalent electrical circuit from the signal source
(avalanche or streamer) point of view.

The gas mixture was constituted by Ar + 20 % C,H¢ + methanol. The
mixture was 50% saturated with the methanol vapours.

3. Resistive material

The anodic resistive plate was made from a mixture of epoxy' and ink?, that
yields a black rubber-like material.

! Araldite.
2 MOLIN, ball-point pen black ink.
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The resistivity can be varied from 2x10’ to 3x10'* Q ¢cm by varying the ink
concentration (figure 3). Successive measurements taken at two weeks
intervals suggest a good stability of the bulk resistivity.

The material shows an ohmic behaviour up to an applied voltage of 1 kV
(figure 4) and, although there is some relaxation effect, the short term
histeresis cycle is quite narrow (figure 5).

1,0E+13

10E+12 ¥ - - & —®W_. - - - ... ... —e—97-06-30 |
10E611 4 oo oo NG —.—97-07-15 |
—a—97-07-31

—_

E 1,0E+10 ... ... K

G10E+09 - - - - oo IR - -
Q
10E+08 4 - . - oo

10407 4 - - - - T
1,0E+06 - — — ‘ t

0% 10% 20% 30% 40% 50% 60% 70%

Ink concentration (per weight)

Figure 3 - The anodic material resistivity can be contralled by the
amount of ink and varied from 2x10" to 3x10™ Q cm. Successive
measurements taken at two weeks intervals suggest a good stability of

the bulk resistivity.
1,9E+07
1,7E+07 -M  oe— - - - - - - -
§ J ]
c 15E+07 + - - - - - - - - o oo
HBE+07 ;- - - o o
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1,1E+07 —— :
100 400 700 1000

Applied witage (V)

Figure 4 - The resistivity is largely independent from the applied
voltage, indicating an ohmic behaviour.
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4, Results and Discussion

4.1 Counting Characteristics
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a)

b)

Figure 5 - Although the material shows a marked relaxation effect
with a characteristic time of about 30 minutes (a), the fast cycling
(1 minute per point) through large voltage excursions results on a
relatively narrow histeresis plot (b).

The detector shows a reasonable energy resolution of 20 % FWHM
(figure 6) while the best results for metallic PPCs are typically around 14 %
FWHM [10]. In principle there is no reason why the present detector cannot
achieve similar resolution values, so we attribute the observed reduced
resolution to the deficient parallelism of the gap and to edge effects arising
from the relatively small diameter of the active area.

A large counting platcau of more than one order of magnitude in gain was
observed when the detector was illuminated by 5.9 keV X-rays (figure 7).
The corresponding dark current is negligible and sparks appear only at gains



in excess of 10°. The dark current was found to be extremely sensitive to the

presence of dust particles, requiring the detector to be assembled in a clean
environment.

200

180 L | 55,

160 L Fe 5

140 1 p=3x10"Qcm
120 + FWHM = 20%

Counts

™ < o © ~
Channel

Figure 6 - A 20 % FWHM energy resolution was observed when the

detector was illuminated by a >°Fe radioactive source emitting 5.9 keV

—
-~ (3]

X-rays.
1200
S 1o 10 R S
ﬁ;‘\ I::_‘ !
L 800 -----F - I
Q- -
= - -5, -
® oeood.- ..l 5.9 keV X-rays|
= ‘ —o— Dark
§4°°J"" St ~e— Sparks
e S A S -o— Dark sparks
0 o o——o0—p—0 |
1,0E+04 1,0E+05 1,0E+06 1,0E+07:
- Gain

Figure 7 - A large -counting plateau of more than one order of
magnitude in gain wis observed when the detector was ifluminated by
5.9 keV Xirays. The corresponding dark current is negligible and
sparks appear only at gains in excess of 105,
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The gain-rate characteristics of the detector were studicd for several
combinations of operating voltages, plate materials and beam diameters,
being the detector illuminated with X photons generated by the tube
described in section 2. The results are shown in figure 8.

For all plate materials, with resistivity ranging from 4x10’ Qcm to
4x10" Q cm, a reduction in gain was observed above a certain rate
threshold. The threshold rate is different for each plate, but seems to be
relatively unaffected by the operating voltage or by the beam diameter.

For the lower resistivity studied a counting rate of 10’ Hz/cm® was achieved
at a gain in excess of 10*, This value is close to the intrinsic rate limitation
that was found in similarly built PMCs [5], indicating that the optimum
anode resistivity, that would not limit the chamber performance, should be
about a few times 10° Q cm.

4.2 A Model of the Rate-Gain Dependence

The simplest assumption one can make about the origin of the rate-gain
dependence is that it is caused by a reduction of the effective gap electric
field owing to an ohmic voltage drop across the anode plate when crossed
by the avalanche current.

Mathematically the model can be expressed by the equations:

V=V,-RIV),
L
R=p%, I(V)=feNyG(V),
In G(V B v
_".._a_(.._)erxp(_E], E:‘Z, (1)

where V is the effective voltage across the gap, Vp is the applied voltage,
I(V) is the gap current, R is the resistance seen by the gap current, p is the
plate resistivity, L is the plate thickness, S is the beam cross-section, f is the
counting rate, e Ny is the primary charge, G(V) is the effective gain written
in the Korff approximation and d is the gap length. The parameters A and B
were determined experimentally for the gas mixture used.
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The available fast charge (N,) shown in figure 8 is related to the remaining
quantities by the usual relation

Ne=NoG/ING.

The model relates the effective gap voltage V (as an implicit function) to the
other quantities. Since the plate resistivity under the actual operating
conditions is the most uncertain parameter of the model (actually
immeasurable directly) it was chosen as a free parameter to be adjusted to
the data.

The predicted rate-gain dependence was plotted figure 8 (thin lines). It can
be seen that the model describes reasonably well the observed behaviour.
Additionally, in table 1 the adjusted values of the plate resistivity are show
for each curve and compared to the externally measured DC resistivity. The
values agree within a factor of 2, seeming to validate the model when we
consider that the range of resistivities covers 4 orders of magnitude and that
the model doesn’t take into account the beam-edge effects or the material’s
non-ohmic behaviour.

Externally Adjusted
measured Vo Vi
4,0x10 5,8x10’ 3,8x10’
p (Q cm) 3,8x10° 3,5x10° 1,8x10°
4,1x10" 8,7x10"" 6,1x10"

Table 1 - Comparison between the values of the plate resistivity (p)
measured externally and the values estimated from the model after a
least-squares adjustment to the data points show in figure 8. The
values agree within a factor of 2, seeming to validate the model.

4.3 Streamer charge

Discharges were triggered by streamers when the gain exceeded 10°, that s,
when the avalanche charge exceeded 2x10° electrons. Since the limit for
rate-induced breakdown [5] was not crossed (thick line in figure 8) this type
of breakdown was not observed.



As described in section 2 the discharge current could be observed directly
on an oscilloscope, being a few typical oscilograms show in figure 9. The
characteristics listed to the left of the oscilograms are: plate DC resistivity
(p), plate thickness (L), observed discharge charge (Qusnag) and charge
stored in the plate capacitor per unit area (Qsores). The discharge charge was
estimated by integrating the area under the lefimost oscilogram for each
plate and Qs Was calculated from C,. (S€€ section 2) assuming a typical
applied voltage of 4 kV.

p =4x10" Q cm
L = 0.25 mm
Qgischarge = 33 nC
Quorea=40 nClcm?

p =3x10* Q cm
L=1 mm
Qdischarge =28nC

Qstored= 7 nC/ sz

p =4x10’ Q cm
L=15mm
Qdixchatge = 21 ﬂC

Q,oree=11 nClcm?

L.
17 mA/div .6,7 mA/div
250 ns/div 10 ps/div
TR Q)
17 mA/div 17 mA/div
250 ns/div 10 ps/div
N STAVAK - I3 m W “YouE “WV b)
)
17 mA/div 17 mA/div
250 ns/div 10 ps/div
- - - 0 AUy S0 C)

Figure 9 - Typical oscilograms of the discharge current for the anode
plates studied in 2 different time scales. The quantities listed to the left
of the oscilograms are: plate DC resistivity (p), plate thickness (L),
observed discharge charge (Qiscnarg.) and charge stored in the plate
capacitor per unit area (Q,,.,eq)-
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From the values given in section2 one can conclude that
Creadounr™>>Cpiae>>Coqp and from figure 2 it can be seen that, from the
capacitive point of view, the ratio between the charge transferred across the
gap and the corresponding voltage change is dominated by Cpa.

For figure 9 a) (p=4x10"" Q cm), Quischarge is lower than Qres, corresponding
to the release of the charge stored in a fraction of a cm? of the plate surface.

For figure 9 b) and ¢) Quicharee 1S larger than Qg.res by a factor 2 to 3,
suggesting that the conduction of current across the plate during the duration
of the discharge is able to feed the discharge with an amount of charge at
least comparable to the charge released from the plate surface.

Interestingly, the contribution to Q ischarg. from conduction across the plate is
not proportional to the measured DC plate resistivity (p). This may be
attributed to the fact that the discharge occurs in a short time (~1pus),
corresponding to a high-frequency voltage pulse applied to the plate, whose
high-frequency resistivity may be completely different from the DC value.

4.4 Type of Discharge

According to [4] the development of violent sparks in parallel geometry is
preceded by a sequence of intermediate stages comprising the following
discharge types: avalanche, streamer, glow discharge, filamentary discharge
and spark.

In the present case the discharges were visually identified as being of the
glow-discharge type, featuring a bright cathode spot at the apex of a faint
conic-shaped glow region that extends up to the anode. It seems that the
current restriction imposed by the anode material prevented the process to
evolve beyond the glow-discharge stage.

For the lower resistivity material (p=4x10" Q cm) sometimes the glow
discharge would be unquenched, fed by the conduction current across the
plate. An increase in the amount of quencher (C,Hg) in the gas mixture
strongly reduced the frequency of this phenomenon, without completely
avoiding it. However it seems probable that the use of more efficient
quenchers like isobutane or DME would further alleviate the problem.
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5. Conclusions

We built and tested an asymmetric Resistive Plate Chamber able to achieve
proportional counting rates up to 10° Hz/mm?® at gains above 10*. The energy
resolution at 5.9 keV was 20% FWHM.

The chamber was constituted by an amplifying gap delimited by a resistive
plate anode and a wire mesh cathode, preceded by a drift region. A new
custom-made medium resistivity material was used for the anode plate,
whose resistivity could be controlled from 2x10” to 3x10'2 Q cm.

Eventual discharges were quenched by the current limitation imposed by the
resistive anode and constrained to the glow discharge phase of the sparking
process. The discharge affected the detector only locally and the charge
released was limited to a few nC, independently of the plate DC resistivity.
This feature is attributed to the dependency of the resistivity with frequency.

The observed gain-rate trade-off is well described by a simple ohmic model
and further improvements may be expected by lowering the resistivity of the
anode material.

Being the characteristic relaxation time of anodic plate (pg) of the order of a
few us, the electric transparency of the anode plate is preserved for the fast
(<100 ns) electron signal. This will, in principle, allow a bidimensional strip
readout to be place below the anodic plate, with typical position resolutions
of 100 to 200 pm [2].

Finally, the spark protection conccplA presented here may be also useful
when applied to other similar high-rate detectors like MICROMEGAS.
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ABSTRACT

The knowledge of transport and amplification parameters (drift velocity, first
Townsend and attachment coefficients) of the gas mixtures used for avalanche
operated Resistive Plate Counters gives the possibility of better understanding
the underlying physical processes of these detectors and to develop Montecarlo
simulations of their behaviour. We present here a measurement of the drift
velocity v4 and of the amplification coefficient 7 in CaH2F;-Isobutane mix-
tures. The ionization in the gas, contained in a 6x22 cm?, 2 mm gap RPC,
was obtained by using a pulsed N laser, through double photon processes.
Results are presented for vy and 7 as a function of the applied electric field.

1. Introduction

Resistive Plate Counters [1], because of their time resolution and
rate capability when used in avalanche mode, have been chosen as trig-
ger detectors in two LHC experiments, ATLAS [2] and CMS [3]. Much
work has been done, recently, to understand the physics of these detec-
tors when operated in avalanche mode. Even though the RPC are very

*coauthors: A. Colucci Dsp. di Fisica Univ. di Lecce, F. Grancagnolo INFN Sezione
di Lecce, M.Primavera INFN Sezione di Lecce.
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simple devices from the point of view of the field configuration a de-
tailed simulation of the signal generation is still at a very early stage [4].
Important ingredients for the understanding of the detector are some
physical parameters like the drift velocity vq4, the first Townsend coeffi-
cient a and the attachment coefficient 8 in the operating gas mixture.

We measured the ”effective” amplification 7 = a — 8 and the drift
velocity, in the two CyHsFy-Isobutane gas mixtures, ”candidate” for
the the RPC in ATLAS and CMS, respectively 97%/3% and 90%/10%,
using a nitrogen laser to ionize the gas in a well localized point of the
RPC gap.

2. Experimental Setup

A schematic view of the experimental setup is shown in Fig. 1. The
RPC is a 2 mm gap, 22x6 cm? size, detector, equipped with a single
copper strip 3 cm wide and 22 cm long. Given the reduced size of the
detector no spacers are needed to keep apart the two bakelite planes.
Two holes, located at the center of the frame longer side, allow the
passage of the lagser beam, parallel to the bakelite plates.

The RPC is aligned and contained in a gas tight plexiglas box
(40x15x15 cm? size). The gas mixture is flushed directly into the RPC
through its gas inlet and fills the entire volume of the plexiglas box.
Quartz windows are provided for the entrance of the UV light in cor-
rispondence of the frame holes. The whole box is covered with grounded
aluminium to act as a Faraday cage.

The gas mixture is set by means of mass flowmeters (MKS, Mod.
1559A) and monitored by a flow controller (MKS, Mod. 147C). The
gas is continuously circulated through the box volume at a rate of 20
scc/min. The accuracy on the gas composition is estimated to be 0.1%.
The absolute and relative internal gas pressures are monitored by a
MKS BARATRON system within an accuracy of 0.1 torr, while the gas
temperature is measured within 0.1 °C.

High voltage is supplied with a CAEN SY127 system. The applied
voltages for both the investigated mixtures ranges from 8.6 to 9.4 kV
and accuracy of the system is about 40 V.

A system of three stepping motors, equipped with an electronic mo-
tion controller, allows for micrometric motions of the box (and of the
RPC) and of the laser beam. The RPC can be moved along the parallel
and transverse directions to the laser beam (respectively x and y axes
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in Fig. 1) with an accuracy of about 3 ym. The laser beam can be
translated along the z axis by means of a periscope. A converging lens,
10 cm focal length, is mounted solidal to the periscope. The focalized
laser beam can then be moved with an accuracy of about 3 um.

The alignment of the sistem is performed using a He-Neon laser,
mirrors and calibrated pinholes. Two of these pinholes are positioned
on the gas box just in front and behind the quartz windows. The par-
allelism of the RPC with respect to the laser beam has been accurately
established.

Tonization is induced in the RPC by a N, laser (LTB, Mod. PNL-
200) emitting at 337 nm. The laser has a 300 ps pulse duration, 40 uJ
pulse energy output and operates at a maximum repetition rate of 20 Hz.
A series optical absorbers is positioned before the periscope to reduce
beam intensity in order to achieve a ”single electron” ionization regime.
The beam waist, after the converging lens, is about 15 um as measured
with a slit, and the ionization region even smaller (about 7 pm), since
the ionization probability depends quadratically on the UV intensity. A
fraction of the laser beam is reflected from a quartz beam splitter before
the periscope and directed towards a fast phototube (Hamamatsu, Mod.
R1328U-52, 60 ps risetime), whose signal is used as a start for the drift
time measurement. l

The RPC signal is fed to two Phillips 6955 voltage amplifiers. The
data acquisition is performed with a digital scope with 2 GHz sampling
rate and 500 MHz bandwidth (Textronix TDS6409A). Both photomul-
tiplier and RPC signal are readout and digitized. They are acquired
via GPIB interface on a Macintosh 7100/66, equipped with LabView
3.2 analysis software. The start time from the photomultiplier is taken
at, very low, fixed threshold. The stop time from the RPC is taken
at the voltage peak. Time difference of the two signals and RPC volt-
age amplitude at peak are then recorded and stored for further offline
analysis.

3. Measuréments -

At the laser focus, the UV light produces electron clusters essentially
by ionizing impurities in the gas via double-photon absorption processes.
These electrons, drifting through the uniform field region, produce the
charge by induction on the strip.

The beam intensity is filtered down by means of optical absorbers in
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order to reduce as much as possible the longitudinal ionization region,
and to ensure a ”single electron” regime with a final ionization rate of
about one signal each ten laser pulses.

Fig. 2 shows At distribution obtained at: 9.2 kV and 1.6 mm from
anode, 9.0 kV and 1.0 mm and 8.6 kV and 0.6 mm for the 97%/3% gas
mixture. It is worthwhile noticing that the time distributions are almost
perfectly gaussian, without tails. Time resolution is mainly due to laser
pulse duration, PM resolution and electronics (130-200 ps).

The differences At between each mean arrival time and that cor-
responding to point nearest to the strip side have been plotted versus
the differences Al between the respective drift paths given by the laser
translation (in steps of 200um). The drift velocity vq, for any given value
of the drift field, has been obtained as the slope of the fitted straight
line of the Al values versus the different At. A set of 5 position has been
used in the measure and fit, ranging from a distance of 0.6 to 1.6 mm
from the strip side. In Fig. 3 is shown one of these fits for the 90%/10%
mixture at 9.2 kV.

It must be stressed that this method, based on a computation of
differences in space and time, cancels out indeterminations due to field
uncertainties , non linear effects in the gain of the preamplifier, time
resolution of the detector and, primarely, uncertainties on the absolute
positions of the laser spot in the RPC gap.

Fig. 4 shows the corresponding signal pulse height peak, which are
again gaussian. It is very interesting to notice the good amplitude res-
olution (about 20 %).

The amplitude, at different positions, has been plotted versus the
differences Al between the corresponding drift paths. The amplitude
behaviour is exponential, as expected, and is shown in Fig. 5 for 3%
isobutane content gas mixture. The amplification coefficent 7 has been
extracted from the exponential term. The same arguments used for the
time measurements apply here for the error sources.

4. Results

The obtained results are reported in Table 1 and Table 2 respectively
for drift velocity v4 and the “effective” amplification coefficient n and

shown in Fig. 6 and Fig. 7 for the two investigated mixtures versus the
reduced field.

Space uncertainties coming from the spot size, the translation along
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Table 1. Drift velocities (cm/us) for the investigated gas mixtures.

E (kV) | 10% isobutane | 3% isobutane
8.6 8.99+0.21 8.85+0.17
8.8 9.99 +0.20 9.51 +0.17
9.0 11.58 £ 0.21 10.13+0.17
9.2 12,97+ 0.21 10.67 £ 0.17
9.4 13.47+£0.20 10.86 +0.16

Table 2. amplification coefficient 1 in ecm ™" for the investigated gas mixtures.

E (kV) | 10% isobutane | 3% isobutane
8.6 60.52 + 0.02 60.12 +0.06
8.8 67.38 + 0.03 66.74 £ 0.04
9.0 74.89 £ 0.06 72.89 + 0.07
9.2 82.22 +0.05. 80.46 £+ 0.05
9.4 91.35+0.05 | 89.24 +0.05

the gap, time uncertainties from the fit to the At distribution and small
pressure and temperature fluctuations during a single measurement con-
tribute to the total error on the drift velocity value at the level 1%,
while uncertainties on the electric field given by the power supply are
estimated to be at most of the order of 1%. Uncertainties due to the
misalignment of the optical system with respect to the chamber are neg-
ligible. All measurements have been performed at room temperatures
and corrected for small pressure variation.

In Fig. 6 one can notice that with lower isobutane content in the
mixture the drift velocity tend to saturate earlier, which means a bet-
ter stability of operation especially at high particle fluxes. The same
behaviour is observed for drift velocity measurements in drift chamber
[5). As is shown in Fig. 6, the drift velocity in the RPC, as expected, is
higher than in other gaseous detectors because of very high fields, main
reason of the very good time resolution of those detectors.

Fig. 7 shows the behaviour of the "effective” amplification coefficient
n versus the inverse of the reduced field. The fit in figure is performed
with the empirical formula by Korff [6]

-;-7)— = Aea:p(‘gﬂﬁ) . (1)

where we have used 7 instead of the first Townsend coefficient to
take into account the attachment which is not negligible for these gas
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mixtures. The resulting value for constant A and B are listed in figure
for both mixtures. Data show to be still consistent with this simple
parametrization, even at these high fields. Data are also consistent with
the Raether limit nd < 20, where d is the gap size.

5. Conclusions

Drift velocity and ”effective” amplification measurements have been
performed in two TetraFluoroEthane based gas mixtures over a limited
range of RPC high voltages. This range is limited by the request of oper-
ating in avalanche mode: above 9.4 kV the streamer region, which gives
a quite different behaviour to the detector starts. The setup has been
then proven to work, with the possibility of investigating and measuring
the transport parameters of any mixture and of furnishing also exper-
imental inputs for the development and understanding of the physics
underlying these detectors [4].
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ABSTRACT

Some of the inspiration for the Multigap Resistive Plate Chamber came
from the 3rd International Workshop on RPCs held at Pavia in 1995. In this
paper we outline the development of this device; we first examine some basic
problems with resistive plate chambers. We then discuss the solution offered
by the multigap design. We will conclude with the current status of the
development of the multigap RPC.

1. Introduction

The inspiration for the development of the ‘multigap’ RPC came
from the last International Conference on RPCs at Pavia in October
-1995. At that'conference we presented an RPC known as the ‘wide
gap’ RPC [1,2]. We showed that by increasing the size of the gap
transitions from avalanche to streamer were supressed; thus we could
work in pure avalanche mode. In a comparison between a 2 mm gap
RPC filled with freon 13B1 (now banned by the Montreal convention)
with an 8 mm gap RPC filled with a mixture containing a large fraction
of Argon, we made the following observations: at the knee of the

39



efficiency plateau the wide gap had a smaller fast charge; thus smaller
total charge, which gives a better rate capability and lower power
dissipation in the gas. In addition, the wide gap also had a more
relaxed mechanical tolerance on the size of the gas gap. However the
timing of the narrow (2 mm) RPC was significantly better with a
FWHM of 4 ns, compared to the 7.5 ns for the wide gap (8 mm) RPC.
We were, thus, motivated to find a way to improve the time resolution
of the wide gap, while keeping the other good properties.

Further input for the multigap RPC was provided by the
presentation of Santonico at the Pavia conference[3]. He explained an
important difference in signal generation between proportional counters
and parallel plate chambers. For the proportional tube, individual
clusters of electrons drift to the high field region around the wire. As
there is only gas gain close to the wire, the signal comprises of a series
of pulses, since the drift time of each cluster of electrons is different.
However for the parallel plate chamber, there is a uniform high electric
field in all the gas volume; thus the growth of all avalanches happens at
the same time - the effect is that the avalanches act in parallel. In figure
1, we reproduce a schematic representation of the parallel plate chamber
that illustrates this idea. However, it can easily be seen that avalanches
act in parallel only if there is some mechanism to ‘terminate’ the growth
of the avalanche. A gas gain of ~106 is needed to produce an avalanche
sufficient to produce a detectable signal. Thus if all the small
avalanches shown in figure 1 were to act in parallel, the total gain
across the total gas gap would have to be incredibly high (~1054). In
reality, in avalanche mode operation, only avalanches that originate
close to the cathode grow sufficiently large to contribute to the signal
production. However if one could find a way of ‘terminating’ the
avalanches in the middle of the gap - then one would indeed be able to
have a signal produced by many avalanches acting in parallel. This
- would lead to an improvement in the performance of the RPC.

~~ The third item that triggered the development of the multigap
RPC was the description given by Teramoto et al.[4] of the RPCs for
the BELLE experiment. Here a single ‘RPC device’ has the outer
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106 gain for example

10%4 for total gap

ANODE

Figure 1: Avalanches from clusters of electrons produced by a through-going charged
pamclestangrowmgatthemunw

surfaces equipped with theta and phi readout strips. The ‘RPC dev1ce
consists of a two gap RPC with the electric field in both gaps in the
same direction. The electrodes are made from high resistivity graphite
layers and the two gaps insulated from each other. This is shown
schematically in figure 2. The electrodes, the resistive plates and the
various insulating layers are all transparent to the induced signal; thus
the signal on the external pickup strips is the sum of the streamers
produced in the two gaps.
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Figure 2. Schematic cross section of RPCs designed for the BELLE experiment at
'KEK. The streamers in the two gaps act together to generate the signals on the
theta and phi pick-up strips.

We thus wanted to design an RPC which had all the good
properties of the wide gap RPC but with improved timing. We also
recieved the idea from Santonico that if we could make many
avalanches act in parallel one would certainly enhance the performance
of the RPC. ' Teramoto had a practical example of this; however his
design was somewhat complex.

2. Problems with Avalanche Mode in the Wide Gap RPC
) If the gés gap of an RPC is increased to enhance the streamer-

free range of operating voltage, the time resolution is degraded. The
reason for the time jitter is that the production of primary ionisation is a
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statistical process. On an individual event basis one does not know
where the clusters of ionisation will occur, or the exact number of
electrons in a cluster. We need to set the gas gain such that detectable
avalanches are produced from any ionisation cluster within some
distance close to the cathode. For the wide gap RPC filled with an
Argon based gas mixture, there are 3 clusters of ionisation produced
per millimetre on average; thus there is a 4% probability that there are
no clusters. Therefore one has to consider ionisation clusters anywhere
within the closest 1 to 1.5 mm to the cathode. Since the drift velocity
of electrons at these electric fields is ~10 ns/mm, it is easy to conclude
that a time resolution of the order ~15 ns is attainable. In general, as
the gap size is increased, one works at lower electric fields, therefore
the drift velocity is slower. In addition the change in gain with distance
is lower, so detectable avalanches can be initiated further from the
cathode. These two effects increase the time jitter of the avalanche
signal. However the basic problem is that a finite distance is needed for
the production of primary ionisation.

There is another basic problem for the RPC which is especially
apparent in the wide gap version. The number of electrons, N, created
in an avalanche is given by the formula: N=N,eaD; where  is the
Townsend coefficient, D is the distance the avalanche avalanches and
N, is the initial number of electrons. However, this is just the average
number; there are fluctnations on this size which are exponential in
nature. We have studied this effect by simulating the charge spectrum
obtained from various RPCs[5]. Our finding is that in a single gap of
an RPC, the avalanches from individual clusters of ionisation ‘merge’;
thus one is dominated by fluctuations. These fluctuations have a very
bad effect on the charge spectrum; the most probable value is peaked at
zero and there is a very long tail of large sized avalanches. This is the
worse possible distribution of pulse sizes for a detector, as one needs to
work at the lowest possible threshold but also contend with very large
avalanches (these also can provoke the formation of a streamer). A
possible mechanism of this ‘merging’ is as follows: close to the anode
the avalanches are large; thus an avalanche can be affected by the tail of
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positive ions from a preceding avalanche. Either there can be recom-
bination, or a reduction in growth of the avalanche due to the reduced
electric field.

Thus the two basic problems of operating wide gap RPCs in
avalanche mode are: (a) there is only one ‘merged’ avalanche in a single
gap RPC; the size of this avalanche is dominated by avalanche
fluctuations; (b) one needs a finite distance (close to the cathode) in
order that clusters of ionisation are produced; the statistical nature of
ionisation within this distance generates a time jitter.

3. Solutions

In the top two diagrams of fig. 3 we show a schematic cross
section of (a) 9 mm monogap RPC and (b) double gap (2 x 4.5 mm)
RPC. - For the double gap, the 1 mm region needed for creation of
primary ionisation clusters can be divided into two regions of 0.5 mm.
Operating these devices at the appropiate voltage for full efficiency, one
finds that the maximum gain, across the 9 mm gap of the monogap
RPC, is the same as the maximum gain across the 4.5 mm in the
double gap case. In the case of the double gap, we find that the
characteristic distance close to the cathode for production of the primary
ionisation is reduced by a factor 2; thus one may expect a similar
reduction in time jitter. In addition we now have two independent
gaps, thus two independent avalanches. Therefore there will be an
averaging of the avalanche fluctuations. Thus the double gap RPCis a
big improvement compared to the mono-gap concerning the two
fundamental problems of the RPC discussed in the previous section.
However this solution has its drawbacks. The gas gap is half the size
of the monogap chamber; therefore the tolerance on the gap size needs
to be a factor of two smaller. The chamber can be read-out with a
single plane of read-out strips, however they are sandwiched between
the two RPC planes. This constrains the segmentation of the read-out.

In the bottom graphic of fig. 3, we show (c) a multigap RPC.
The construction is similar to the 9 mm monogap shown in figure 3(a).
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Figure 3. Schematic representation of a monogap RPC (top); a double gap RPC
(middle) and a multigap RPC (boitom).

except that two extra resistive plates have been added, dividing the
single gap into 3 sub-gaps of 3 mm each. The electrodes, to apply the
voltage and to pick-up the induced signals, are mounted on the external
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Figure 4. Comparison of simulated charge spectra for a 9 mm monogap and 3x3
mm multigap RPC. In both cases the average charge is set at 2 pC.

resistive plates. No electrical connections are made to the internal
plates; they are allowed to take the voltage given by electrostatics. Each
sub-gap is independent. The resistive plates act as dielectrics for the
fast induced signal from the avalanches, thus the pick-up electrodes
sum over avalanches in all three sub-gaps. The intermediate plates have
electrons fed into them from one sub-gap, and positive ions from the
other sub-gap; thus the net charge is zero. If the voltage does vary on
one of the plates, the gains of the sub-gaps change. This results in a
net flow of charge into the intermediate plate which adjusts the voltage
such that the gas gain in all sub-gaps is equal. We have built many
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Figure 5. Measured and simulated charge distribution for 3x3 mm multigap

multigap chambers and have measured efficiency plateau curves many
times in a pulsed-beam environment at various fluxes. In all our tests
we have never observed any sign of instability.

For the multigap RPC, the 1 mm sensitive region of the
monogap chamber is divided into 3 regions of 0.3 mm, thus bringing
about a corresponding improvement of the time resolution. There are
now three independent avalanches, thus the ‘built-in’ averaging mech-
anism will bring about a big improvement of the shape of the pulse
height specrum. In fig. 4 we show the simulated charge spectrum for
a 9 mm monogap RPC and a 3x3 mm multigap; in both cases the
average charge was set to 2 pC. In figure 5 we show the measured

47



charge spectrum from a 3x3 mm multigap compared to simulation; in
this case the average chargeis 0.5 pC.

4. Highlights of R&D with the multigap RPC

At the start of 1996, the multigap was a newcomer in the family
of resistive plate chambers. The goal of the R&D was to gain
experience with this design in order to fully understand the operation.
To facilitate this understanding we have built and tested 3 variants of
this chamber - (a) 2 gaps of 4 mm each (2*4 mm) (b) 3 gaps of 3 mm
(3*3 mm) and (c) 4 gaps of 2 mm (4*2 mm). All three chambers were
extensively tested in the T9 test beam at CERN, where many
parameters were measured as a function of voltage and rate. One
satisfying outcome was the very good agreement between the simulated
and the measured charge spectra shown in figure 5. This has been fully
discussed elsewhere[5]. This accurate simulation can be used as a tool;
we have used it to investigate constructional aspects of the chamber,
such as the effect of spacers and the effect of gap tolerance.

4.1 Results from the test beam

Efficiency plateau curves at various fluxes for the three types of
chamber are shown in fig, 6. We also show the dark current, which is
very low and decreases with the number of gaps. We have noticed
previously that the dark current starts to rapidly increase with over-
voltage; the cause is the production of a large number of ‘random’
streamers; low dark current is an indication of low number of
‘background’ streamers. One can also see that there is a step decrease
of efficiency at elevated voltages and at high rates. This is caused by
‘dead areas’ in the RPC created by streamers (initiated by previous
through-going particles). Of course this is a region where one does not
want to-operate the chamber; thus there is a streamer free plateau of
~500 V for the 3*3 mm multigap and ~400 V for the 4*2 mm
mult:gap
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edge and the average on an event-by-event basis is shown. The histograms of the
leading and trailing edge have 1 ns/bin; the ‘average’ histogram has 0.5 ng/bin,

In fig. 7 we show the time spectra of these three chambers. We
are using a fast current amplifier followed by a time-over-threshold
discriminator. We can thus measure the time of the leading edge, the
trailing edge and form an average of the two on an event by event
basis. This average is the first order slewing correction, and gives an
indication of what we may expect from a constant fraction (or similar)
discriminator. The binning is 1 ns per bin for the leading and trailing
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edge histograms, and 0.5 ns per bin for the average. One can make
various observations. All time spectra shift to earlier times as the gap
width decreases; this decrease corresponds to a drift speed for the
avalanching electrons of 10 ns/mm. The time resolution improves with
an increasing number of sub-gaps as expected. Another important
aspect of RPC time resolution is the time walk with voltage and rate.
We will have to vary the voltage to follow atmospheric conditions;
additionally, different regions of the RPC may be on different parts of
the plateau curve due to variation in gap dimensions or due to a
difference in rate. The mean of the time spectra is shown in fig. 8 for
the 4*2 mm multigap (similar curves are obtainable from the two other
chambers). It is clear that as the voltage is increased the avalanche
signal becomes larger; thus the leading edge becomes earlier and the
trailing edge later; however the average (i.e. slewing corrected)
spectrum has a time walk of only 1 ns over a 600 Volt variation. A
similar behaviour can be observed for the variation with rate. It is clear
that the front-end electronics needs to have some slewing correction
built-in if we are going to fully exploit the time resolution of the RPC
system.

4.2 Using the simulation as a tool

One obvious advantage of the multigap is the installation of the
spacers (necessary to fix the size of the sub-gap). These are staggered
from sub-gap to sub-gap such that a through-going particle only
traverses at most a single spacer. Thus, in the other two sub-gaps (in
the case of a 3x3 mm multigap RPC avalanches are produced and give
a signal. Additionally since the spacer has a dielectric constant greater
than the gas filled gap, the electrostatic coupling between the avalanches
and the pick-up strips will increase. There is yet another effect; if there
is a leakage current across the spacer, the field around the spacer will be
reduced; however there will be a corresponding increase of electric field
in the other two gaps. We can compute the effect of having 3 sub-gaps
and also the case of 2 sub- gaps (with increased electrostatic coupling).
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This is shown in fig. 9, where the efficiency versus threshold is shown
for these two cases. If one worked at a 15 fC threshold and covered
20% of the active area with spacers, the global efficiency would fall
from 99.5% t0 98.7%. To compute the effect of leakage current is not
possible; however we scannéd over a spacer bar with a very defined
beam. We observed a small rise in efficiency leading us to believe that
the leakage current balances the drop of efficiency by increasing the
electric field in the two sub-gaps that are without spacers at that point.
Another important advantage of the multigap is that the electric
field is defined by the voltage applied across the three gaps. The field in
the individual sub-gaps is the same for each. We can compute the
effect of a change in the total gap dimension. For example if we
consider the case of a 3x3 mm multigap, there are 9 mm of gas. If we
increase this gap to 9.3 mm keeping the applied voltage the same, there
will be a lowering of the electric field; thus a lower gas gain. However
the avalanche has now an increased distance to develop in, which can
partially compensate the drop in gas gain. In fig. 10 we show in the
upper plot our measurement of the Townsend coefficient o, versus
applied voltage for the 3x3 mm multigap. In the lower plot we show
efficiency versus threshold for 4 cases. The top curve is the 3x3 mm
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Figure 9. Effect of spacers in a multigap RPC. Leakage current across the spacér
leads to a higher field in the two remaining sub-gaps. This effect has not been
simulated.

multigap with an applied voltage of 15.9 kV. The lowest curve
corresponds to an electric field obtained by increasing the gas gap to
9.3 mm, but keeping the individual sub-gaps to 3 mm in size. The
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two intermediate curves correspond to two cases: either the 300 pm is
applied to only one sub-gap, or each sub-gap is increased by 100 pm.
One can see that there is a compensation effect; the reduction in field
caused by the increase of gap size is partially compensated by the
additional distance that the avalanche has to develop in. This
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compensation is about a factor 2. Whether there is a compensation
effect or not depends on the variation of gas gain with electric field,
and the variation of field with gap dimension. Since the voltage applied
to the multigap is across the full 9 mm, the change in field with gap size
is much smaller than for conventional narrow gap RPCs. We can
calculate the tolerance for the construction of the multigap RPC; this is
(500V/15500V)*9000 pm *2 = 580 pm (i.e. 6 = 580/¥12 = 170 um).

6. Conclusions

We have discussed the problems associated with operating
resistive plate chambers in avalanche mode. We show that the multigap
design alleviates these problems. In addition the multigap RPC
satisfies the requirement for a muon trigger device for the LHC collider.
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ABSTRACT

Previously we have found that the freon C2FsH has very good properties
when used in a resistive plate chamber (RPC) with a single gap of 2 mm, In
this paper we report on the performance of a multigap RPC consisting of 4
gaps of 0.8 mm filled with a gas mixture containing this freon,

1. Introduction

Previously, we tested [1] two freons in a single 2 mm gap

RPC. The first freon was CoF4H; favoured by both ATLAS and CMS
LHC experiments; the second freon was CoFsH. We found that the
streamer-free efficiency plateau could be extended from 50 V to 500 V
if CoFsH is used in place of CoF4H>. Additionally we showed that if a
streamer was produced in CoFsH, it was less violent (more quenched)
than in CaF4H3 and ‘prompt’ in time, while streamers in CoF4H) are

produced after a characteristic delay [2].
At this workshop, we have already reported on a type of RPC

that has good time resolution, low time walk and good rate capability;
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this type of RPC is known as the multigap RPC [3,4,5]. The details of
this device can be found elesewhere in these proceedings[3]. Since the
total gas gap in these devices was 9 to 10 mm, we could not use a gas
mixture with a high fraction of freon as this would require an extremely
high voltage.

However we know that this freon, C2FsH, has beneficial
properties for a single 2 mm gap RPC; the question is: what can we
achieve with a series of narrow gaps? In this paper we report the
results from testing a 4%0.8 mm multigap RPC filled with a gas mixture
mostly consisting of CoFsH. This version of multigap we call the
microgap, since each of the gaps that make the series is less than one
millimetre in size. It should be noted that Ammosov et al. [6] have
already obtained encouraging results with 2 3*1 mm and 3*1.5 mm
filled with a gas mixture containing CoF4H».

2. Construction of the chamber

We have built two microgap chambers; the first was rectangular
with a size of 35x45 cm?; the second was a wedged shaped chamber of
dimensions 2.5x1.2 m2. Both chambers shared a similar construction
technique. We will discuss some details of the construction of the large
wedged shaped chamber. The size of this large chamber was
constrained by the size of honeycomb panels we had on hand (2500 x
1250 x 6 mm3) and the size of our flat table (2500 x 1500 mm2). We
chose a non-rectangular shape for the chamber in order to learn about
problems related to large detectors of arbitrary shape; we selected this
particular wedge shaped geometry since it matches the geometry of
typical endcap detectors at LHC.

The cross section of the chamber is shown in figure 1. It
consists of four 800 um wide gas gaps. To ensure the relative
uniformity of the gas gaps, 1 cm wide spacer bars, were placed every
5 cm in each gap; these were offset from gap to gap so that a through-
going particle would only pass through 1 spacer bar. It should be
noted that due to the high density of spacer bars, in general only 3 of
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Figure 1: Cross section of microgap RPC showing detail at edge.

the 4 gas gaps are active for a through-going particle. The spacer bars
were made of Bakelite sheet cut into strips (Bakelite was chosen due to
availability in the CERN stores). The nominal thickness was 0.5 mm,
but varied between 0.48 and 0.54 mm for the various sheets we used;

the thickness of the spacer bar was increased to 0.8 mm by applying a
layer of double-sided adhesxve tape on each surface. Similar spacer
bars were used around thc pmmeter however these were 2 cm wide
and 12 cm. long Holes were dnilcdevery 10 cm around the perimeter
and nylon bolts inserted. These bolts served two purposes; the first to
provide a more secure system to hold the chamber together (in addition
to the double sided tape); the second purpose is to attach the chamber to
the aluminium plate, which serves as the main support element for the
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chamber. We did not want to glue the aluminium to the honeycomb
panel since a change in temperature would lead to stresses that would
cause the chamber to warp. The perimeter spacers were placed such
that after each 12 cm spacer there was an 8 cm gap. The position of
this gap alternated from layer to layer. The existence of this gap
allowed gas to freely enter the gas gaps of the detector. There were
additionally 15 nylon bolts inserted through the active region of the
chamber. These were aligned with an internal spacer bar in the gas gap
closest to the high voltage plane; spacer washers of diameter 16 mm
were used for the other gas gaps.

The layout of the pickup strips is shown in figure 2. The
design consists of 32 wedge-shaped strips divided into 5 regions. We
used aluminium-coated melamine-phenolic laminate to construct the
read out strip plane. We supplied a roll of aluminium foil (25 pm thick)
to the manufacturer® of the melamine-phenolic laminate. The
aluminium foil was applied to the phenolic surface at the time when the
boards were being pressed; the phenolic layer itself is used to adhere
the aluminium. We etched this aluminium into strips for the small
chamber using conventional printed-circuit production techniques. The
~pickup strips for the large chamber were cut by hand with a scalpel;
obviously -this operation would be performed by some industrial
technique if mass production of this type of chamber is envisioned.
The high voltage plane was constructed from a similar aluminium-
coated melamine-phenolic panel. In both planes we removed the
aluminium layer in a 2 cm diameter region around the internal
spacer/bolts.

We cut 16 mm holes through the outer aluminium sheet; this
was aligned with 19 mm diameter holes through the honeycomb panel.
These holes allowed us to make an electric connection to the pickup
strips (and thus to read out the strips). These holes were positioned at
the intersection of four pickup strips.

* Argolite S.A. CH-6130 Willisau
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A large sheet of mylar (350 um thick) was used to isolate the
aluminium cover from the high voltage plane. This was cut slightly
larger than needed so that the excess could curve down and provide
high voltage protection for the chamber from the aluminium side bars.
A silicon based sealant (CAF-4) was liberally used to seal the
aluminium sheets to the aluminium frame. The honeycomb was also
sealed to the aluminium sheet on the pick-up strip side. Additionally all
nylon bolts were coated with this sealant.

3. Results of tests

We tested both these chambers in the T9 test beam in the East
Hall. The tests were mostly performed with a negative 8 GeV/c pion
beam; the flat-top of the spill lasted 0.25 s and we had one, two or
sometimes three spills every 15 s. Initially we used a gas mixture of
95% CoFsH with 5% iso-C4H1( bubbled through a water reservoir at
10°C (gas mixture A). The addition of 1% water vapour was to keep
the resistivity of the melamine-phenolic plates at a low value,
~1011 Qcm. The knee of the efficiency plateau with this gas mixture
was at 17 kV; using a different mixture of 85% C2FsH, 10% Ar and
5% iso-C4Hj¢ also bubbled through water at 10°C (gas mixture B) the
knee was at the lower voltage of 16.2 kV. The large chamber was only
tested with mixture B.

3.1 Efficiency and rate capability

This large chamber was sealed one day before our beam test,
which lasted only 3 days. The performance of the chamber improved
over these 3 days, in particular the dark current dropped by a factor 2
each day. The dark current plotted in figure 3 is the result obtained
after flowing gas for 3 days. This value is about a factor 2 higher
thanwe would expect if we just scaled up with the area from the small
chamber. The data was obtained with a defocused beam where the
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Large 4*0.8 mm Multigap RPC
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Figure 3: Efficiency versus voltage for various particle fluxes (large area
illumination). The dark current is also shown. The gas mixture was 85% C2F5H,
10% Ar and 5% iso-C4H1( bubbled through water to add 1% water vapour.

beam was uniform over a 30 cm diameter area. The central 4x4 cm?
region was selected with a scintillator.

We show in figure 4 the efficiency versus rate for the small
(35x45 cm?) chamber for the two gas mixtures at a voltage just above
the knee of the efficiency plateau. It appears that the gas mixture B has
slightly improved rate capability; this is consistent with a reduction in
the charge (see section 3.4).
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Figure 4: Efficiency versus rate for the two gas mixtures. The beam was defocused
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3.3 Time resolution and time-walk

The time resolution is excellent with this type of chamber. The
signals are amplified with a current amplifier with a peaking time of
~5 ns and then discriminated with a simple leading edge discriminator.
Our threshold is ~10 fC. In general a 4x4 cm? scintillator selected
3 strips; we select one strip (the strip with the highest rate) for this
study. No corrections have been made for time slewing or for the jitter
of the scintillator. The time spectra for six voltages between 16 kV and
18 kV with a flux of 75 Hz/cm? are shown in figure 5.

To achieve good time resolution in a large experiment, which
may contain many thousands of square metres of RPC detector, it is
important to have low time-walk in addition to a good intrinsic time

64



LARGE MICROGAP RPC (2.3 m 2 active area)

16.0kV 164 kV 16.8kV
o0 500 600
500
L 400 400
t Mean 72.1 Mean 715 |, Mean 71.1
b3()0 300
: 300
200
;200 £200
:100 100 HL 100
g ) R . \ N A :L pas. |0
Els0 60 70 8 90|[s0 6 70 8 9|50 6 70 8 90
P
g
&) 17.2kV 17.6 kV 180kV
600 500 300
500 - 400
{ Mean 70.7 Mean 70.1
t 400 Mean 70.4 200
300
300
' 200
"} 200 ' 100
[ 100 100 l
s ol 1 P 3 1 1 __rl 4 L 0
50 60 70 80 90|50 60 70 80 9|50 60 70 80 90

Time {ns] (arbitary zero)y——i
Figure S: Typical time spectra obtained with the large wedged shaped chamber for

voltages between 16 and 18 kV (Gas mixture B was in use). The beam was
defocused with a flux of 75 Hz/cm2,
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resolution. The voltage corresponding to the knee of the efficiency
plateau will follow atmospheric pressure; this will resuit in a shift in the
time of the signal if there is a large time-walk with voltage. There will
be variations in the electric field due to unavoidable variations of the
size of the gas gap; thus a large time-walk will result in timing
differences from one area of the chamber to another. Additionally it is
likely that the flux will vary over the surface of the detector and the
absolute flux may vary with time. The time walk versus voltage is
shown in figure 6a and time walk versus rate in 6b. These time-walks
are much smaller than we measured with a single 2 mm gap chamber
[1], and gives us confidence that the excellent time resolution
(6 ~ 1 ns) of the microgap can be utilised.

3.4 Charge spectrum, strip multiplicity

Using the small chamber, we measured the total charge of the
‘fast’ signal by using the cathode signal. We read out the cathode plane
through a 1 nF capacitor; this signal was amplified, inverted and then
fed to a LRS 2249A ADC (the large chamber was not fitted with this
capacitor, therefore the cathode could not be read-out). The gate width
was 100 ns, the peak of the fast avalanche signal occurred 30 ns from
the start of the ADC strobe. We show in figure 7 charge spectra for the
two gas mixtures at 18.6 kV for mixture A and 17.4 kV for mixture B.
(These voltages correspond to 25% streamer probability for these two
gases; see figure 9). The charge spectrum for the avalanches is Landau
in shape, however one can clearly see a second peak at 8 pC for gas
mixture B and yet another peak at 16 pC. We equate these two peaks
with the production of one and two streamers. The exponential drop of
the spectra for the low charge part of distribution (pure avalanches) has
a different slope for the two gas mixtures (see figure 7). The streamer
charge is larger and has a bigger variation for gas mixture A.

It is interesting to note that the fast charge produced by the
streamer is somewhat independent of the applied voltage. In figure 8
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Figure 8 Charge spectra for the small chamber at 4 different voltages (gas mixture B).

we show the charge spectra (again on a log scale) for four voltages over
a 1.2kV range. Clearly the fraction of streamers increases with voltage,
but the charge remains constant. The log scale emphasises the fact that
there are events with a charge below the pedestal value; this is an

69



—O— Efficiency [%) 10%Ar 85% C,FsH 5% C4H lq
—8— Efficiency [%] 95% C oFsH 5% C4Hyq

—&— Streamers [%] 10%Ar 85% CFsH 5% C4H;
—— Streamers [%] 95% C,FsH 5% C4H;q

16.0 16.5 170 17.5 18.0 18.5 19.0
Voltage [kV]

Figure 9: Efficiency and streamer probability for two gas mixtures.

unfortunate aspect of the ADC we were using. Large signals applied to
the input cause a shift in the pedestal value for some milliseconds. This
did not allow a precise measurement of the charge spectrum for low
values of charge. However the spectra is obviously sufficient to tag the
occurrence of streamers; we put a cut at 100 ADC counts and plot the
fraction of streamers versus voltage for the two gas mixtures. This is
shown in figure 9.

It is clear that there will be a certain fraction of streamers with
this chamber even at the voltage corresponding to the knee of the
efficiency plateau. It is relevant to ask whether we can operate in this
mixed mode of operation: one major worry is that the cluster of hits
may dramatically increase when there is a streamer. Our cluster
algorithm is the following: each readout strip is connected to a multihit
TDC; we start searching for a hit 100 ns before we expect a hit from the
chamber and select the earliest hit. We then open a time window and
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look at all other strips for hits within this window. If the resultant hit
strips are all neighbours (i.e. no unhit strip within the cluster) we define
it as a single cluster. This cluster may contain between 1 and 16 strips;
the maximum 16 is given by the maximum of 16 channels that we had
instrumented at a given moment. Events with more than one cluster are
rejected. Initially we use a 10 ns window and the results are shown in
figure 10a for the three cases of avalanche, one streamer or two
streamers (using the boundaries of 100 and 250 ADC bins on the plot
shown in figure 7). Surprisingly the cluster multiplicity reduces when
there is a streamer. If we use a 5 ns window (shown in figure 10b) we
find a substantial reduction of cluster size for avalanches, whereas the
cluster size for streamers remains unchanged There are several effects
which may contribute to this result: most of the cluster width for the
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Figure 11:  Cluster size versus time window for three types of signal: avalanche,
single streamer and double streamer.
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Figure 12: Cluster size versus voltage. Gas mixture B was in use.

low pulseheight events is caused by cross talk in the front-end
electronics. Our amplifiers are built on small boards; each board has 4
channels of amplifiers. We have found that n eighbouring strips on
two different boards have far less cross talk than neighbours on the
same amplifier board leading us to believe that the cross talk between
amplifier channels is a major contributor to the cluster size. In general
we have not been studying cluster width, since there are various groups
within the CMS and ATLAS LHC collaborations designing front-end
electronics; it seemed premature to study this aspect in depth if there
will be new improved front-end electronics available in the short-term
future. However in this instance we have started to look at cluster size
in order to assess how disruptive streamers may be. In figure 11 we
plot cluster siz¢ as a function of the time window. For the avalanche
events the cluster size increases for a larger time window; however
when the signal is large (a streamer) it seems as if the neighbouring
channels are switched off for some time (at least 12 ns according to
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figure 11). There is a well known electrostatic effect which generates
inverted signals on neighbouring strips [6], however this is only true if
the avalanche (or streamer in this case) is close to the anode pickup strip
[7]. Thus this effect is not large for the multigap design, since the
induced signals on the pick-up strips are generated from
avalanches/streamers produced in all sub-gaps. Another mechanism
that can produce signals of opposite polarity on the neighbouring strips
is via the capacitive coupling of the anode strips to the cathode. There
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300 200
200
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Figure 13: Time spectra for avalanche, single streamer and two streamer events for
the small RPC. The voltage was 17.4 kV; gas mixture B was in use.
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is a positive-going signal generated on the cathode plane; thus (via
capacitive coupling) there will also be positive signals produced on the
anode strips. The strip closest to the avalanche will of course have a
large negative sigiinl from the avalanche/streamer itself; but all other
strips will just have the positive going signal from capacitive coupling
to the cathode. We can not fully investigate this phenomenon since our
amplifiers are followed by a 10 ns differentiator - but no shaping circuit
and thus ring. This ringing prevented detailed study; however the
bottom line is that the streamers do not seem responsible for large
cluster sizes; mdeed it appears that there is a phenomenon which injects
a negative signal into the neighbouring strips (and thus switches the
neighbours off). A

We plot in figure 12 the average cluster size versus voltage
(10 ns gate) for the small chamber. We see that the cluster size
decreases with voltage above 16.8 kV as the fraction of streamers
increases. We have never before observed a drop in cluster multiplicity
with voltage in our previous studies of multigap RPCs - however this is
the first time when these micro-streamers have been a domUmnt modc
of operation.

As a final aspect of these micro-streamers we show the time
spectra for these three cases: avalanche, one streamer and two
streamers. The results are shown in figure 13. The two streamer
sample had a larger accidental background; however it is clear that there
is some time slewing, decreasing the average time for larger signals; the
one ‘streamer case is 0.5 ns earlier and has smaller tails in the time
distribution. This time slewing (already small) can be reduced with
faster electronics or with electronics that has some built in slewing
correction.

s. Tésts at the Gamma Irradiation Facility (GIF)

‘The large chamber was also tested at the Gamma Irradiation
Facility (GIF) at CERN. The GIF has a 740 GBq 137Cs source and a
muon beam. The intensity of the gamma radiation could be controlled
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by various filters. Our tests were performed with the chamber mounted
2.2 m from the source. We tested the chamber cither with the
maximum irradiation (filter factor = 1 in the GIF control system) or
with the source off. The counting rate with source on corresponded to
a rate of ~ 3 kHz/cm2. The full active area of the chamber was
irradiated. With this counting rate we observed a relatively high level
of noise. On investigation we found two potential causes which we
will eliminate if we build large chambers in future. Both problems
were related to the cathode plane, which was a single foil of aluminium.
Problem 1: in our previous prototype chambers we had decoupled the
cathode to ground with a high voltage capacitor. For this large chamber
we had no decoupling capacitor. There was some coupling to ground
due to the capacitance between the cathode plane and the external
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Figure 14. Time walk measured in the GIF facility at CERN. The gas mixture was
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aluminium box; but there was a much larger capacitance between the
cathode and the anode strips. Thus all signals on the cathode were
coupled to the anode strips. Problem 2: we had no resistor between the
cathode plane and the high voltage cable. Thus signals on the cathode
would go up the high voltage cable, get reflected at the high voltage
power supply and reappear on the cathode plane 200 ns later. With a
small test chamber this reflection would continue for many cycles.
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Figure 15: Efficiency measured in the GIF facility at CERN. The gas mixture was
85% C2FsH, 10% Ar and 5% iso-C4H}( bubbled through water to add 1% water
vapour.

Both these problems can be easily solved. We have testsed a
small chamber constructed with a ground plane very close to the
cathode plane. It would be no problem to do this for large chambers.
In addition, we would segment the cathode (and matching ground
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planes) to match the anode segmentation. Each cathode area would be
coupled resistively to the high voltage supply. The segmented ground
would be connected to the ground of the front-end amplifiers, thus
providing a good ‘signal-return’. ‘In this way even though the chamber
would be constructed as one large area, it would act as a mosaic of
small independant chambers.

Despite these problems this large chamber behaved well in these
GIF tests. In figure 14 we show the time walk for source on and
source off. In figure 15 we show the efficiency versus voltage again
for source on and source off. The drop in efficiency with source on at
very high voltages we attribute to this high level of noise discussed
above.
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Figure 16: Current measured at the GIF facility at CERN. The gas mixture was
85% C2FsH, 10% Ar and 5% iso-C4H 10 bubbled through water to add 1% water

Vapour.
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An important consideration is the power dissipation in the gas
volume. 1 W/m? would heat up this gas volume by over 300°C in one
hour, thus we can not rely on gas flow to remove the heat. Most
gaseous chambers have metallic cathodes and the heat is conducted via
the cathode to the outside world. In the case of the RPC the gas
volume is bounded by these resistive plates, which are not good
conductors of heat. In figure 16 we show the current drawn by the
chamber with the source on and the source off. If the full source
irradiation does correspond to conditions in the endcap of a typical
LHC experiment, then we would be able to operate this type of
chamber below 1 W/m2 power.

6. Discussion

This is the preliminary investigation of a microgap RPC and it is
obvious that more study is needed. However it seems clear that it is
unlikely that we can operate this device in pure avalanche mode; pure
avalanche mode operation was possible with the conventional multigap
with typically 3*3 mm geometry. However the small gap size together
with this very quenching freon ensures that the streamers are small
(micro-streamers). From this study we would conclude that a mixed
mode of opcrauon (avalanche and micro-streamer) is feasible. The time
spectra and cluster multiplicity appear compatible between the two
modes.

The excellent time resolution, small time walk and extremely
good rate capability makes this a very interesting device for LHC
applications. Further studies, especially of the large chamber, are in
progress and will be reported at a later date.

We have long believed that a mixed mode (streamer mixed with
avalanche) operation is not desirable for a RPC detector. However in
this case we have micro streamers, which produce a signal of
comparable charge to that of the avalanche. It may be possible to
operate this type of chamber in a pure micro-streamer mode (maybe at
the expense of some rate capability); this would simplify the design of
the front-end electronics.
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ABSTRACT

It is necessary to operate the resistive plate chamber (RPC) in avalanche
mode to obtain high efficiency at elevated particle fluxes. We examine this
mode of operation with a 2 mm gap RPC using gas mixtures containing
C2F4H2 and C2FsH. In order to explain the data we propose that the
avalanche growth is strongly limited by space charge effects.

1. Introduction

Resistive plate chambers (RPC) have been in use in various
experiments since the 1980’s; however in all cases the flux of particles
has been rather low. In the original Letters of Intent for experiments at
LHC, the prime candidate for implementation of the muon trigger is the
RPC. The proposed type of RPC has a 2 mm gas gap bounded by
2 mm thick (linsced-oil treated) Bakelite plates. In order to operate at
the expected flux of particles at the LHC experiments, both ATLAS and
CMS [1,2] proposed operating these devices in ‘low-gas gain’ mode
(nowadays this mode is usually referred to as avalanche mode). There
has been an extended study to find a suitable gas mixture; the
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proponents [3,4,5] of this type of RPC have proposed mixtures
containing a high fraction of CoF4Hj (an ecologically acceptable freon).
The basic problem is to operate the RPC in avalanche mode with high
efficiency and with only a very low contamination of streamers (i.e.
pure avalanche mode).

Data from various groups show a variety of charge spectra
measured from this device. Abbrescia et al. [3] show an exponential
shape, Ammosov et al. [5] show a ‘Landau-shaped’ distribution; while
Alviggi et al. [5] show a Gaussian shaped distribution. The ease of
operation of this detector depends on the exact shape of these spectra;
thus we started a series of measurements in order to understand these
apparent differences between various groups.

We have simulated the charge spectrum using the program
described in ref. [6]. We assume that the number of primary ionisation
clusters is 75/cm (obtained by scaling up by the atomic number of the
molecule CoF4H> from data for Argon) and have set the gas gain such
that the average fast signal is 1 pC (assuming that fast/total charge is
1/aD and the attachment coefficient is zero; o is the Townsend
coefficient and D the size of the gas gap). We show the result in figure
1 for three cases; (a) no avalanche fluctuations; (b) exponential
fluctuations are applied to individual avalanches formed from each
cluster of primary ionisation; (c) exponential fluctuation applied to
single merged avalanche. In all cases the shape is exponential with a
long tail of high values of fast charge. For the wide gap RPC and
multigap RPC [6] there were marked differences in the spectra when
the fluctuations described above were applied; in that study we found
that case (c) best described the measured charge spectrum. Transition
to streamer production should begin when the avalanche produces more
than 108 positive ions (i.e. for fast signals greater than 1 pC); however
this limit may be higher in the presence of a strong quencher such as the
freons used in this study. This exponential shaped charge spectrum (as
generated by the simulation) indicates that (a) a very low threshold
discriminator is needed and (b) already there is a significant number of
large avalanches, which could trigger a transition to a streamer.

82
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Figure 1. Simulation of charge spectrum produced by a 2 mm gap RPC filled with
C9oF4H). Three cases are shown; (a) no avalanche fluctuations applied; (b) each
cluster of primary ionisation creates an independent avalanche, the size of which is
smeared by an exponential fluctuation; (c) all individual avalanches are merged into a
single avalanche, which is then smeared by the exponentml avalanche fluctuations.

However this simulation does not agree with data presented by various
groups, where they show that pure avalanche mode operation is
possible; also the shape of our simulated charge spectrum is only
consistent with data obtained by Abbrescia et al.

2, Experimental Set-up

The resistive j)late chamber used in this study was constructed
with resistive plates made from 0.8 mm thick melamine-phenolic
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laminate sheets of 32 x 32 cm2. The smooth melamine surface faced
the gas, while the outer phenolic surfaces were painted with conductive
paint (Nickel paint with surface resistivity 1-2 Q/[0) to form pad
electrodes of 24 x 24 cm2. The gas gap was bounded by a 2 cm wide
and 2 mm thick PVC spacer around the perimeter. A layer of glue
attached the resistive plates to these spacers, thus creating a gas gap
between 2.1 and 2.2 mm. One electrode, the cathode, was connected
with a 1 MQ resistor to a high voltage power supply; the signal
developed on the cathode was read out through a 1 nF capacitor. This
signal was fed into a fast current amplifier, the output of which was
inverted and split between an ADC and a discriminator. The other
electrode was connected to ground either through the 1 MQ input
impedance of the oscilloscope or to an ADC with input impedance of
50 Q. The exact set-up is described below where the measurements
are discussed.

We triggered on through-going cosmic rays with a series of
scintillator counters selecting a 10 x 10 cm? area in the centre of the
RPC. We performed two series of tests; for the first we used a gas
mixture of 3% iso-C4Hj0 and 97% C2F4H). Normally we add 1%
water vapour to our gas mixtures to keep the resistivity of our
melamine-phenolic plates at a low value [7]. For the tests with this gas
mixture we did not add water vapour. The voltage needed to reach the
knee of the efficiency plateau slowly increased from 10.5 to 11.2 kV
over the several week period of the tests. We attribute this rise to an
increase in resistivity, thus generating an increasing voltage drop across
the resistive plates. We have ignored this effect except to note that
various plots will be labelled with voltage relative to the knee of the
efficiency plateau so that comparisons can be made. For the second
series of tests we used a gas mixture of 95% C2FsH (also ecologically
friendly) and 5% iso-C4H)¢ bubbled through a water reservoir at 100C
in order to add 1% water vapour. For these tests the working voltage
was more constant.
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3. Measurement Technique

There are various types of measurements made with this
chamber. We have measured the charge spectrum of the fast signal
derived from the cathode pad. We have measured the time spectrum
with the threshold of the discriminator set at 10 fC. We also measured
the total charge produced by the avalanche or streamer. For this
measurement we connected an oscilloscope directly to the anode, using
the high impedance of the oscilloscope to connect the anode to ground
potential. A typical oscilloscope display is shown in figure 2. The step
is due to the movement of the electrons towards the anode; the long
ramp is due to the drift of the positive ions toward the cathode.
Eventually the voltage levels off when all the ions have been collected.
The total voltage deviation can be converted to charge, as we have
measured the total capacitance of the anode to ground. In this case it is
0.7 nF. We are interested in the ratio of fast charge/total charge, i.e.
the size of the initial step to the total deviation. This is clearly visible
for the event shown in figure 2; however we are also interested in small
avalanches, where the total deviation due to the collection of positive
ions is several mV. Obviously the sensitivity and noise of the system
would make it difficult to measure the step directly. We, thus, also
monitored the fast signal measured by a fast current amplifier attached
to the cathodc, having first calibrated the output of this amplifier to the
step observed for large avalanches. However it should be noted that
this step is not always a clean step for calibration. An example is
shown in figure 3. Here one can observe the fast signal due to the
electrons, a fast ramp that could be caused by the drift of negative ions
(since the gas is electronegative) finally followed by the slow ramp as
the positive ions drift to the cathode. On a slow time scale (shown in
figure 2) one can not distinguish between the ramp of the negative ions
and the fast electron signal; however it is only the electron signal that
produces the observed fast signal of the avalanche. Another factor that
we have to take into account is the coupling between the cathode and
anode. A positive going signal is generated on the cathode and negative
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Figure 2. Typical avalanche signal observed by an oscilloscope directly attached to
the anode with a 1 MQ input impedance.

on the anode; thus any capacitive coupling between the two plates will
lead to a reduction of the signal. This reduction will depend on how
each electrode is decoupled to ground. Additionally there is capacitive
coupling between the electrode and ground which will allow part of the
signal to be lost rather than fed into the amplifier. Thus we cross-check
our calibration by (a) knowing the gain of the amplifier attached to the
cathode and (b) measuring the change of the mean of the charge
spectrum obtained from the cathode when the anode is either coupled to
ground through a 50 Q or 1 M resistor. Even after this calibration
procedure the uncertainty in the exact charge we estimate to be ~ 20%.
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Figure 3. Avalanche signal on expanded time scale. We attribute the first fast
signal to the movement of the electrons, the fast ramp to the movement of the
negative ions and the slow ramp (almost flat on this time scale) to the drift of the
positive ions.

4. Results

In figure 4 we show the efficiency plot of the RPC with the two
gases-under test. We also show the probability of producing a
streamer. In the upper plot we show two curves; one is for ‘prompt’
streamer and the other for ‘any’ streamer. By ‘prompt’ streamer we
mean that there has been more than 5 pC of charge within 50 ns of the
original avalanche. The probability for ‘any’ streamer is obtained by
inspecting the output from the RPC for some microseconds with the
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Figure 4. Efficiency versus voltage for the two gas mixtures. We also show the
probability of a streamer.
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oscilloscope. The lower plot refers to the CoFsH gas mixture. With
this gas, the streamer was always ‘prompt’; it does not have this
characteristic delay between the avalanche and streamer as first
observed by Cardarelli et al. [8]. Also, as discussed more fully below,
C,FsH is more ‘quenching’ than CF4Hj; thus any streamer produced
is less violent and the transition between avalanche and streamer
happens for a higher avalanche charge. Thus we do not distinguish
between ‘prompt’ and ‘any’ streamer for the lower plot. However we
also plot the occurrence of a signal > 20 pC within our 50 ns gate; this
is a mixture of streamers and large avalanches.

In figure 5 we show the ratio of ‘fast signal/total signal’ plotted
as a function of fast charge. Ideally this should be 1/aD (where @ is
the Townsend coefficient and D the size of the gas gap) if the
attachment coefficient is zero. This is shown as a dotted line
superimposed on the figure. Obviously this ratio is well below this

25 ———r—r——rrr — T

Figure 5. Ratio of fast signal to total signal plotted as a function of fast charge for
the two gas mixtures. We also show the theoretical value of 1/aD. Additionally
we show a measurement made previously with a mixture containing CBrF3 [9].
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1/aD value for small avalanches. We assume the cause is that the
‘electronegative’ freons have a non-zero attachment coefficient. When
the attachment coefficient is non-zero, we expect a ratio of fast/total
signal to be (o' /ar).(1/0'D) where o’ = a0 - 1] and 7 is the attachment
coefficient. There is a clear rise of the ratio of fast/total for increasing
avalanche size; we attribute this to space charge effects. The electric
field experienced by the electrons at the head of the avalanche is
affected by the positive ions produced during the growth of the
avalanche. These positive ions reduce the electric field and thus limit
the growth of the avalanche. This will effectively move the centre of
gravity of the electrons in the avalanche away from the anode, thus
leading to an increase of this ratio of fast/total charge. As a
comparison, we also include a measurement of this ratio for freon 13B1
that we have made previously [9]. Even though the systematic
uncertainty is different between the two measurements, it is instructive
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Figure 6. Total charge produced in the gas gap by a single through-going cosmic
ray plotted as a function of applied voltage for the two gas mixtures under test. The
right hand axis is marked with power dissipated in the gas gap per square metre
assuming a flux of 100 Hz/cm?2.
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to see an increase of the ratio of fast/total charge. It should be noted
that only events producing single avalanches in the chamber are used
for this measurement. Events that have an after-pulse or streamer have
been eliminated; thus the large number of data points corresponding to a
fast signal in the range 10 to 20 pC with the CoFsH gas mixture
indicates that large and clean avalanches can be produced with this
mixture (i.e. no transition to streamers and after-pulses).

In figure 6 we show the total charge produced by a single
through-going cosmic ray as a function of voltage for the two gases. It
is clear that for the CoF4H> mixture, the total charge is dominated by
the production of streamers above the knee of the efficiency plateau.
The lower probability of streamer and the lower intensity of the
streamer discharge with the CFsH gas mixture leads to a large
reduction in the amount of charge in the gas gap. Knowing the total
charge, we can calculate the power dissipation in the gas gap assuming
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Figure 7. Rate needed to produce a 200 V drop across the resistive plates assuming
aresistivity of 4 1010 Qcm and a plate thickness of 2 mm for each electrode.
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a flux of 100 Hz/cm?2 over a 1 m?2 area. This is marked on the right
hand axis. Although 1 W/m2 does not seem a large source of power, it
will heat the gas contained in this 2 mm thick volume by over 300°C in
one hour. Since the resistive plates are not good thermal conductors,
some thought has to be given to the extraction of the heat even at this
relatively low flux of 100 Hz/cm2. One can also estimate the rate
capability, knowing the amount of charge produced and the resistivity
of the plates. We show, in figure 7, the rate necessary to produce a
200 V drop, assuming a resistivity of 4 1010 Q.cm and a plate
thickness of 2 mm for both electrodes. Obviously the rapid change in
efficiency with voltage as shown in figure 4 would make a 200 V drop
excessive unless one is working above the knee of the efficiency
plateau. The high fraction and large charge produced by streamers in
the CyF4H» gas mixtures would result in a rate capability ~50 Hz/cm2.
The C;FsH mixture, however, is capable of being operated at
~500 Hz/cm2.

In figure 8 we show the time spectrum obtained with a
discriminator set with a ~10 fC threshold for the CFsH gas mixture for
four voltages(11.3, 11.5, 11.9 and 12.3 kV). On this figure we also
show the Full Width at Base (FWAB), which is a window that contains
99% of all the events. It is clear that for optimal timing one has to work
with the voltage set well above the knee of the efficiency plateau.
Similar results were obtained with the CoF4H gas mixture (i.e. one
has to work at 400 V above the knee of the efficiency plateau to obtain a
FWHM of 4 ns). In figure 9 we show the time walk with voltage.
This large time walk (~2.5ns/100 V) will be of concern in critical
timing applications.

In figure 10 we show the charge spectrum at four voltages
11.3kV, 11.5kV, 11.9 kV and 12.3 kV (i.e. 200 V below the knee,
the knee, 400 and 800 V above) for the CoFsH gas mixture. Similar
results were obtained with the CoF4H2 gas mixture. The principal
effect is the change from the exponential shape for low voltages to a
Landau shaped distribution at the knee and then to the apparent
gaussian shape 800 V above the ‘knee’ voltage; however it should be
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Figure 8. Time spectra measured with the C2FSH gas mixture for four voltages.
The full width half maximum (FWHM) is shown and the window necessary to
contain 99% of the total events. (FWAB).

noted that the histogram corresponding to 12.3 kV only contains 10 %
of all events. There is a long tail containing the other 90%; thus in
reality it is not gaussian. The change from exponential to the Landau
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Figure 9. Time walk with voltage for two gas mixtures.

shape is due to this strong limitation in the growth of large avalanches
due to space charge effects.

5. Results of Test Beam

All the tests described above were performed with cosmic rays.
We have also tested the same 2 mm gap RPC in the T9 test beam at
CERN. This beam was defocused to covered the active area of the
RPC with a uniform flux. It was set at negative 8 GeV/c and consisted
mainly of pions. The spills had a flat top of 250 ms and occurred every
151020 s.

In figure 11 we show the efficiency versus voltage for various
fluxes. 1 % water vapour is added to both gas mixtures in this case. It
is clear that the efficiency starts to drop as soon as the voltage is raised
above the knee of the plateau even at the modest flux of 30 Hz/cm? for
the CoF4H2 mixture. The C2FsH mixture does have a true plateau
although there is a reduction in efficiency at the knee voltage for high
fluxes. We also measured the time walk with the CoFsH mixture. This
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is shown in figure 12. Itis clear that this time walk will be a problem if
the RPC is used in some critical timing application.
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Figure 10. Charge spectra from a 2 mm gap RPC with the CoFsH gas mixture.

6. Discussion

Our initial interest was to understand the differences in the shape of the
charge spectra obtained by various groups working with a 2 mm gap
RPC with C2F4H3. We find that the shape changes as one varies the
applied voltage. Thus the different shapes presented by various groups
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Figure 11: Efficiency versus voltage for various fluxes for two different freon
mixtures.

iare a reflection of operating the RPC at a different gas gain. The
mechanism that we believe is responsible for this change in shape is the
space charge of the positive ions created as the avalanche grows. This
could also explain our measured rise in this ratio fast/total signal.
Reducing the voltage produces an exponential shaped charge spectrum.
It is very difficult to work with this exponential shaped spectrum since
it requires an ever lower discriminator threshold.

In order to move away from this exponential shaped charge
spectrum, we are forced to operate the RPC in a mode where the gas
gain of large avalanches is limited by space charge (luckily there exists
this space charge limitation; otherwise these avalanches would all grow
to a size that would trigger a transition to a streamer). In this mode of
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Figure 12: Time walk for single 2 mm gap RPC. The gas mixture containing
C2FsH was in use. ‘

space-charge-limited avalanches, we do not expect an increase in the
window of safe operating voltage (range of voltage at full efficiency
with ~0 % probability of streamer) by increasing the gas gap (to 3 mm
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for example). In fact, one may find a reduction in the window of safe
operation, since the density of positive ions in an avalanche for a 3 mm
gap RPC will be less than a 2 mm gap RPC. It is the density of ions
that give rise to space charge effects, which plays the all important role
of limiting the avalanche growth.

CyFsH is a more suitable gas than CaF4Hpy; it is denser and has
one less hydrogen per molecule - which could be important in
environments where there is a high background of neutrons. It is more
quenching, thus the transition to streamer occurs at larger avalanche
size. Additionally any streamer produced has a much lower total
charge. However it appears to have a larger attachment coefficient,
thus working at very low gas gains would be difficult.

For an effective mechanism to limit the growth of large
avalanches, the gas.gain has to vary rapidly with a change in electric
field, otherwise the gas gain will not be modified by space charge of the
positive ions. (It should be noted that the efficiency of the CoFsH gas
mixture does rise more quickly with voltage than the CoF4H2 mixture,
thus the gas gain does vary more rapidly with voltage). However the
rapid change of gain with a small change in the electric field has adverse
side effects; the gas gain will vary rapidly with a small change in the
gap dimension; the probability of streamers will increase rapidly with
applied voltage (once the threshold for streamer production has been
passed). One may enhance the window of safe operation if one can
find a gas mixture that allows one to operate the RPC at a low applied
voltage. It is the interplay between the field due to space charge and the
electric field across the gas gap that leads to the reduction in the growth
of the avalanche. However a gas mixture that operates at a lower
electric field may also have a slower drift velocity of the electrons; thus
the time resolution could be degraded. The time resolution together
with our measurement of time walk indicates that the use of a single gap
RPC may have marginal timing properties for LHC experiments.

The fact that the streamers are delayed for the CoF4H3 allows
one to operate slightly above the threshold for streamer production.
One can use the preceding (and clean) avalanche signal to generate the
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Figure 13. Typical streamer signals with CoF4H2 gas mixture. The anode was
directly connected to the oscilloscope with input termination of 50 £2. Voltage set
at 300 V above ‘knee’ of efficiency plateau. ’

trigger signal. The large cluster of hit strips associated to the streamer
occurs later. Nonetheless there may be problems due to the large
amount of produced charge (i.e. limited rate capability) and the extra
noise in the system. It is instructive to question why this gas (CoF4Hj)
has delayed streamer production, while other gas mixtures do not.

The transition between avalanche and streamer is initiated by the
high electric field around the cloud of positive ions[10]. This high field
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Vertical scale 50 mV /div
Horizontal scale 100 ns / div

CoFsH

Figure 14, Typical streamer signals with C2F5H gas mixture. The anode was
directly connected to the oscilloscope with input termination of 50 Q2. Voltage set
at 1400 V above ‘knee’ of efficiency plateau.

can directly ionise the gas triggering the production of a streamer. The
field around the positive ions is partially negated by the electrons at the
head of the avalanche; however these electrons disappear when they
enter the anode plate; this leads to a sudden increase in field around the
positive ions. Since these gases are electronegative there are also
negative ions generated in the avalanche which are interspersed among
the positive ions. These will slowly drift out towards the anode leading
to a further increase in field around the positive ions. On reaching the
anode, the extra electron carried by the negative ions should jump
across onto the anode (and disappear) allowing the neutralised ion to
drift off. However it is not clear how instantaneous this process is and
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how long the negative ions may sit on the surface of the anode. Thus,
we have two processes which depend on the species of negative ions
(thus can be gas dependent); the drift speed of the negative ions and the
speed that the negative ions are discharged on reaching the anode. As
shown in figure 3, we have a signal that we associate with the drift of
the negative ions with the CoF4Hj gas.

Finally we show some typical oscilloscope traces of streamers
in the two gases. For this measurement we directly connect the anode
to the oscilloscope; the input of the oscilloscope is terminated by 50 €.
For the CaF4H, mixture shown in figure 13 we are operating at 300 V
above the knee of the efficiency plateau; figure 14 shows streamers in
CoFsH at a voltage 1400 V above the knee of the efficiency plateau. It
is clear that the streamers in CoF5H are more heavily quenched.

The LHC experiments plan on building many thousand of
square metres of RPC, with each chamber being of some square metres
in size. One of the critical parameters for the mass production of these
chambers will be the tolerance of the gas gap. A change in the
dimension of this gap causes a change in electric field.. Thus, if
‘streamer-free’ and high efficiency operation can be achieved for a
200 V range with an applied voltage of 10 kV, this corresponds to
change of 40 micron in the 2 mm gap (i.e. the chambers have to be
constructed with a tolerance of ¢ ~ 12 um). However, there is a
correction to be made since a wider gap indeed has a lower field, but
the avalanche has some extra distance to develop. We can estimate this
correction since Ammosov et al.[4] compare the operating voltage of a
2 mm and 3.5 mm chamber filled with 97% C2F4H2 and 3 % iso-
C4Hjo. They report that the operating voltage increases from 8 kV to
13 kV for this increase of gap width; thus the required tolerance is 60
microns (i.e. 6 ~ 60/N12 = 17 pm). This is still a very tight tolerance!

6. Conclusion_s

We have tested a 2 mm gap RPC with two types of freon. For
both we find an increase in fast/total charge for increasing avalanche
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magnitude; this leads us to speculate that the growth of large avalanches
is limited by space charge. We believe that this mechanism is also
responsible for the change in shape of the charge spectrum. The shape
changes from an exponential at low gas gain to a ‘Landau shaped’
spectrum at high gas gain.

We find that the gas C2FsH has a larger voltage window of
‘safe operation’ (full efficiency with negligible streamers) and thus is a
more suitable gas for use in narrow gap RPCs. Additionally we find
that any streamers produced in CoFsH are ‘prompt’ but less violent
than in CoF4H).

We have measured a large time-walk with voltage, which could
limit the time resolution for large RPC systems. Additionally one needs
to operate above the knee of the efficiency plateau to obtain a time
resolution acceptable for LHC applications; however at this elevated
voltage we measure a drop in efficiency already at a flux in the order of
tens of Hz/cm? for the CoF4H2 gas mixture. However it appears one
will be able to work up to some kHz/cm2 flux for the CoFsH gas
mixture. One should not overlook the power dissipation in the gas
volume at these elevated fluxes. Finally, the cost of CoFsH is a factor
~ 3 more than CoF4Hp; this could also be a critical constraint for large
systems.
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ABSTRACT

A front-end discriminator for application in readout electronics of RPC particle
detectors, composed of a high-gain pulse amplifier integrated with a variable
threshold comparator and an ECL buffer, has been designed. An 8-channels
full custom chip has been fabricated in GaAs technology by GIGA foundry.
The chip turns out to be very stable, featuring high voltage gain (>1000), gain-
bandwidth product (10'') and sensitivity (~50pV), fast rise time (1.5ns), high
trigger time resolution (1lns), and 25mW per channel of power consumption.

1. Front-end outlines

A resistive plate chamber (RPC) detector operating in avalanche
mode produces typically a single signal of 5ns FWHM and 1.5ns time
jitter, while the pick-up propagation time is 15ns. The input stage of
the front-end is a voltage amplifier; the good time performance of the
RPC detectors, utilized for the bunch crossing identification, imposes
the amplifier rise time of the order of the RPC jitter time, because the
large fluctuation in signal amplitude of the detector (100uV to 0.5V )
generates a jitter time at the threshold crossing of the order of the pulse
rise time.

The amplifier frequency response is optimized for typical time structure
of the avalanche signal according to the following conditions: 1) same
risetime for the amplifier and input signals, which is nearly 1.5 ns; 2)
minimum return-to-zero time for the output signal. The resulting fre-
quency response has a maximum at 100MHz and a 3dB bandwidth of
160MHz. The amplifier output is bipolar shaped, as shown in Fig.3, giv-
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ing zero integrated charge thus avoiding a possible dependence of steady
output voltage on the counting rate.

The high input impedance R; of the amplifier should be matched to the
low impedance Rg of the pick-up strip. Teaming this amplifier with a
simple transformer input coupling yields the voltage amplification to be
multiplied by a factor n(Rs+R;)/(n*Rs+R;), which reaches the max-
imum for n?=R;/Rys, if n is the turns ratio of the transformer. This
means an increase in the discriminator sensitivity until the noise is one
order of degree below. Moreover it has been demonstrated that an in-
put transformer coupling can reduce the amplifier’s noise figure when
the equivalent input noise voltage is much greater than the noise volt-
age generated by the input noise current through the source impedance.
Coaxial air-coupled spiral inductances seem to be a suitable choice, since
ferrite materials cannot be used in the high intensity magnetic fields of
the high energy physics experimental apparatuses. Conversely lossless
LC impedance matching network with the same amplifier bandwidth
feature high complexity.

2. 8-channel prototype realization

A two-channel full custom prototype chip of the front-end circuit has
been already realized in GaAs technology [1] (die size 1x1.25 mm?). This
chip was a preliminary step before the 8-channel final version, which has
been realized and tested on a full-custom board. The schematic and the
monolithic layout of the 8-channel chip are reported in Fig.1 and Fig.2
respectively (die size 1.5x2.3 mm?). Two channels have independent
bias lines for testing.

The MESFET process employed is the Triquint-GIGA D1SS type with
0.6u.m of gate length. 20GHz cutoff frequency MESFETSs have been cho-
sen for their intrinsic high gain-bandwidth product. Moreover, working
at frequencies above the 1/f corner, the GaAs MESFET features the
minimum serial-parallel noise at the given frequency band.

The amplifier is composed of three ac coupled gain stages. The com-
parator is ac coupled to the amplifying section and composed of three
stages connected in differential mode. It outputs a positive or negative
squared pulse from a bipolar one, with 450ps rise and fall time. The
threshold value can be regulated a bit over the noise level. An ECL
output buffer is capable of driving a few metre long 100 ohm flat cable
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connecting the front-end to the local trigger logic.

The circuit turned out to be very robust versus both temperature, power
supply and processing variations. Cross talk between channels and os-
cillations could easily be the result of parasitic couplings between circuit
elements as well as package and bonding wires. Stage supplies are sepa-
rated inside the monolithic area, and strongly filtered on the board be-
fore connection. Ground is the same except for the output ECL driver,
to avoid the feedback propagation of spurious spikes generated by output
rise/fall transitions.

3. Experimental results

All measurements have been performed on an 8-channel test board
by mean of a TEK-TDS684B digital oscilloscope. A summary of chan-
nel characterization is presented. The amplifier output pulse shape for
an avalanche-like input pulse is shown in Fig.3. A preliminary measure-
ment of the front-end sensitivity is reported in Fig.4, where an input
pulse of 2001V amplitude has been discriminated, with a 1:3 turns ratio
of the transformer. The overall voltage gain is approximately 1500 with
a 100MHz bandwidth, resulting a gain-bandwidth product GBWP>10°;
better results can be achieved with higher turns ratios. The threshold
has been set at a minimum value of 200mV, because the RF noise level
is rather high in the measurement setup environment. The comparator
has been also characterised and the results are plotted in Fig. 5 and Fig.
6, where the output jitter time can be seen for a variation of input pulse
width and amplitude respectively. The autoshaping capability of the
circuit has been demonstrated. The maximum skew time between chan-
nels on the test board can be seen in Fig.7; as it can be seen, the channel
paths are well equalised. The absence of cross-talk interference between
adjacent board channels is shown in Fig.8. Finally, the measured power
consumption per channel is 25mW.
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Figure 1: Schematic layout of the 8-channel front-end

Figure 2: Monolithic layout of the GaAs IC 8-channel front-end (die-size
1.5x2.3mm ?) ‘
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FRONT END ELECTRONICS FOR RPC
DETECTOR OF CMS

F. LODDO *
Dipartimento Interateneo di Fisica and Sezione INFN, Bari, Italy

December 15, 1997

ABSTRACT

A prototype front-end amplifier-discriminator-monostable circuit for Resistive
Plate Chamber detectors is presented. It has been designed and manufactured
using the Maxim-SHPI bipolar technology. The aim of the circuit is to amplify
a delta-like current signal ranging from 20 fC to 20 pC and to generate a fast
output pulse.

1. Introduction

- "The RPC detectors will be used in CMS experiment for the muon
trigger system [1]. The aim of this circuit is to amplify a current sig-
nal coming from a Resistive Plate Chamber (RPC) detector for timing
measurement purpose. The input dynamic range is 20 fC < Qin < 20
pC. The amplifier must provide an output pulse having rise time as fast
as possible. The shape of the current signal, induced by a single clus-
ter, is described by the function I(t) = Ipexp(t/7); 0 <t < 15 ns, for
CyH, Fy-based gas mixtures having electron drift speed in the order of
130 pm/ns and 7 (gas time constant) ~ 1 ns at the nominal working
point of the detector. This can also be considered a good approxima-

*coauthors: M. Abbrescia, G. Bruno, A. Colaleo, G. laselli, G. Lamanna, M. Maggi,
B. Marangelli, S. Natali, S. Nuzzo, G. Pugliese, A. Ranieri, F. Romano Dipartimento
Interateneo di Fisica and Sezione INFN, Bari, Italy; S, Altienr, V. Arena, G. Bonomi,
G. Gianini, M. Merlo, S. P. Ratti, C. Riccardi, L. Viola, P. Vitulo Dipartimento di
Fisica Nucleare e Teorica and Sezione INFN, Pavia, Italy
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tion of the real signal, since almost the whole induced current originates
from the first two clusters. For RPCs that will be operated in the barrel
region of CMS, the current signal comes from a strip-line 1.3 m long
whose characteristic resistance Rg, for an RPC with 2-mm double-gap
geometry and a strip width ranging from 2 to 4 cm, ranges from 40 to
15 €2, respectively. The corresponding strip capacitance ranges between
~ 160 pF and ~ 420 pF. The propagation delay is ~ 5.5 ns/m.

2. Design constraints

The rise time of the induced signal (~ 1 ns) is shorter than the
propagation delay along the strip, therefore this one must be treated
as a transmission line and properly terminated at both ends. In fact,
reflected signals increase occupancy and, if the termination resistance
is > Ry, a fraction of input charge is reflected and lost, that is the
effective threshold is increased. The strip is terminated on one end by
the input resistance of the preamplifier and on the other end by an
ohmic termination, that is less expensive and power consuming than
active terminations, in front of a small increase of noise.

Since the termination resistance has a small and variable value, an
AC coupling between strip and amplifier is required. Simulations and
past experience show that, setting the threshold around 20 fC, the de-
tector is fully efficient with low streamer probability. This means that a
Onoise < 4 TC could be tolerated.

The excellent timing information of the input signal must be pre-
served by the amplifier. This purpose is easily satisfied by an amplifier
having a single dominant pole at relatively low frequency and the next
high frequency pole as far as possible. The output pulse will have nearly
the same fast rise as the input and a long tail. Since in the barrel the
expected single rate is less than 200 kHz/channel (with the maximum
strip area of 130 x 4 cm?), a tail length below 50 ns would allow a negli-
gible pile-up probability. The fast peaking time and the slow tail tend to
affect the series and the parallel noise, respectively. This consideration
has been kept into account, in order to not exceed the required noise
limit.

In a RPC working in avalanche mode, the avalanche pulse is often
followed by an after-pulse with a delay ranging from 0 to some tens of ns:
the possible second trigger must be masked. Therefore, the discriminator
must be followed by a one-shot and the pulse length set to a value that
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is a trade-off between the possible second trigger and the dead time. A
length of 100 ns, giving a dead time of 2%, has been considered a good
compromise.

3. Technology

The front-end asic has been made in semi-custom bipolar technology
SHPI by Maxim. This process has been already used in many high
energy physics experiments. In fact, silicon bipolar technologies offer a
good trade-off in speed, power, low intrinsic noise and reliability. These
properties make them ideal for fast, low power and low noise designs.
Moreover, its radiation hardness was considered adequate even at the
highest radiation levels of LHC [2].

The Maxim SHPI technology consists of vertical npn transistors,
lateral pnp and jfet transistors, active base and implanted resistors, MOS
capacitors and Schottky diodes. The unity gain-bandwidth product of
the npn transistor peaks at 9 GHz with 500 pA of collector current
for a minimum area device. The claimed typical on chip matching of
the base-emitter voltage is 1 mV or less, while adjacent resistors match
better than 1 %. The semi-custom-Quicktile approach for fabrication
was chosen: groups of devices are placed within predefined layout areas
called tiles. All device layers, except the interconnect metal layers, are
placed by the manufacturer: the designer proceeds with the layout of
the metal layers.

4. The circuit

The circuit is made of six identical channels, each one consisting
of an amplifier, a discriminator-monostable and a differential 110 € line
driver. The requested power supplies are +3V and -2V; the overall power
consumption is about 30 mW /channel. The package is quad-flat-pack,
64 pins.

4.1. The amplifier

The preamplifier (Fig.2) is made of a common emitter transresis-
tance stage, to match the characteristic impedance of the strip. In this
technology, a common emitter stage is fast enough, so no cascode was
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Fig. 1. Single channel block diagram

required. The expression of the input impedance is:

s+ 5=
Zi(s) = Rfeed—RLC' (1)

where Rj..q is the feedback resistance, g, is the transconductance
and the parallel of Ry, and C is the internal load across which the voltage
gain is produced. The zero of the above expression is at 100 MHz. At
low frequencies, the value of Z; is about 20 €2, while it is about 30
) at the signal frequencies (around 100 MHz). The input transistor
Qin has a very low base resistance (~ 10 Q) and it does not give an
important contribution to the series noise. The current in @, is about
700 A and Ry is 2 KQ. The resultant open loop gain is 55, while the
dominant pole of the preamplifier is about 180 MHz. A dummy input
preamplifier was required to balance the DC output variations of the real
input first stage. The transresistance stage is followed by a gain stage
that introduces a dominant pole at 18 MHz, giving a tail length of ~ 30
ns. The charge sensitivity is ~ 1.6 mV /fC, on the basis of past experience
on the detector. The typical simulated responses of preamplifier and
gain stage are shown in Fig.3. The differential output of the amplifier
is then DC-coupled to the threshold circuit. It is made of a couple of
emitter followers, Q.1 and Q.- and resistors B3 and R4, which provide
a suitable level shift to the two outputs. These two emitter followers
are fed by the differential amplifier (J;; and Q;p,. The threshold input,
Vset, is attenuated by a factor four and used to set a voltage difference
between Q:x; and @y, and, therefore, a current difference through Rj
and R4. In such a way, the initially balanced preamplifier outputs are
now unbalanced, providing a threshold condition at discriminator input.
In the linear operating region, the voltage shift is about
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In order to keep the ratio R;/R3 constant over process and temper-
ature variations, resistors Ry and Rz should be of the same type (active
base resistors). In such a way, AV ~ Vi /2 and depends only upon the
external voltage control. The current through the threshold differential
amplifier, I;;, has been set to 150 pA in order to allow a linear behavior
of such a circuit in the requested wide threshold range, between 10 fC
and 300 fC. The power consumption is 7 mW.

4.2. Noise calculation

The equivalent circuit of detector and amplifier for noise analysis
is shown in Fig.4 [3]. The parallel noise is dominated by the thermal
noise of the termination resistance at the far end of the strip and can be
represented by an equivalent noise current generator with power density
i2(A%/Hz) in parallel to the termination resistor, supposed noiseless.
The series noise is represented by an equivalent noise voltage generator
with power density e2(V?/Hz) in series with the input [4].

5 AKT
14 =
n RO

~11x1072  A%/Hz (3)
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el = 4KT((L5 + Rpp/) ~4.6 x 107  V?/Hz (4)
Vs A
() = L~ 5

I(S) Tl + s71,
77, being the time constant of the dominant pole and A the gain.
The preamplifier being current sensitive, it is convenient to transform

the noise voltage generator into an equivalent current noise generator
with power spectrum

-2 e?l (6)
1 = —m——m-—-——
e lRin + Z|2
where Z is the impedance shown in Fig.4 and R;, is the input resis-
tance of the preamplifier. For simplicity, in this analysis R;, is.supposed
to be equal to the strip characteristic impedance.

1 1 1+ SROC
7 = —)//— Z = 7
(Fo + sC')// sC, = s[sRoCC, + C + C,] (™)
where C' is the AC-coupling capacitance between the strip and the

preamplifier and C, the total capacitance on the preamplifier input.
Being C' > C,,

. L 14 sRoC (8)
T sC 1+ sRyC,
2
ins = 1ejisRQc 2 )
Ro + sC 1+sRyCa
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The rms noise at the output is found by integration of the noise
current through Ry multiplied by the square of the magnitude of the
transfer function of the amplifier:

o0
V2 = / 2 \HG)P df ~1.9 mV rms (10)
0

in the worst case of Ry = 15Q. This integral is calculated numeri-
cally.
Assuming the line to be ideal, the impedance seen at the far end is:

Zi + Rotanh(std) (11)
Ry + Z;tanh(stq)
where Z; = 1/sC + Ry and ty ~ 7 ns is the propagation delay.

Then, the parallel noise current flowing into the preamplifier is (be-
ing 1/sCy > Riy)

Zy = Ry

.| Ro |?
) R 0
i, =1 12
np Zn RO+ Z1 ( )
and, again, the rms noise at the output is:
> 2
V2 = / 2 [H(jw)[df ~ 1.3 mV rms (13)
0

in the case of Ry = 15Q2.

Finally the total output noise will be V;, = /V.X + V2 ~ 2.3 mV
rms.

Simulation of the circuit, including all the noise sources, shows a
total output noise ~ 2.7 mV, corresponding to an ENC ~ 1.7 {C, fully
satisfying the noise limit of 4 fC.

4.8. The discriminator-monostable

The discriminator (Fig.5) is made of a two stage differential amplifier
(Q1,Q2) and (Q3,Q4). The first one operates with 80 pA current, the
second with 40 pA current giving, with the intermediate buffers, a total
power consumption < 1 mW. This circuit provides a 160 mV digital
pulse even at the minimum level threshold (10 fC). The discriminator
is followed by a one-shot circuit, that gives a pulse shaped at 100 ns.
The monostable is another differential amplifier (QML,QMR), driven
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on one branch by the discriminator output (vbl), on the other by the
AC coupling with the first branch output (vb2). The required tuning of
the pulse width is made by means of a tunable positive feedback circuit:
once the monostable output goes up, the differential amplifier (QFL,
QFR), driven by the outputs (mon+, mon-), injects the tunable current
[_WIDTH into the resistor Ry, therefore adding a proper level shift
to the signal vb2. This shift acts as an hysteresis, making the state
transition faster, preventing the circuit from repetitive triggering due to
the noise and, depending on its value, it sets the chosen pulse width.
The power consumption of the discriminator + monostable is 7 mW.

vee=3v

DISCRIMINATOR "7 ONE=SHOT
4K EE E, 4K 4K ; E§4K
15
»—ﬁos Q4
w"n+ .—‘:1 Q1 —T—-—— QZP ) or:c)n-i-
1 300 @ o é é s é e %Mﬁu @ﬁu LWIDTH
VEE=-2V
VEE= -2V

Fig. 5. Schematic diagram of discriminator and monostable

4.4. Timing performances

Computer simulations and experimental results of the time slewing
introduced by the front-end channel as a function of charge overdrive
are shown in Fig.6. The amplitude contribution is due to the time the
signal takes to reach the threshold. The additional walk introduced
by the discriminator is due to the finite gain-bandwidth product of the
circuit and is negligible for overdrives > 1 fC. This slewing could be
reduced by a constant- fraction discriminator or other slewing correction
techniques. Fig.7 shows the time distribution, obtained by weighting
the time slewing with the probability of occurrence of each charge value
given by the charge spectrum. The timing error due to these 2 factors
is 0;_¢1 ~ 0.7 ns. The noise contribution to the time resolution is:
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Tn

7t = dv/de) (1)
where 0, < 3 mV is the rms noise and dV/dt is the slew rate of am-
plifier output at the crossing of discriminator threshold. It is 20 mV /ns
on average. Then, 0;, < 0.2 ns = 0y5_; < 0.7 ns. Compared to the
experimental total error (1.8 + 2 ns), the walk contribution appears
negligible. All these considerations convinced us that the timing char-
acteristics of the comparator were fully satisfied and a constant-fraction

discriminator was not necessary.
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Fig. 6. Time slewing vs charge overdrive Fig. 7. Time distribution

4.5. The output driver

The driver (Fig.8) has to feed a twisted pair cable with a signal level
of 300 mV on 110 €, as required by LVDS receivers. The corresponding
power consumption is ~ 18 mW. We are also considering the possibility
of housing part of the readout electronics on the same front-end PCB.
This solution would make the cable not necessary, and the driver power
could be decreased down to 5 mW. For this purpose, the cliip has the
possibility of reducing the driver output current.
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Fig. 8. Schematic diagram of output driver

5. Measurements

The first experimental test on prototypes has been performed on the
test bench. The input charge was provided by a 50 2 pulse generator (Le
Croy 9210) through a 2 pF capacitor. The basic design parameters, such
as charge sensitivity, power consumption, noise and timing performances
have shown good agreement with simulations and design parameters.
Moreover, no cross-talk was observed up to 10 pC input. The threshold
uniformity has resulted not satisfactory: in fact, in front of an expected
value ~ 3 fC rms, the measured one was ~ 6 fC rms. In the summer
1997, a large RPC has been instrumented with this front-end chip and
exposed to the H2 muon beam. The circuit worked fine and, compared
to the old hybrid front-end electronics, it showed a drastic reduction of
cross-talk between channels [5].

5.1. Noise measurement

Noise measurements have been performed using the following tech-
nique [6]: an input charge Q;, at frequency f;, is provided to the cir-
cuit. With the superposition of the noise, the signal amplitude has
gaussian distribution; we set two different thresholds, Vix; and Vyp2 in
order to have the output signal with frequency fou:1 = 0.117fin and
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foutz = 0.883f;,. Then, Vipy — Vipe = 2.350, = 5.2 mV rms, corre-
sponding to an ENC ~ 1.4 fC. This value is less than the simulated
one (~ 1.7 fC), because it does not include the noise contribution of the
passive termination.

6. Conclusions

We have designed and prototyped a bipolar front-end asic for the
RPC detector of CMS. Measurements of the performance of the pro-
totypes agree with the design constraints and with Spice simulations.
Further improvements of the coupling between amplifier and discrimi-
nator in order to decrease the threshold disuniformity will be done in
the next run. Moreover, we will try to decrease the input impedance of
amplifier down to 15 Q.
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Performance of RPCs operated with various gas
mixtures

P. Camarri, R. Cardarelli, A. Di Ciaccio, L. Di Stante, R. Santonico
INFN Sezione di Roma 2, Via della Ricerca Scientifica 1,
00133 Roma, Italia

March 25, 1998

ABSTRACT

The performances of 1.5, 2 and 3 mm gap RPCs operated with the “refer-
ence” ATLAS gas mixture (CoHyF4/CsH10=97/3) were compared in cosmic
ray tests. The effects of small additions of a strongly electronegative gas (SFe)
were also studied.

1. Introduction

The avalanche and streamer operating modes in Resistive Plate
Chambers can be characterized in the plot showing the charge pulse,
in logarithmic scale, vs. the operating voltage [1]. For an avalanche
discharge this plot is characterized by a linear region typical of the
Townsend exponential discharge where the gas gain is very strongly de-
pendent on the operating voltage, followed by a relatively flat region with
a much weaker gas gain dependence on the operating voltage, indicating
a saturation of the avalanche possibly due to space charge effects.

For most gases, including the one of Ref. [1], the voltage range
in which an RPC can be operated in avalanche mode is limited by the
appearance of the streamer. This is normally a non wanted phenomenon
which, in addition of increasing drastically the delivered charge, also
produces high pick-up strip multiplicities as expected from the very low
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Figure 1: Experimental layout: scintillator telescope and details of the
test RPC; digital oscilloscope and DAQ system.

discrimination threshold that is required by the avalanche operation.

2. Experimental setup

This paper describes a cosmic ray test made in the INFN laboratories
of Roma 2 by means of an experimental set up similar to the one already
described in Ref. [1]. A set of three scintillators S1, S2 and S3 are used
to select a cosmic ray beam intersecting the RPC under test. Two
scintillators, S1 and S3, have relatively large sizes, 60 x 10 ¢cm? and
50 x 8.5 cm?, with respect to the RPC pick up strips, while the third
one is a “finger” of 2 x 30 cm?, 1 cm thick. The RPC of 50 x 50 cm?
gensitive area, has a 2 mm gap between 2 mm bakelite plates, according
to the scheme of the ATLAS Muon TDR [2].

The read out is made of 16 aluminum strips glued on a plate of
expanded polystyrene 3 mm thick which has a grounded aluminum foil
glued on the opposite face. Thin grounded copper wires are inserted
between contiguous strips. The strips, which have an impedance of 25
(), are terminated at both ends. At the end where the signal is read out
the termination is realized by a 50 £ resistor in parallel with a 50 Q2 cable
feeding 1/2 of the signal current into the amplifier. The experimental
setup and the RPC lay out are sketched in Fig. 1.
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3. Study of the performances of 1.5, 2 and 3 mm gap RPCs

This test is also described in Ref. [3]. We measured the RPC detec-
tion efficiency using the RPC front-end electronics that has been devel-
oped for ATLAS. This frontend circuit [4] consists of a voltage amplifier
coupled to a discriminator. The amplifier has a frequency bandwidth
of 160 MHz with a gain of 300 at 100 MHz and an input impedance
of 50 2. The amplified signal is fed into a standard discriminator with
threshold adjustable from 30 mV to 1 V. This frontend circuit, already
used in many beam tests of RPCs [5], is made with standard commercial
components. This circuit will be integrated in a GaAs chip [6] but this
one was not used in the present test.

The front-end board was fixed at one end of the strip plane, on the
opposite side of the end connected to the oscilloscope. Also in this case
the 25 © impedance of the pick up strip was matched using a 50 Q
resistor in parallel with the amplifier input.

The detection efficiency was measured by the direct counting, via
NIM scalers, of the coincidences between the fast-OR of 5 RPC strips
and the trigger signal of the scintillator telescope. The streamer frac-
tion was evaluated by measuring the integrated charge with a CAMAC
LeCroy 2249W ADC module; the integration gate (400 ns wide) was
started by the cosmic ray trigger, so the strip signals had to be delayed
(about 100 ns) before the integration: no electronic amplification was
needed for this measurement, due to the large amplitude of streamers
with respect to avalanche pulses.

We tested 1.5, 2 and 3 mm gap RPCs operated with the binary
gas mixture CoHoF4/CqH;0=97/3. With the purpose of accounting for
the temperature and pressure variations during several weeks data tak-
ing, we rescaled the applied voltage V, according to the relationship
V =V, x (Py/P) x (T'/Tp) where T is the laboratory absolute tempera-
ture, P the atmospheric pressure and Ty = 293 K, Py = 1010 mbar are
arbitrarily defined temperature and pressure reference values [7]. The
above formula is based on the hypothesis that gas discharge related phe-
nomena are invariant for any change of V', T, P which leaves the ratio of
the voltage to the gas density unchanged. The relevance of the rescaling
is shown in Fig. 2 where the efficiency vs. voltage is given for the binary
gas CoHaF4/C4Hip =97/3 at two different pressures (Fig. 2(a)). The
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Figure 2: (a) Detection efficiency vs. the applied voltage for the bi-
nary gas mixture, at two different values of the atmospheric pressure.
(b) Detection efficiency vs. rescaled voltage for the experimental points
shown in (a): the voltage was rescaled using reference values for the at-
mospheric pressure and temperature, 1010 mbar and 20 °C respectively.
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200 V shift observed between the operating voltages corresponding to the
different pressures disappears when the data are plotted vs. the rescaled
voltage (Fig. 2(b)). In the following of this paper all the quoted voltages
are normalized with respect to temperature and pressure according to
the above formula.

In Fig. 3 (a), (b), (c) the efficiency and the streamer fraction as a
function of the operating voltage are shown, for the 1.5, 2 and 3 mm
gap respectively.

In Fig. 4 the efficiency (30 mV threshold) and the streamer fraction
as a function of the operating electric field are shown, for 2 mm and 3
mm gap; we see that the avalanche-streamer separation is narrower for
the 3 mm gap. In Fig. 5 the average streamer charge vs. the operating
electric field is shown for the three different gaps; this charge is much
larger in the 3 mm gap, where we could also observe streamer afterpulses
appearing up to 2 us after the primary avalanche pulse.

4. Study of new gas mixtures

The data taking of the test was made using a 4 channel digital oscil-
loscope of 1 GHz analog bandwidth which sampled 500 points per signal
at a sampling speed up to 5 Gsample/sec. The oscilloscope was trig-
gered on throughgoing cosmic rays using the triple coincidence signal
of the scintillator telescope and for each trigger the signal waveforms of
three consecutive pick up strips were recorded. The scintillator finger
was centered over the middle strip. Due to the geometrical acceptance
of the telescope, the cosmic ray trajectory intersected sometimes the re-
gion between two contiguous strips and the signal was shared between
them.

The data acquisition was managed by a personal computer which
recorded the waveforms of the three strips.

The gas was the mixture CoHoF4/C4H;¢=97/3, with the addition
of a small amount of SFs. We tried 5%, 2% and 1% of SFg; the binary
mixture without SFg was also tested for reference.

For each gas we scanned a voltage range of at least 2 kV. At oper-
ating voltages below the streamer threshold the oscilloscope horizontal
scale was set at 10 ns/cm and a typical avalanche signal was measured
by about 40 sample points. Above the streamer threshold the time scale
was set at 50 ns/cm so that delayed streamers up to about 500 ns were
detectable. The corresponding sampling frequency was only 1 Gsam-
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Figure 6: Detection efficiency and streamer probability vs. operating
voltage for 5%, 2%, 1% SF¢ concentrations.

ple/s and a typical avalanche signal was measured with only about 8
sample points, a rather modest number that made the avalanche mea-
surements obtained in these conditions significantly poorer. The fraction
of streamers expected after 500 ns was completely negligible for all the
tested gases.

The signals of the three strips were amplified using a voltage ampli-
fier of gain 25, frequency bandwidth 500 MHz, input impedance 50 2
and equivalent noise of 6 dB. At very low voltage, where the signal am-
plitude was only a fraction of a millivolt, two cascaded amplifier stages
were used, whereas above the streamer threshold no amplifier was used
to avoid saturation effects due to large signals.

In Fig. 6 the detection efficiency (measured using the ordinary
counting technique) and the streamer fraction vs. the operating voltage
are shown for the tested mixtures; the avalanche-streamer separation is
about 1 kV in all cases.

In Fig. 7 a typical avalanche signal at 9.4 kV (a) and an avalanche
signal followed by a streamer afterpulse at 10.65 kV (b) are shown, for
the mixture containing 1% SF.

The signal charge distributions were studied for all SFg concentra-
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Figure 7: Waveform samples: (a) avalanche signal at 9.50 kV observed
with an amplifier gain of 25; (b) avalanche followed by afterpulses at
10.65 kV (no amplification). The SFg concentration is 1%.

tions and operating voltages. As an example we show in Fig. 8 the
distributions for 2% SFg in the range 9.21-10.14 kV. A drastic change
in the shape of the distributions for increasing voltage is clearly visible:
at low voltage, e.g. 9.21 kV, most of the events are accumulated in the
lowest channels and no peak is visible whereas, at 9.68 kV and above,
the distributions look peak shaped.

The average avalanche charge value {g) versus the operating voltage
is shown in Fig. 9. For each gas there is an interval where In(g) increases
linearly with the voltage, followed by a region of gradual saturation. The
full detection efficiency is reached at the same charge, about .6 pC, for
all the gases, including the one without SFg. On the contrary, at the
streamer threshold, the charge is 3 pC for all three gases containing SFg
and only 1 pC for the binary mixture without SFg. Above the streamer
threshold the total signal charge, which is dominated by the streamer,
is also plotted in Fig. 9 in addition to the avalanche precursor charge.

In Fig. 10 the cluster size distributions at four different values of the
operating voltage are shown. The cluster size is defined as the number of
contiguous strips in which the signal amplitude is greater than a certain
voltage threshold, and was measured by reading 5 contiguous strips with
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a CAMAC TDC module. Choosing the mixture with 1% SFg and a 100
mV threshold, we observe an average cluster size smaller than 2 up to
9.7 kV (that is 500 V above the plateau knee.

In our search for streamer suppressing gases we also tested, for com-
pleteness, the binary mixture CoHF5/C3H;g [8] with 3% and 6% of bu-
tane. The observed avalanche-streamer separation (see Fig. 11) is not
greater than the one observed with the binary mixture CoHoF4/C4Hg.

5. Conclusions

The measurements described above show that:

o the use of 3 mm (and wider) gap, with respect to 2 mm gap,
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and 94/6.

RPCs is not encouraged in connection with the reference ATLAS
RPC gas mixture (CoHoF4/CsH g = 97/3), due to the narrower
avalanche-streamer separation observed, and the very high charge
associated to streamers;

e after adding small amounts of SFg to the reference mixture, we
observed a remarkable improvement of the RPC performances: 2
mm gap RPCs can be operated in pure avalanche mode with a
1 kV streamer free efficiency plateau. Moreover our experimen-
tal results confirm that the induced charge distributions are peak
shaped as the RPC reaches its maximum efficiency: this is due
to space charge effects, since the predictions based on the sim-
ple Townsend exponential gain lead only to distributions in which
most of the events are accurmulated in the lowest channels: actu-
ally, this can only be observed at low operating voltages (below
the efficiency knee).
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ABSTRACT

A double gap Resistive Plate Chamber was tested in a muon beam under high
intensity photon flux. Results on the efficiency and time resolution are given.
The chamber was successfully operated at the highest available photon flux
corresponding to an effective counting rate of = 1 kHz/cm2. These results
show that such a chamber can reliably be used as muon trigger device for
LHC experiments.

1. Introduction

The Gamma Irradiation Facility (GIF) created at CERN allows the
study of the detector performance in a background environment similar
to the one expected in the Large Hadron Collider (LHC) environment.

A double gap Resistive Plate Chamber (RPC) was exposed to a pho-
ton flux producing an effective counting rate up to ~ 1 kHz/cm? per each
gap. Since RPCs are proposed as trigger devices in LHC experiments,

*coauthors: M. Abbrescna.,A Colaleo, G. Iaselli, F. Loddo, B. Marangelli, S. Natali,
S. Nuzzo, G. Pugliese, A. ‘Radieri, F. Romano Dipartimento Interateneo di Fisica and
Sezione INFN, Bari, Italy ; S. Sergueev Joint Institute For Nuclear Research, Dubna,
Rudsia ; L. Gorn University of Florida, Gainesville, USA ;S. Altieri, V. Arena,
G. Belli, G. Bonomi, G. Gianini, M. Merlo, S.P. Ratti, C. Riccardi, L. Viola, P. Vit-
ulo Dipartimento di Fisica Nucleare e Teorica and Sezione INFN, Pavia, Italy.
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they must have high efficiency and good time resolution for bunch iden-
tification up to the highest rates. Here, for the first time, measurements
of efficiency and time resolution in such a conditions are shown.

2. The test set-up

The GIF area was built downstream the CERN X5 muon beam line
and it is shown schematically in Figure 1. The photon flux is provided by
a 20 Ci 137Cs source. A system of moving filters allows the modulation of
photon radiation level investing the chamber. The chamber was located
at a distance of 1.8 m perpendicular to the irradiation cone and aligned
to the muon beam. A system of scintillators was used to trigger the
beam particles.

RPC 5G
BC2
beam
Y \
[
—

SC1

18G cm 173 cm 26 cp 196 cm 22 cm_
GIF layout

Fig. 1. Schematic view of the GIF facility.

The RPC under test was a double gap chamber, having 50 x 50 cm?
area and 3 mm gap width. The resistive bakelite electrodes have been
produced with improved surface so as to avoid the traditional linseed oil
treatment. The resistivity of the bakelite plates was 10'1-10'2 Qcm. The
chamber was operated with a 90% CyHyFy, 10% i-C4Hyo gas mixture.

The alluminum read-out strips were 1.3 cm wide with 1.5 cm pitch.
Each strip was 25 cm long and the full length of the chamber was covered
by two consecutive strips that were read-out at the two opposite sides of
the chamber. Figure 2 shows a schematic view from the top and a cross
section of the chamber. A set of cylindrical 8-mm diameter spacers were
located in a grid of 10 cm pitch. In the present design the spacers were
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aligned in two gaps so that they give arise to an effective dead area of
about 1%.

The chamber was equipped with hybrid front-end preamplifiers, with
input impedance of ~ 40 Q and bandwidth of 10 MHz. The RPC signals
were discriminated with 40 mV thresholds before feeding a multi-hit
common-stop Time-to-Digital Converter (TDC) with a 64 us gate and
a 1 ns sensitivity.

front-end electronics

bakelite
spacer

strip

3 mm gap

RPC layout

Fig. 2. Schematic view of the RPC.

3. Experimental results

The data coming from the TDC were used in order to determine the
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observed rate, the time resolution and the efficiency.

8.1. Observed rate

The measured effective rate is due to Compton electrons mainly
emerging from the interactions of the photons into the bakelite layers
close to the gas volume. A single electron could fired more than one
strip, mainly due to cross-talk and the scattering angle of the electron.
Since secondary signals produced by those effects might be delayed due
to electronic layout and time slewing, every hits within 250 ns time
window was combined into clusters. The measurement of the observed
rate was performed with the following method.

a Rate = 439 + 9 Hz/cm*
[ HV =12.5kV
. “an,, biga
10° L . gap
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Fig. 3. Distribution of the time difference between two consecutive clusters
generated by photons.

The signals coming from the RPC read-out channels were first or-
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dered in time and then clusters are searched for. In fact strips that
see more charge are fastest because of time slewing. Hits from adjacent
strips within a cluster gate of 250 ns from the fastest strip are included
in one cluster. One event consists of all signals in the 64 us TDC gate
and contains more clusters. The time difference between two consecu-
tive cluster follows the exponential law, whose slope gives directly the
observed rate of clusters.

Figure 3 shows an example of such a measurement performed with
a photon flux filtered with an absorption factor of 10 and for an operat-
ing voltage, HV, of 12.5 kV. Only clusters with the fastest strip in the
central 10 strips were considered, in order to define a fiducial area well
inside the active chamber. The peak at small time difference is due to
systematic effect in the clustering procedure but it do not affect the rate
measurement that is extracted from larger time differences.

In Table 1 the results obtained for the various absorption factors are
surmmarised. The errors associated to the observed rate are dominated
by systematics studied by varying the cluster gate time, the HV of the
chamber and the fiducial area of the chamber used.

Table 1. Observed rate as a function of the absorption factor of the filters.

Absorption factor | rate (Hz/cm?®/gap)
1 1100£100

2 700£50

5 375430

10 225:+25

100 50+£10

Absorption 1 means that no filters are used. As Table 1 shows, the
effective rate reached is well beyond what it is expected in LHC envi-
ronment and represents a safe margin on the rate capability require-
ment. For example, the highest hit rate foreseen, in the Compact Muon
Solenoid (CMS) [1] experiment at LHC, at the maximum rapidity region
(n = 2.1) where Resistive Plate Chambers are foreseen to be installed,
is ~ 300 Hz/cm?.

3.2. Timing

The timing of the RPC response to the beam particles with respect
to the time of the trigger system, (Ty), was anticipated of ~ 200 ns. The
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timing of the RPC, Trpc, was then defined as the time of the fastest
strip within 200 ns around the nominal RPC average timing. In Figure 4
the Trpc — Ty distribution is shown, at 12.5 kV and for an absorption
factor of 10.

The distributions have contributions also from signals coming from
photons hitting the chamber before the muon signals. This effect pro-
duces a tail on the right of the distributions and it is parametrised with
a polynomial function that is cross-checked in a time window and in
a region of the chamber where beam particles are not present. A fit
to the distributions from different HV and different absorption factors
are performed using for the beam particle response a double Gaussian
parametrisation.
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Fig. 4. Distribution of the time difference between the RPC response and the
trigger signal.

In Figure 5 the Half Width Half Maximum (HWHM) is shown as a
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function of the HV. The full squares represent the resolution obtained
without source; the best time resolution is achieved at 12.5 kV and it is
1.5 ns. The full down(up)-triangles are the results at absorption 10(5),
the best resolution at 13 kV being 1.6 ns. The full circles are obtained
at absorption 2, the HWHM at 13.5 kV is 1.8 ns. Finally the open
squares, representing the data taken with no filters (maximum rate),
show a resolution that at the best (13.75 kV) is 2.3 ns.

The time resolution should be compared with the time difference
between two consecutive bunch crossing expected at LHC = 25 ns. The
results obtained then fulfil the timing requirement for an efficient bunch
crossing identification as pointed out in Reference [2].
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Fig. 5. Time resolution of the RPC as a function of the applied HV and at different
absorption factor.

The average time response of the RPC depends [3] on the product of
the first effective Townsend coefficient (where the attachment coefficient
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is subtracted) and the drift velocity. As shown in [4] both the quantities
depend on the operating voltage of the chamber, so that a time-walk as
a function of the applied HV is expected.

The effective voltage across the gap is reduced with respect to the
nominal setting because of the current passing through the bakelite
plates. The current is proportional to the rate of ionising particle so
the voltage drop. One expects that a time-walk appears also as a func-
tion of the rate once the applied HV is fixed.

Figure 6 shows the average time response of the RPC as a function
of the rate for three values of the applied HV: 13, 13.5 and 14 kV.
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Fig. 6. Average time response of RPC as a function of the rate and at different
applied HV.

This effect contributes to the worsening of the time resolution once
the chamber is immersed in a non uniform background condition. How-
ever, the observed differences are very well contained within the 25 ns
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of the expected bunch crossing period at LHC.

3.3. Efficiency

The number of observed events Ny, in a given time window, tak-
ing into account the probability P, that a spurious hit appears on the
chamber, is: |

Nobsfotrig""Pa (I“G)Ntrig s (1)

where € is the efficiency to determine. So, the events where the chamber
registered both a spurious hit and a hit coming from the beam particle
are counted only once and subtracted in the spurious events (PseNgig).
The observed efficiency is €,ps = Nobs/Nirig, and the following relation
holds:

Eobs:e+Pa(1_€) ) (2)
so that P
€ops — L'

€= —7——. 3

(I‘Pa) ()

Therefore two quantities are needed, the observed efficiency, €45, and
P, that is determined by measuring the number of times the chamber is
hit in the same time window but out of time (500 ns before the trigger
signal).

In the following two time windows are considered: 200 ns, to col-
lect all the signals coming from the chamber, to measure the intrinsic
efficiency of the RPC; 20 ns, to emulate the gate at LHC, and that
represents the efficiency for a correct bunch identification.

In Figure 7 the efficiency plateau of the chamber is shown for vari-
ous filter settings. Without source the RPC reaches =~ 99% efficiency at
11.7 kV. The inefficiency is mainly due the dead area given by the spac-
ers. At the highest effective rates the maximum efficiency is reached
slowly at higher applied voltage (13 kV). Moreover no efficiency drop
are presents at the maximum applied voltage used, so that efficiency
plateaus are suitably large.

Figure 8 shows the efficiencies curves at various absorption factors
in 20 ns gate time. As expected from the measured time resolutions at
low effective rates the loss in efficiency due to poor time measurements
are small (< 0.1%). At the highest effective rates the efficiency loss due
to poor time measurements reaches at maximum ~ 0.8%.
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Fig. 7. Efficiency curves as a function of the applied HV, for different absorption
factors.

These results show that double gap RPCs can reach a bunch identi-
fication efficiency of ~ 98% at an effective rate of 1 kHz.

4. Discussion and conclusions

A double gap Resistive Plate Chamber was tested with a muon beam
under a high rate photon flux at the Gamma Irradiation Facility at
CERN. A time resolution better than 2.5 ns was measured. Efficiency of
~ 99% is reached. The effect of the time resolution and tails of the time
measurements on the bunch identification efficiency, expected at LHC,
was also studied by computing the efficiency in a 20 ns time window.
The measured efficiency loss was only 0.8% at the highest effective rate
of 1 kHz/cm? in each gap.
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Fig. 8. Efficiency curves as a function of the applied HV, for different absorption
factors. The efficiency is computed in a time window of 20 ns

The high rate background induces the RPC to draw large currents.
The drop voltage on the resistive bakelite plates can be as high as hun-
dreds volts. The knee of the efficiency plateau is then reached for higher
nominal setting of the applied voltage at increasing effective rate.

The effect is simply due to the fact that the average time between
two ionisation processes in the same area is less than the time constant
of the re-charging process, so not all the charge is supplied before the
second ionisation takes place. So, the actual voltage across the gas gap,
found by the beam particle, undergoes fluctuations around the average,
due to two competing effects, the re-charging of the external supply and
the ionisation of the background hits. This explains the deterioration
of the time resolution for higher rates, since drift velocity and effective
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Townsend coefficient depend on the voltage across the gas gap.

The dependence of the drift velocity and of the effective Townsend
coefficient on the voltage produces a time-walk of the RPC response.
This translates to a time-walk as a function of the background rate,
because of the voltage drop on the resistive plates. This effect can lead
to worse bunch identification efficiency at LHC for chambers exposed
to an environment whose background conditions differ in the chamber
area. The average time response of the RPC under test had difference of
3-4 ns for effective hit rates going from 200 to 1000 Hz/cm?/gap or from
50 to 200 Hz/cm?/gap. A correct determination of the efficiency loss for
bunch identification requires a detailed simulation of the background
condition expected at LHC. Nevertheless the result obtained are very
promising.
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ABSTRACT

Two double gap Resistive Plate Chambers, with 2 and 3 mm gap width, op-
erated in avalanche mode, were tested in the CMS-H2 muon beam. Efficiency,
time resolution and cluster size have been measured both in the central region
of the chambers and averaged over a large surface. In addition, a test with a
prototype VLSI version of the front-end amplifier has been performed.

1. Introduction

Resistive Plate Chambers (RPCs) operated in avalanche mode have

recently been considered as detectors for the muon trigger at the future
Large Hadron Collider (LHC) [1].
The response uniformity over a large surface of an RPC is a crucial issue
for its operation. Variations of the gap width, due to mechanical toler-
ances, may result in local non uniformity of the chamber efficiency, time
resolution, etc. It is therefore necessary to measure the average perfor-
mance over large surfaces, by illuminating with 2 muon beam different
portions of the chamber.

*coauthors: M. Abbrescia, G. Bruno, A. Colaleo, G. laselli, G. Lamanna, F. Loddo
M. Maggi, B. Marangelli, S. Natali, S. Nuzzo, A. Ranieri, F. Romano Dipartimento
Interateneo di Fisica and Sezione INFN, Bari, Italy; S. Altieri, V. Arena, G. Bonomi,
G. Gianini, M. Merlo, S. P. Ratti, C. Riccardi, L. Viola, P. Vitulo Dipartimento di
Fisica Nucleare e Teorica and Sezione INFN, Pavia, Italy ; Serguei Sergueev Joint
Institute For Nuclear Research, Dubna, Russia
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We report about the performance of double-gap RPCs developed in the
context of the CMS R&D project.

2. Experimental set-up

Two large double gap RPCs (1.3x1.2 m?), with 2 and 3 mm gap
width, have been exposed to the CMS-H2 beam line at CERN SPS dur-
ing the summer 1997. The test setup is shown schematically in Fig. 1.

The bakelite resistivity was ~ 2 x10''Qcm (no linseed oil treatment).

Zumgzp 3mmgap

PlatformX- Y

Fig. 1. Schematic view of the CMS-H2 beam line.

A grid of spacers (10 cm in pitch) insures the uniformity of the gap
width. In the present design the spacers of the two gaps are aligned [2].
The signals were read-out by means of aluminum strips (3.5 x 130 cm?,
the typical dimentions of the barrel strips in CMS [1]) located between
the two gaps. The chambers were both filled with a 90% C,H;F,4 and
10% i-C4H;p gas mixture.

In a first period of measurements a hybrid front-end preamplifier, char-
acterized by a 40 Q input impedance and 10 MHz bandwidth, was used;
later the 2 mm chamber was equipped with a VLSI version of the am-
plifier with also a discriminator and a monostable circuit; this has been
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extensively described elsewhere [3].

A low intensity 220 GeV/c muon beam was used for this test. The flux
intensity, measured with a set of scintillators covering a 2 x 2 cm? area,
was about 200 Hz/cm?. The trigger was given by another set of scintil-
lators defining a 10 x 10 cm? area.

The signals were discriminated with a 30 mV threshold (equivalent to
=~ 20 fC) in both sets of measurements, before feeding a common stop
multihit TDC (mod. LeCroy 2277A) with a time window of 500 ns and
a sensivity of 0.5 ns.

To measure efficiency, time resolution and cluster size, the strip with
the minimum arrival time (”the fastest”) was chosen and only a 3 strip
wide neighbour region it was considered. The efficiency was defined as
the ratio between the signal counting rate and the trigger rate, within a
60 ns window.

3. Experimental results

3.1. Local performance

In this section we report the performance obtained when the beam

was centered on the 10 x 10 cm? central region of each chamber. The po-
sition is chosen so that the maximum of the beam profile was away from
the spacers (Fig. 8). In Figs. 2-3, the efficiencies of the two chambers
vs. the applied high voltage (HV) are shown; the in-spill drawn current
(after subtraction of the off-spill current) is also given. As expected a
higher voltage was required for the 3 mm gap RPC with respect to the
2 mm one.
The average cluster size as a function of the applied HV is shown in
Figs. 4-5; it is computed around the fastest fired strip by counting the
number of adjacent strips hit within different time windows (10 us, 50 ns
and 250 ns).

The increase, shown in the figures, might be due both to the increase
of the charge produced in the chamber, and to the fact that larger sig-
nals produce a larger cross-talk between adjacent strips. It has been
observed, by means of test bench measurements, that cross talk signals
arrive delayed by few tens of ns, due to the electronic layout of the
chamber [3]. This effect could explain the large increase of the cluster
multiplicity when a larger gate window is considered.
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Time distributions for 3 and 2 mm chambers are shown in Fig. 6; as
expected the narrow gap RPC gives better timing. In Fig. 7 the sigma
values (which refer to a Gaussian fit relative to the central part of the
distributions) are reported vs. the HV for the two chambers. The curves
are characterized by an improve of the timing performance.
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3.2. Average performance

It is important to study the response uniformity of a chamber over a
large surface. In order to have different regions illuminated by ionizing
particles, the chambers were displaced in steps of 10 cm in the plane
perpendicular to the beam.

Here we report the results obtained in 18 different regions: 9 regions
along the vertical direction (perpendicular to the strip direction) and 9
regions along the horizontal direction (parallel to the strip direction),
each 10 x 10 cm? large, 10 cm away from the previous one and located
along the central axes of the chamber (Fig. 8).

Figs. 9-10 report, for the two chambers, the efficiencies as a function

front-end board

Fig. 8. Schematic view of the RPC.

of the position (along the direction orthogonal to the strips), at several
high voltages. It can be seen that, at increasing voltages the point to
point fluctuations tend to become smaller, and eventually negligible at
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the detector working voltage.

The same behavior is observed for the average signal arrival time and
its jitter. Both quantities are also computed at the different positions
as a function of the high voltages.

In Fig. 11 the values of the signal arrival times and of the time resolution,
averaged over the different positions, are given as a function of the high
voltage. The dashed lines select a 1 RMS region around these values.
The two chambers show a good uniform response over the whole surface
also for the time related quantities.
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Fig. 11. Average time resolution (up) and average arrival time(down) vs. the

high voltage.

8.3. Cluster size measurements

A second period of measurements was devoted to study the perfor-
mance of the 2 mm gap chamber equipped with the prototype VLSI
version of the front-end amplifier. While the hybrid version provides a
single ended output analog signal, the VLSI front-end gives a differential
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analog signal which could allow a reduction of the cross talk between
adjacent channels and eventually end in a better cluster size.

Fig. 12 shows the cluster size distribution (computed in a 250 ns win-
dow) of the 2 mm RPC at HV=8.7 kV in the efficiency plateau; the

%3500 [=) 20105

Entries 11649
: 3000 Meon +.245
$ 2500 RrRMS 3.289
2 2000

1500 Hybrid front—end
1000

500

ALLAT L AL AL L AL AL

i U W T ) SN

N L "
15 20 25 30

[e]

Nurnbar of strips
216000 (=) 20105
Entries 18905
‘;1 40c0o Meon 1.313
512000 RMS 1.042
2
Eranooe
=
8000

6000 VLS| front—end
4000
zo00

[e]

RALILLLIAS AL R AL LLLHA LI

i — ey ! N
=) 10 18 20 25 30
Nurmber of strips

Fig. 12. Distribution of number of strips per cluster.

two curves correspond to the data obtained with the hybrid front-end
electronics and to the VLSI version. It is clear the drastic reduction of
the cluster size.

4. Conclusions

Two large double gap Resistive Plate Chambers, with 2 mm and
3 mm gap widths, were tested in the CMS-H2 muon beam line.
The comparison between the two RPCs shows that the 3 mm is charac-
terized by a worse overall time resolution, as expected, with respect to
the 2 mm one. Efficiency and cluster size, are compatible.
The average performance over a large surface was measured; the effi-
ciency averaged over the entire scanning area is = 99% for both cham-
bers.
The results obtained with the 2 mm RPC instrumented with VLSI chip
are very promising expecially for the drastic reduction of the cluster size.

159



5. References

1. CMS Collaboration, Technical Design Report, CERN/LHCC/94-
38
ATLAS Collaboration, Technical Design Report.

2. M. Maggi et al., Preliminary results on double gap RPC in a high
background environment Contribution to this Workshop.

3. F. Loddo et al., Front end electronics for RPC detector of CMS,
Contribution to this Workshop.

160



Beam test results of Inverted Double Gap RPCs
with high counting rate capability for the CMS
~ experiment

H. Czyrkowski, R. Dabrowski, M. Cwiok, W. Dominik,
J. Krélikowski, P. Majewski
Institute of Experimental Physics, Warsaw University,
ul. Hoza 69, PL-00 681 Warsaw, Poland

M. Gérski
Soltan Institute of Nuclear Studies,
ul. Hoza 69, PL-00 681 Warsaw, Poland

December 15, 1997

ABSTRACT

Two medium size prototypes of Inverted Double Gap RPC were tested in H2
SPS' beam at CERN in the intensity range up to 7kHz/cm? The detectors
having identical construction, but made out of bakelite with the volume resis-
tivity different' by three orders of’ ma.gnltude alloved the study of the impact
of the electrode material conductivity on the RPC operation characteristics.
‘The RPC made out of bakelite with 5 - 10° Qcm volume resistivity exhibits
stable operation in the whole range of beam intensities with full efficiency and
godd. timing properties.

ML
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1. Introduction

A gas detector in which the primary ionization signal is amplified in
gas in uniform electric field has served since the beginning of the century
for studying the avalanche processes [1]. Detection of single impacts of
radiation [2] became possible with introduction of charge sensitive ampli-
fier. The use of Parallel Plate Avalanche Chambers (PPAC) in which
electric field is formed by potential difference between two flat and pa-
rallel metallic planes, was, however, limited to experiments with heavy
ionizing charged particles requiring small active surfaces. PPAC nor-
mally operates close to the limit of the proportional multiplication with
Townsend mechanism to provide efficient detection of minimum ionizing
particles at large capacitance of a read-out electrode. With fluctuating
ionization in the gas gap, an avalanche may turn into discharge. Violent
sparking damages the surface of the electrodes (mostly the cathode),
thus degrading the operation of the counter. Both, the energy of a
discharge and the dead-time of the detector increase with discharging
capacitance that is proportional to the area of the electrodes. It prevents
from using large PPAC in particle physics experiments.

The use of thick semiconductive glass with the volume resistivity in
the range of 10° 2cm as anode of PPAC allowed operation of the detector
in limited discharge mode at moderate rate profiting from intrinsically
good time resolution of the device [3].

The detector called “Resistive Plate Chamber” [4] is based on the
same principle as the one developed by Pestov. However, because of
the use of a cheap commercial material (bakelite plates) for electrodes,
large area detection systems were aimed [5]. The use of high resistivity
electrodes’ material allows to consider the detector plane as a dense
matrix of small independent detection cells. This approach has, however,
an obvious drawback: the standard RPC may suffer from the severe
rate limitation. Avalanche current in the gas gap provokes the voltage
drop across the thick electrode; this changes dynamically the charge
amplifying field. The amplitude of the signal and the timing of the
detector response may become rate dependent even at moderate rates
of avalanches. Operating the detector at the moderate mean charge gain
improves its rate capability [6,7] for the price of using sensitive amplifiers
for readout.



When the operation of large area RPC in high rate environment
is required, the material on the electrodes should be selected in such
a way that the avalanche current in the gap causes negligible voltage
drop on the electrodes. Significance of the field variations in the gap is
obviously related to the steepness of the gain versus field dependence at
the working voltage.

Maximum current that may flow across the gas gap is set by the
resistance of the electrodes, thus setting the limit of the product of the
avalanche charge and the avalanche rate. With increasing radiation rate,
the charge gain (avalanche charge) shall automatically decrease resulting
in loss of the detection efficiency. The loss of efficiency is enhanced due
to an exponential-like pulse height distribution.

An obvious way to improve the rate capability of a RPC is, therefore,
to increase the limit of the avalanche current flowing across the gas gap.
The limit is set by the high resistivity of the electrode material. Using
a material with lower resistivity should improve the rate capability of a
RPC. However, if the conductivity of the electrodes becomes too high
the operation of the detector should possibly suffer from the limitations
related to the PPAC configuration.

The possible beneficial use of low resistivity materials for the RPC
operation has been suggested earlier in [8]. An improvement in the de-
tection efficiency when using plates of lower resistivity - p ~ 4-101° Qcm
instead of p ~ 2- 10! Qcm, is reported in [9]. The good efficiency has
been obtained for radiation intensity up to about 50Hz/cm? only in
the streamer mode of operation of the detector. In spite of this limi-
tation, the quoted measurements confirm that the volume resistivity of
the electrode material is a crucial parameter for stable operation of a

It is very difficult to establish precisely, on the basis of the results
existing in the literature, a correlation between the performance of a
RPC and the actual conductivity of the electrodes.

There are three main reasons for this:

o the initial resistivity of the materials used for the construction lies
in a narrow band around the 10!! Qcm,

e the volume resistivity of standard bakelite plates depends strongly
on the water content [8]; the resistivity increases by orders of mag-
nitude after few weeks in the dry gas atmosphere [10], and it drops
again if the plate is exposed to humid air [11],
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e a practical method that allows to monitor the resistivity of the
electrodes after a RPC is assembled does not exist; the only sig-
nature of the gradual increase of the resistivity is the shift of the
working voltage towards higher value during long term operation
of the detector.

Results of the test of a RPC made out of low resistivity material
and designed for continuous operation in radiation fluxes larger than
1kHz/cm? are presented in this paper.

The study of impact of the electrodes’ conductivity on the perfor-
mance of the RPC operated in avalanche mode is extended to low re-
sistivity materials in this work. On the basis of a simple RC circuit
considerations one can estimate that the proper resistivity should be in
the range of 10° Qcm for stable operation at rates exceeding 1 kHz/cm?.
The question can be raised whether a detector with parallel electrodes
of moderate volume resistivity will have the features of a Resistive Plate
Chamber - independence of operation of neighboring areas.

2. Experimental set-up. Description of the chambers and tests

Two double gap RPC modules were built in a similar way, but using
electrode material with nominal volume resistivity different by about
three orders of magnitude. Both detectors were assembled in the In-
verted Double Gap RPC structure (Fig. 1). We shall call the high and
low resistivity chambers RPC1 and RPC2, respectively.

Sensitive areas of RPC1 and RPC2 have dimensions, respectively,
50 cmx 50 cm and 24 cmx24 cm.

An IDG RPC is essentially a stack of two identical single gap RPCs
each equipped with its own strip readout plane. The readout planes
are placed on the external faces of the double RPC structure. A thin
metallic plate on ground potential, sandwiched between two independent
RPC planes, serves for electric screening of the subunits; the plane is
separated electrically from the electrodes. The two RPCs are pressed
together (put in tight contact) in the single mechanical structure. The
module is assembled between two flat and rigid honeycomb planes which
assure good mechanical contact of all elements and the flatness of the
structure.

The readout electrodes were made of 1.5 mm thick G-10 plates with
copper foils on two sides. The strip pattern was etched on the plane
facing the gas gap; the other plane was connected to the ground thus

164



assuring shielding of the module. The strips were 10 nm wide with 2 mm
spacing. The double gap RPCs were assembled in such a way to have
strips in both planes in the same direction. Pairs of corresponding strips
of the double gap module were connected together at one end, thus for-
ming a common readout structure. Other ends of strips were individually
terminated on 1k{2. Analog sum of signals induced by avalanches from
two gaps, picked-up on the readout electrodes, forms the final signal.

The single gap RPC was build with two parallel plates of bakelite of
about 2 mm thickness. The fixed distance over the whole surface of the
two plates - the width of the sensitive gas volume, was assured by the
frame inserted along the edges and by small disks (spacers) forming a
matrix of 100 mm pitch. The spacers were first glued to the plates with
an adhesive film in order to avoid the leak of the glue to the gas volu-
me. After the module was assembled, some glue was injected through
small holes drilled in the spacers’ axes through the plates; this tech-
nique reinforces junction of spacers to the electrode surface that may
be problematic when the standard fixation procedure is used, especially
if the inner surface of the plates is covered with melamine. This sim-
ple technological operation allows one to control the surrounding of the
spacers and it increases the safety level for breaking caused by accidental
pressurization of the gap. This disks having 10 mm in diameter and the
external frame were made out of bakelite with about 10'2 Qcm volume
resigtivity; edges exposed to the gas and high electric field were carefully.
polished.

The width of the gas gaps of RPCl and RPC2 were 2.2mm and
2.0 mm, respectively. Slightly wider gap of the RPC1 was due to techni-
cal reasons only. Operation of a RPC - detection efficiency and timing
properties, should not depend significantly on the gap width in this
range [12]. The RPCs forming IDG RPC structure were positioned in
such way as to have the spacers in the same location in the detection
plane; no special care was taken to achieve precise positioning.

The outer surfaces of the RPC units that face the central shielding
plate were coated with a graphite solution providing low surface resis-
tivity of about 100€2/00. The outer surfaces on the readout side had
higher surface resistivity; in the case of the RPC1 subunits the surface
resistivity due to graphite varnish coating was about 200k2/0 and in
the case of the RPC2 it was set to 25 k€)/0 during the bakelite produc-
tion by integration of a sheet of carbon paper (the conductivity of the
surface was probably too high for the efficient pick-up of signals [13]).
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Conductive surfaces of each single gap RPC were protected with 200 um
thick PVC foil. The detector may be powered by applying difference
of electric potentials to the conductive surfaces; in our case, the sur-
faces facing strip planes were grounded and a negative high voltage was
applied to the surfaces facing the central shielding plane. Due to the
individual connections of the subunits of the double gap modules to the
power supplies, the single gap operation of the detector could be studied.

The RPC1 was made out of 2 mm thick bakelite plates cladded with
thin melamine film! having the volume resistivity of about 6 - 10'! Qcm.
The surfaces of the plates were smooth and shiny due to the cladding
as well as because of using very refined tools in the production proce-
dure [14]. It has been demonstrated by others that RPC made out of
sufficiently good surface quality material do not need oiling for accept-
able operation with low spurious noise [14]. Therefore, inner surface of
this RPC was not treated with linseed oil. The resistivity of the surface
was about 1.5 - 10! /0.

For the construction of the RPC2 the special bakelite with low vo-
lume resistivity has been developed? according to our specification; the
volume resistivity of 1.9mm thick plates was 5 - 108 Qcm. The deve-
lopmental samples were used for electrodes. Because of rather poor
quality of surfaces that face the gas volume, the modules of the RPC2
were ”oiled” after the chamber assembly. The importance of the surface
smoothing by linseed oil treatment for a RPC operation is documented in
the literature {15]. The modules of the RPC2, however, were not tested
before the treatment. For the surface treatment a standard linseed oil
with 1% additive of hardener was used. The hardener, containing salts
of manganese and lead, accelerates hardening of a thin film of liquid
and assures uniform hardening in the volume in presence of air. The
resistivity of the surface before treatment was about 2 - 1019 /0.

Mechanical and electrical parameters of the modules are summarized
in Table 1.

During the beam tests, 14 central strips of each IDG RPC module
were equipped with front-end preamplifiers® having 10 MHz bandwidth
and charge sensitivity about 1.5mV/fC. The outputs of the amplifiers
were fed to discriminators via 10 meter long coaxial cables. The ampli-

'Courtesy of the INFN group from Bari.

}1ZO-ERG S.A., Gliwice, Poland.

3Courtesy of the INFN group from Bari; more infomation about the amplifiers can be
found in [14].
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Table 1. Mechanical and electrical characteristics of the RPCs

RPC 1 RPC 2
dimensions of the active area [cm?] 50 x 50 24 x 24
gap width [mm] 2.2 2.0
thickness of the bakelite plates [mm)] 2.0 19
volume resistivity of the electrodes [{lcm] 6-10!! 5-10%
inner surface resistivity [2/0] 1.5 101! 2-1070
outer surface resistivity (readout side) k2/0)] 200 25
strip width / pitch [mm] 10/ 12 10/ 12
strip length [mm] 528 306
oiling no yes

* before oiling.

fied signals were discriminated at 30mV. The width of discriminated
pulses  was set to 50nus. Discriminated signals converted to differential
ECL standard were coniiected to the multihit TDC module in CAMAC
(LeCroy 2277 of 1ns time resolution operated in a common start mode
with 1 s time range). Thus the arrival time of leading edges of avalanche
pulses could be recorded during 1 us after the tngger from the set of
scintillator counters.

The data reported in this paper were taken with the chambers filled
with a gas mixture of 90% CyHsF4 and 10 % iso-butane. During the
same run the gas mixturé containing CoHF5 as-a main carrier has also
been tested; the results will be published separately.

The hodoscope formed by RPC1 and RPC2 was mstalled in the
H2/SPS beam at CERN and tested during the period of September 1997.
The set of scintillator counters defined the trigger selecting particles
traversing 10 x 10cm? area in the plane of the hodoscope. Two 10 x
10cm? drift chambers, placed upstream and downstream allow particle
tracking. The hadron beam has been defocused in order to illuminate a
largest possible area of the hodoscope, however the hadron beam spot
was still slightly smaller than the one for the muon beam. The high rate
capability studies of the IDG RPCs were performed with the hadron
beam. The time structure of the SPS beam is 2.5s8 long periodical
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extraction with the period of 14s.

3. Measurements and results

The measurement reported here were performed for the central po-
sition of the RPCs - the axis of the beam coincide with the center of the
grid of spacers.

In Figure 2 the detection efficiency of the two modules tested is
shown as a function of the applied voltage for different particle rates.
The efficiency is averaged over 2.5 seconds of the spill duration.

The low resistivity RPC2 module exhibits full efficiency with plateau
width of 500 V for the highest applied rates. Slight effect of the particle
rate appears only for highest rates. The shift of 100 V observed for the
beam intensity of 7kHz/cm? remains small with respect to the width
of the plateau. The shift may be partially due to the variation of the
ambient temperature during one week period of tests. However, the
influence of the ambient temperature on the working voltage has been
observed, a quantitative analysis of this effect has not been done; this
important item is currently under study. The slopes of all curves charac-
terizing the RPC2 are sharp and nearly independent of the radiation
rate. This hints that the avalanche charge distribution (not measured
separately during this test) has a peaked shape and it preserves the
shape for the whole range of intensities applied.

The rate limitation clearly appears in the case of the high resistivity
RPC1 module. The avalanche current lowers dynamically the electric
field in the gas gap due to high resistivity of the electrodes. Already
at 3kHz/cm? the 95% level of efficiency is barely achieved at highest
voltages.

The study of the evolution of the detection efficiency during the
particle spill reveals better the possible effects of continuous operation
at intense radiation fluxes. In the measurements shown in Figure 3, the
working points for both RPCs were chosen 300 V above the voltage at
which the efficiency was 95 % at 640 Hz/cm?.

The detection efficiency of the RPC1 decreases dramatically with the
irradiation time during the spill for the highest rates; the clear tendency
is visible already at 1400Hz/cm?. In the case of the RPC2 the full
efficiency is maintained during the beam sgpill for all intensities. It is
important to point out that during first 0.58 of spill the high resistivity
RPC1 operates with full efficiency, thus measurements with periodic
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irradiation of few hundred milliseconds duration may give misleading
results. It is clear that continuous irradiation periods much longer than
seconds are necessary for correct evaluation of a RPC operation.

The avalanche arrival time as a function of the time in the spill is
shown in Figure 4. The delay of the avalanche increases with the rate
which can be explained by the dynamic drop of the amplification field
in the gap. In the case of the RPC2 the shift is of the order of 2ns
between 640 and 7000 Hz/cm?. The shift is much more pronounced for
the RPC1; even at moderate rate of 640 Hz/cm? the RPC1 begins to
loose its time properties 1.5s after the beginning of the irradiation. The
time walk shows tendency to saturate when an equilibrium is reached;
one can estimate that the maximum time walk related to variations of
the radiation rate is about 2ns and 9ns for, respectively, low and high
resistivity RPCs operated at the given working point. Again, during first
few hundred milliseconds of the irradiation both detectors exhibit time
walk smaller than 0.5 ns. The phenomenon of the rate dependence of the
time walk, observed for the high resistivity RPC, is a severe limitation
when the radiation intensity varies either with time or within area of
the detector.

Timing characteristics of the RPC2 show very small dependence on
rate (fig. 5). Time resolution as a function of rate remains constant at
the level of 2.2ns up to rates as high as 3000 Hz/cm?; the width of the
time distribution increases by about 0.5ns at 7000 Hz/cm2. The full
width at the base (at the level of 2%) of the time distribution is about
13 ns as it is shown in Figure 6 for the rate of 640 Hz/cm?. An increase in
the charge amplification results in fastest arrival time of the avalanches
with more narrow time spread.

. The cluster multiplicity measured, taking into account strips fired
within 10ns after the fastest one, is shown in Flgure 7. The criterion
on the time window for cluster reconstruction was introduced in [14]
and justified by the delayed cross-talk in the read-out electronics then
observed, which could lead to apparent enlargement of the cluster size.
Measurements were performed for both RPCs in the same point of the
efficiency curves corresponding to the radiation intensity of 640 Hz/cm?2.
The cluster. multiplicity measured for the low resistivity RPC2 has nar-
row distribution with the mean of 1.8 strip; the high multiplicity tail
(multlphc,lty larger than 4) is much less pronounced for the RPC2 than
it is in the case of the RPC1. This demonstrates that the amplification
process is well localized in the RPC made out of the material with vo-
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lume resistivity about 5 - 108 Qcm. The abundance of the events with
multiplicity 1, observed for the RPC1, may be explained as resulting
from the smaller avalanche charge for the RPC with high resistivity
electrodes.

4. Discussion and conclusions

The results obtained for the low resistivity RPC2 module confirm
that Resistive Plate Chamber has intrinsic capability of high rate opera-
tion. The volume resistivity of the electrodes should be selected to match
the required performance. Electrical characteristics of the electrodes are
crucial for stable operation of a RPC in the wide range of the radiation
rates.

The fluctuations of the avalanche process, due to the dynamic beha-
vior of the chamber, are less pronounced for the detector with low resis-
tivity electrodes. The stable operation up to rates around 7000 Hz/cm?
has been achieved with the efficiency plateau broader than 500V.

Due to low resistivity the RPC2 module has excellent time charac-
teristics; time resolution of o ~ 2.2 ns has been measured up to rates of
3000 Hz/cm?. The total width at the base of the distribution is about
13 ns.

Exposure times of the detector to a continuous radiation flux shorter
than 18 do not allow to reveal the time characteristics of a RPC.

The avalanches in the RPC with the electrodes having the volume
resistivity of 5 - 108 Qcm are well localized; the average cluster size is
1.8 strip of 12 mm pitch.

The performance of the RPC2 module matches well the severe re-
quirements imposed on the muon trigger detector for the CMS experi-
ment. Double gap RPCs with electrodes of low resistivity can operate in
the hottest regions of the CMS detector, where the radiation background
at the level exceeding 1kHz/cm? may be expected.

As it has been already mentioned, the resistivity of the surfaces
facing the strip planes in the RPC2 was probably too low for the efficient
pick-up of signals. It might result in narrowing of the efficiency curve for
the chamber as well as in the broadening of the detected cluster size. The
effect of the surface resistivity on the signal transmission to the external
pick-up electrode has been simulated and confirmed experimentally for
the plastic tubes operated in streamer mode [13]. The full transmission
was reached for surface resistivity exceeding 100k2/0. One can expect
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that for the avalanche mode of operation the threshold surface resistivity
for the full transmission should be higher because of lower frequency.
Having in mind the high resistivity of the plates, the surface resistivity
in the MQ range should not limit the rate capability of the detector.
This item should be systematically studied.
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Fig. 2. Detection efficiency averaged over 2.58 beam extraction cycle for
high resistivity RPC1 and low resistivity RPC2 modules as a fun-
ction of the supply voltage for several particle fluxes. Signal discri-
mination threshold was —30 mV in all measurements.
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RPC 1 efficiency in spill
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Fig. 3. Detection efficiency of RPC1 and RPC?2 as a function of time during
the extraction cycle of the beam for various fluxes. Signal discrimi-
nation threshold was —30mV in all measurements.
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177



RPC 1 cluster size, 640 Hz/cm?
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ABSTRACT

A full-size (270 x 90 cm?) and a small-size (50 x 50 cm?) RPC trigger tower
prototype have been tested at the ATLAS HB8 beam facility at CERN. Results
on the basic performance of the full-size chambers, operated in avalanche mode,
are presented. Dedicated studies have been done on the small-size chambers
to measure the collected charge and the streamer probability as a function of
the applied voltage and to optimise the front-end amplifier threshold.
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1. Introduction

To exploit the Large Hadron Collider (LHC) discovery potential,
the ATLAS Collaboration{1] has designed a high resolution muon spec-
trometer, based on three large superconducting air-core toroid magnets,
covering the pseudo-rapidity range |n|< 2.7[2]. It is instrumented with
stand-alone triggering and momentum measurement capability.

Cathode Strip

Resistive Plate Chambers

Monitored Drift Tube
Chambers

Figure 1: 3-D view of the ATLAS muon system.
High pressure drift tubes (MDTs) in the central region and Cathode

Strip Chambers (CSCs) at high rapidity provide a precise measurement
of the muon track coordinates in the bending direction. The trigger sys-
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tem consists also of two different technologies: Resistive Plate Chambers
(RPCs) in the barrel region and Thin Gap Chambers (TGCs) in the end-
cap regions and extends over a total pseudo-rapidity range |n|< 2.4 (see
Figure 1).

2. The RPC trigger scheme

The trigger system in the barrel consists of three stations of RPCs:
the first two are located on both sides of the middle MDT chambers and
provide the low p; (p;>6 GeV) trigger, the third station is adjacent to
the outer MDT chambers. The coincidence of all three stations allows to
increase the p; threshold to 20 GeV. The trigger logic requires three out
of four layers in the middle station for the low p, trigger and in addition,
one of the two outer layers for the high p; trigger (see Figure 2). Due to
the high level of low energy particles background, the trigger scheme is
implemented in two projections.

TGC 2—
a7
— TGC 3
RPC3 hlgh
RPc2 'OW By TGC 1
[ BMS
RFC1 |
| y A -/ ‘ , ' ||
T o A
o 5 10 15m

Figure 2: Schematic representation of the triggering scheme.

The ATLAS RPCs chambers cover an area of about 3650 m? and
extend over a pseudo-rapidity range |5|<1. The chambers must satisfy
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three basic requirements:

o bunch-crossing identification (the time between two adjacent bunch-
crossings is 25 ns);

o well-defined pt cut-off in moderate magnetic field with a spacial
granularity of the order of a cm;

e measurement of the second coordinate in the direction orthogonal
to the one measured by the precision chambers with a spacial res-
olution better than 1 cm.

3. Resistive Plate Chambers

The RPC is a gaseous detectors providing a typical space-time res-
olution of 1 cimx1 ns with digital read-out. The basic RPC unit is a
narrow gas gap (2 mm) formed by two parallel resistive bakelite plates,
separated by insulator spacers. The primary ionisation electrons are
multiplied into avalanches by a high, uniform electric field of typically
4.5 kV/mm. For avalanche operation a non-flammable and environmen-
tally safe gas, tetrafiuoretane (CoH2Fy) has been used|3].

The signal is read-out via capacitive coupling by metallic strips on
both sides of the detector. A trigger chamber is made of two detector
units, namely two gas gaps, each one read-out by two orthogonal planes
of pick-up strips: the 7 strips are parallel to the MDTs wire and provide
the bending view of the trigger detector; the ¢ strips, orthogonal to the
MDTs wires, provide the second coordinate measurements. A scheme
of a trigger chamber is shown in Figure 3.

4. RPCs experimental set-up at H8

An intensive program of chamber prototype tests has been carried
out in 1996 and 1997 at CERN ATLAS H8 test-beam facility in the SPS
North Area. The program was driven mainly by two needs:

e to study the basic features of the detector working in avalanche
mode;

e to test the performance of full-size chamber prototypes.
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Figure 3: Schematic representation of a trigger station (doublet).

A full-size (270 x 90 ¢m?) and a small-size (50 x 50 cm?) trigger tower
have been tested with muon and pion beams up to a maximum flux of
900 Hz/cm®. Both towers consisted of six single-gap RPC chambers,
arranged in three stations of two chambers each, like it is foreseen in
ATLAS. These chamber doublets were located along the beam line, two
at a distance of 40 cm from each other and the third 200 cm downstream
with respect to the second one in order to simulate the low-p,; and high-p;
first-level muon trigger schemes (see Figure 4).

Tracker %°Co RPC trigger tower Tracker
1 Source

7]
i
!
i
]
i
1
I
f
!
I
I
I

4]

E (XYX'Y) D (XYX'Y") C(XYXY) B A

Figure 4: RPC chamber layout in the H8 test-beam facility.
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Each gas gap was read out on both sides by 31 mm pitch strips,
orthogonal to each other. The front-end electronics consisted of a two-
stage voltage amplifier with a gain of about 300 and a bipolar output
signal[5]. The amplified strip signals were sent to discriminators with
thresholds adjustable between 30 mV and 1 V.

The bearm trigger signal was provided by scintillator counters of var-
ious dimensions (2 x 2,4 x 4,10 x 10 cm?). A precise and independent
reconstruction of the muon tracks along the horizontal direction was ob-
tained in 1996 by means of two trackers, each made out of two matrices
of four by four drift tubes, operated in streamer mode[4] and in the 1997
by a BIL MDT prototype: the Calypso chamber[6].

With the aim of simulating the low-energy LHC background condi-
tions, a 14 mCi %°Co source was used to irradiate the upstream RPC
with a photon flux producing ~100 Hz/cm? counting rate spread over
most of the detector area.

5. Analysis and results of the full-size chambers

The measurement on the full-size chambers concerned the following
parameters:

o efficiency;

e time resolution;

cluster size;

tracking accuracy.

The chambers were operated with a gas mixture of isobutane (3%)
and tetrafluoroetane (97%) at a beam flux of 350 Hz/cm? distributed
over an area of 10 X 10 em? with the additional flux of the low energy
gammas. The amount of isobutane, 3%, was well below the mixture
flammability threshold which is about 5.7%. The front-end amplifier
threshold was set at 150 mV for all the channels. The discriminator
outputs were sent either to input registers for pattern reconstruction or
to 1 ns resolution TDCs for time measurements.

In Figure 5 the detection efficiency is plotted as a function of the
operating voltage for all the chambers of the three doublets (C, D, E).
All chambers reach an efficiency > 98% at about 9.0 kV.

184



The distribution of the time of flight between two RPCs of the tower
is shown in Figure 6. From a Gaussian fit of this distribution we extract
a o = 2 ns, corresponding to a single-layer time resolution of 1.5 ns, well
below the 25 ns LHC bunch-crossing time.

Figure 7 shows the average cluster size for the six RPC chambers
of the full-size trigger tower (twelve strip planes) at voltages of 8.8, 9.0
and 9.2 kV around the efficiency plateau knee. The average cluster size,
namely the number of contiguous hit strips per event, is 1.5 at a voltage
of 9.0 kV where the chambers are fully efficient.

Figure 8 shows the distribution of the residuals coming from a straight
line fit of all tracks crossing the full-size trigger tower (six RPC chambers
in both views). The measured spatial resolution is 6 mm.

6. Results of the small-size chamber tests

A sét of 50 x 50 cm? chambers with similar characteristics, was in-
stalled at H8 both in 1996 and 1997 to measure the following parameters:

e avalanche charge;

streamer charge;

transition from avalanche to streamer and streamer probability;

rate capability;

efficiency for different front-end ampliﬁet"threshoi&s; )

response to particles traversing the gas gap at various angles.

The study of the charge distribution is interesting in order to un-
derstand the working regime of the RPCs. Increasing the applied volt-
age, we observe a transition from the avalanche regime to the streamer
regime characterised by a much higher collected charge and its almost
independence on the primary ionisation.

To study the avalanche and at the same time the streamer-charge dis-
tributions, the strips were read out at both ends. The strip signals from
one end were directly sent to the input of an ADC module to measure
the streamer-charge (it is big enough to require no amplification). The
long duration of the gate signal (250 ns) allowed for possible long delays
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of the streamers. Instead the signals from the opposite end, were first
amplified and then sent to a second ADC module for avalanche-charge
measurement. The gate signal in this case was only 70 ns, to exclude
possible streamer-signals usually occurring at a much later time.

The avalanche-charge distributions are shown in Figure 9 for operat-
ing voltages ranging from 8.6 kV to 9.0 kV in steps of 200 V. They were
obtained by sumnming the charge on the strips that had a 3 o signal above
the pedestal. At 8.6 kV the charge distribution shows an exponential
shape as expected for proportional mode operation. At 9.0 kV a peak
is clearly visible, suggesting saturated avalanche mode operation. The
collected charge is about 0.5 pC and is only 1/2 of the signal extracted
because the strips are terminated at both ends with their characteris-
tic impedance (25 2). The termination is realized by a 50 {2 cable in
parallel with a 50 € resistor.

The streamer-charge distributions, obtained summing the strip sig-
nals without amplification, are plotted in Figure 10 for operating volt-
ages of 9.0, 9.4, 9.6 KV. The streamer charge is about 20 pC, a factor 40
higher than the avalanche-charge and it is basically independent from
the applied voltage. From these distributions we have extracted the
streamer probability for applied voltages above the plateau knee.

In Figure 11 the efficiency and streamer probability are reported as
a function of the operating voltage for a chamber doublet at a beam
flux of 500 Hz/cm? and for a front-end threshold of 100 mV for the
Y strips and 200 mV for the X strips. The data refer to two different
gas mixtures, iso-CyHig/CaHyFy, in ratios of 6%/94% and 1.6%/98.4%.
For both mixtures the streamers appear at a voltage about 200 V above
the efficiency plateau knee.

We have explored two possible ways, the first in a beam and the
second with cosmic-rays in our laboratory in Rome, to increase the high
voltage plateau before the appearance of streamers:

e working with a lower amplifier threshold;

o searching for a streamer-less gas mixture[8].

To test the first idea the amplified signals were fed into a standard
discriminator module with the threshold adjustable from 30 mV to1 V.
Results on RPCs chamber efficiency and average cluster size versus the
operating voltage for 30, 60 and 100 mV thresholds are presented in
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Figure 12 and Figure 13. A 30 mV threshold is corresponding to a charge
seen by the detector of only 20 fC. At a lower front-end threshold we
observe an increase of the high voltage plateau (i.e. at 30 mV the plateau
knee occurs already at 8.6 kV) but the cluster size is too high at 9.0 K'V.
In fact it has been shown that an average strip cluster width greater than
two could seriously affect the selectivity of the trigger[9].

With the purpose of correlating the observed cluster size with the
track position, we have reconstructed the muon trajectories using a high
spacial resolution detector (¢ < 100 um), the Calypso chamber[6]. The
distribution of the track impact points on a RPC strip plane is presented
in Figure 14 for events with cluster size one, two and three and for 30 mV
threshold.

The distribution pattern fits the 3 cm strip pitch: events with cluster
gize two are occurring when the particle hits the detector around the edge
of two contiguous strips, while the cluster size is one when the strip is
hit around its centre. Events with cluster size three, pretty abundant for
the 30 mV threshold, are understood as due to a large induced charge
extending over three neighbouring strips.

The comparison of the efficiency at beam fluxes of 500 and 900
Hz/cm? over 2 10x 10 cm? area and in presence of a counting rate of ~100
Hz/cm? from low energy photons, spread ‘over most of the chamber, is
plotted in Figure 15. We conclude that RPCs have a rate capability up
to 1 kHz/cm? with a threshold as high as 100 mV.

Figure 16 shows the efficiency and the streamer probability for par-
ticles entering the gas gap at 30°, 40°, 60° angles. To account for tem-
perature and pressure variation during the data taking we have nor-
malised the operating voltages to arbitrary defined values for the tem-
perature and pressure (T = 293 K and P=1010 mbar). We can remark
that an angle is influencing the efficiency response, but not much the
streamer probability, suggesting that a 0% angle is less favourable for the
avalanche-streamer separation.

7. Conclusions

The analysis of the 1996 and 1997 H8-beam data, in parallel with
the work in our laboratory, has provided a better knowledge of the
avalanche-working mode of the RPCs. We believe that the actual per-
formance of the detector could insure an efficient ATLAS muon LVL1
trigger at LHC.
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The still open question, emerging from these data, of a better sep-
aration between the avalanche and the streamer regime in the plateau
region, has been solved by very recent laboratory test-results. They
show that the addition to the ’standard’ gas of 1% of sulphur exaflouride
(SFg) reduces dramatically the streamer formation[10].
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ABSTRACT

A model to simulate the avalanche formation process and the induced signal
in a Resistive Plate Chamber is presented. A first investigation of the effects
of various parameters on the performance of this kind of detector is reported.

1. Introduction

Resistive Plate Chambers (RPCs) [1] are detectors for ionizing par-
ticles presently used in many different experiments performed both with
cosmic rays and at accelerators [2]. They will play a very important
role for the first level muon trigger in the future experiments CMS and
ATLAS at the planned Large Hadron Collider (LHC).

RPCs were developed at the beginning of 1980s, and have been origi-
nally conceived to be operated in streamer mode, meaning that the elec-

*coauthors: G. Bruno, A. Colaleo, G. laselli, G. Lamanna, F. Loddo, M. Maggi,
B. Marangelli, S. Natali, S. Nuzzo, G. Pugliese, A. Ranieri, F. Romano of Dipar-
timento Interateneo di Fisica and Sezione INFN, Bari, Italy ; S. Altieri, V. Arena,
G. Bonomi, G. Gianini, M. Merlo, S. P. Ratti, C. Riccardi, L. Viola, P. Vitulo of
Dipartimento di Fisica Nucleare ¢ Teorica and Seztone INFN, Pavia, Italy
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tric field inside the gas gap is so intense to generate limited discharges
localized near the track of an ionizing crossing particle. Because of the
large pulses generated, which do not require a sophisticated front-end
electronics, this mode of operation is particularly useful when a relatively
low flux of particles is involved (< 200 Hz/cm?).

However, when the flux of incident particles is higher, RPC efficiency
decreases, since, after a discharge has taken place, it is necessary a cer-
tain time for the zone of the bakelite plates involved in the discharge
process to get charged again.

A possible way to overcome this problem is to operate RPCs in
avalanche mode, using a weaker electric field inside the gas gap, and
transferring part of the needed amplification from the gas to the front—
end electronics. RPCs operated in avalanche mode have shown perfor-
mances fully adequate to the ones required for the future experiments
at LHC [3] [4].

Since the introduction of this mode of operation, a great effort has
been made to find out the best possible operating conditions for RPCs
in avalanche mode, like the most suitable gas mixtures, electronics, and
detector design parameters (gap width, electrode material, etc.). Sur-
prisingly, despite the huge amount of experimental data collected, in
various conditions, the understanding of the basic principles of opera-
tion of this kind of detector is poor, and a comprehensive theoretical
model able to explain and predict the effect of the different structural
parameters on the chamber performance is still lacking.

In this paper a Monte-Carlo program, simulating the avalanche
growth and the pulse development in RPCs, together with the sub-
sequent electronic signal processing, is presented. This model, based
on the usual avalanche Townsend theory, represents just a first attempt
to reproduce the main physical processes taking place in an RPC. The
program has been used to compute the main physical performances of
these chambers (i.e. charge spectra, efficiency and time resolution); the
simulation results, moreover, have been compared with the available
experimental data. It has also been successfully used to compute the
timing performance of another kind of detector, very similar to RPCs,
namely Paralle] Plate Chamber.

This paper is structured as follows: in the first part the model used
is briefly explained, stressing the approximations done and the present
limits of the simulation. In the second, a detailed study of charge spec-
tra and efficiency, in various conditions and detector configuration, is
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Fig. 1. Signal generation in RPCs

presented. In the third, a similar study is done about time properties.

2. The model

Just a short description of the model used in the simulation is re-
ported here. This description, sometimes, for the sake of brevity, over-
simplifies the problems underlying the simulation; each one of the fol-
lowing points would require a thorough examination.

The program starts considering an ionizing particle which crosses
the RPC gas gap and generates a certain number n.p,5 of primary ion—
electron clusters. If the track is perpendicular to the RPC, the proba-
bility that k clusters are generated is given by:

k
0o

P(nclust = k) =

where A is the primary cluster density, and g is the gap width. If the
azimuthal angle of the incident particle 8 # 0, then X has to be replaced
by its “effective value” A.yy = 535;0-. The electrons contained in the
clusters drift toward the anode and, if the electric field is intense enough,
give rise to the corresponding avalanches (Fig. 1). The j — th cluster

initial position f;(20) is given by simple Poisson statistics:

199



A
(7= 1)

For avalanche development the usual exponential law is assumed, so that
the charge ¢ at the position z is:

(Az)i e, 0<z<yg

fi(zo) =

Neclust

g(z) = Y gunjoM;en===) (1)
=1

being 7, the initial position of the j** cluster (the first cluster is the
closest to the cathode), containing njo electrons, and 7 the first effec-
tive Townsend coefficient (i.e. the Townsend coefficient & minus the
attachment coefficient 3), and g¢.; the elementary electron charge.

The factor M; accounts for possible fluctuations with respect to the
exponential growth; these are modeled by means of the Furry’s law,
which is valid for low values of the reduced electric field E/p (p gas
pressure):

P(n) = % exp(~ 7o)

or by a Polya distribution (valid for high values of E/p):

n

N

n

(1+o)]9exp[ d

P(n) = [ (1+ o)}, 6=05

where N = nge™9=23) [5]. Here P(n) represents the probability that
the considered avalanche contains, after a path lenght g — 23, n elec-
trons; the factor M; in Eq. (1) is taken randomly from one of these two
distributions.

After simulating the drifting avalanches, the program computes the
charge ging induced on the external pick—up electrodes (strip or pads) by
the motion of the same avalanches. This is done by a direct application
of the Ramo theorem [6]. At first the weighting field E,, inside the gas
gap is computed (in the case of an RPC it has a simple form, being
approximately uniform in the gap for pads or strips with dimensions
much greater than the gap width); then, in this approximation, the

charge induced by one cluster (so the index j can be omitted) is given
by:
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Gind = SnoMk [6"(9_10) - 1] (2)
ng

where the factor:
_ &g

ng€-g + (ny + 1)d

takes into account the fact that, as will be pointed out later, not the
whole charge can actually be read out by front-end electronics [7]. Here
d is the RPC electrode plate thickness, n, the number of gaps in the
detector, and ¢, the bakelite relative dielectric permittivity.

In addition (and more interesting) to the charge induced gj,q4, the
program can compute the current #;,4(t) induced by the moving avalanches
on the external pick—up electrodes, as a function of time; the final result
(for one cluster) is:

tind = —Mkq(z)va - Ew

where vq is the electron drift velocity in the gas mixture considered. In
explicit form (and considering all clusters):

iind(t) = —kvq - Evwgee"4??t Z njoM; (3)
clusters

Here At is the time elapsed from the passage of the ionizing particle
in the gap, i.e. the time from the generation of the primary clusters.
The previous result is useful because, once simulated the current ¢;,4(%),
the whole information coming out from an RPC is reproduced. The
simulated signals can be input to simulated electronics, pre—amplifiers,
discriminators, TDCs, ADCs, etc. For instance, in the case of charge
amplifiers, the output voltage (to be input to discriminators) is simply:

Vour = Py / 7'.z'nd(t)dt

where P is the amplifier charge sensitivity.

A few considerations must be done about the validity range (and the
limits) of this simulation. In the present state, it does not include any
space—charge effect, and so the simulation describes RPCs operated in
what is generally called “pure avalanche mode” (for instance, in these
conditions, the streamer probability is negligible).

Practically, single gap RPCs operate in pure avalanche mode up to
about the knee of their efficiency plateau. This means that the simula-
tion can predict:



1. position and slope of the efficiency curves up to ~ 90 %;
2. charge spectra up to the corresponding operating voltage;

3. time properties (essentially time resolution and time walk); this
can be done for operating voltages greater than the ones considered
in the previous points, since timing is given by the crossing of an
electronic threshold which takes place when the avalanche has not
fully developed, and so space-charge effects are negligible.

For double and multi-gap RPCs, where each single gap can be op-
erated at lower gain, these limits are pessimistic (in particular the one
regarding the efficiency). Beyond these limits, nevertheless, corrections
must be applied. However, it is amazing that the experimental values
of parameters that should be strongly affected by space—charge effects
(i.e. streamer probability) are very close to the simulation results.

3. Charge spectra and efficiency

3.1. Single gap RPCs

The simulated spectra of the induced charge ¢;,q for single gap RPCs
is shown in Fig. 2. Two cases are considered: a typical “narrow” gap
(9 = 2 mm, Fig. 2a) and a “wide” gap (¢ = 9 mm, Fig. 2b) RPC.
The value of the first effective Townsend coefficient 7 (the Townsend
coefficient minus the attachment coefficient), has been chosen in such a
way that the average values of the two distributions are, more or less, the
same. The distributions differ significantly; in the narrow gap case the
distribution tends to diverge near the origin, while in the wide gap case
it tends to vanish near the origin. This peculiar characteristic has deep
implications for what concerns efficiency, but also for rate capability and
even time resolution.

It is worth noting that the behavior near the origin can be predicted,
under certain approximations (for instance, just considering only the
contribution to ¢4 of the cluster closest to the cathode) by means of
simple analytical computations. The final results is:

fi(ging) = Agn )
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Fig. 2. Comparison between narrow and wide single gap simulated charge spectra

which states that the charge distribution should depend only on the ra-
tio between A (the primary cluster density, i.e. the number of clusters
generated per mm by the ionizing particle) and 7. Here A is the renor-
malization factor. This function is also reported in Fig. 2, and coincides
well with the simulation for small values of g;,.4.

The comparison between the simulated and the experimental ¢;,q4
charge spectra for 2 mm single gap RPCs is shown in Fig. 3. Two
different gas mixtures are considered: one currently used in CMS (90
% CyHoF4, 10 % iso-C4H;0, considered throughout this paper, unless
otherwise specified), the other with a higher Ar content (70 % Ar, 15
% C2H,F4, 10 % CO,, 5% iso-C4H,0) [8]. The agreement between the
simulation and the experiment is good, in particular in the region where
ging > 100 fC. There is a significant difference for ¢;,,4 between 0 and 100
fC. This is due to the presence of an experimental threshold, which does
not allow to reveal events with a charge smaller than a certain value.
When an event lies in that region, the relative signal is too low to be
detected and the chamber is considered to be not efficient. Therefore,
from the behavior of the charge spectra near the origin it is possible to
predict chamber efficiency.

The comparison between the simulated and the experimental effi-
ciency for 2 and 3 mm single gap RPCs is shown in Fig. 4 [9]. The
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Fig. 3. Comparison between simulated and experimental charge spectra

experimental voltage threshold was about Vi, = —1 mV (referred to
the signal induced on the strip), simulated with a 100 fC charge thresh-
old. The agreement, for the 2 mm, is good, while, for the 3 mm, a
shift between the simulated and the experimental curve of about 100 V
is present; the relative error is, however, less than 2 %. In the same
figure the simulated and experimental streamer probability is reported.
The simulated streamer probability has been computed just counting
the number of avalanches containing more than 10® electrons. The
agreement, even in this case, is fairly good. As pointed out by some
authors [10}], if space—charge effects are taken into account, the net re-
sult would probably be a sort of gas gain saturation effect. This means
that the avalanche-streamer transition should take place at higher volt-
ages with respect to the simple model used here; therefore the simulated
curve should be shifted toward higher operating voltages, giving a better
agreement.

3.2. Double and multi-gap RPCs

A simple layout of single, double and multi-gap RPCs is reported
in Fig. 5. In a single gap there is one gas gap, the strips on one side
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Fig. 4. Comparison between simulated and experimental efficiency

and the ground plate on the other side. In a double gap there are two
gaps, the strips in the middle and the ground plates on the outer sides.
In this way the sum of the signals coming from the two gaps is obtained
on the central strips. In a multi-gap there are three (or more) gaps
and, since the strips cannot be placed somewhere in the middle, they
are on one side of the whole detector, while the ground plate is on the
other side. This could seem trivial, but has deep implications on the
signal read-ount from pick—up strips. As already pointed out, the signal
can be computed by means of the Ramo theorem, which, very roughly,
states that the read—out electrode has to be put at 1 V, while the others
are grounded. In these conditions the weighting field Ey, is computed.
The charge induced g¢;,4 is then given by the drifting charge gg,;s; times
the voltage drop AV, (relative to Ey, not to the real operating voltage)
inside the gas gap: ¢ing-= ¢4riftAVy. As can be easily deduced from Fig.
5, where the read—out strips are evidenced, in a single gap AV,, ~ 1 V.
In a double gap, AV, ~ 1V per gap, while in a multi-gap AV,, ~1/3V
per gap. This means that, once fixed the charge per gap which is drifting
inside the detector, the charge per gap induced on the external pick—up
strips is about a factor 3 lower in the multi-gap case, with respect to
single and double gaps.

Obviously, corrections must be applied to this simple scheme, for in-
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stance, the bakelite electrode thickness and permettivity must be taken
into account (the bakelite is considered here as a perfect dielectric ma-
terial). The final result (already cited in the description of the model),
is the factor k of Eq. (1); it can also be obtained using the generalized
Ramo theorem [11].

There is a simple way to look at the effects of this phenomenon.
Let us consider an RPC where, for instance, a charge gariyr = 1 pC
is drifting in each gap (so that the total drifting charge g4, ft(10r) Will
be about 2 pC in a double gap and 3 pC in a multi-gap). The ratio
between ¢;,q4 and g4,5¢, which is directly related to the factor k above
computed, is reported in Fig. 6a, for different detector configurations

and versus the gap width. In a single 2 mm gap RPC ff,*){? ~0.7,in a

double gap E%'ff? ~ 1.4, in a multi-gap about fﬁ ~ 0.8. Apparently
this could mean that either a higher electronic threshold can be used in
the double gap case (with respect to single and multi-gap), or the same
threshold can be used and the double gap RPCs could be operated with
a drifting charge which is about a factor 2 smaller. Obviously, lower
drifting charge per gap ¢q.if¢ means higher rate capability.

However, there is another effect which takes place passing from single
to double and multi-gap, and this effect compensates the disadvantage
of a lower k for multi-gap. The point is that, again, the charge spectra
shape changes. This is just a statistical effect, due to the fact that dou-
ble and multi-gap spectra are the convolutions of two, or three single
gap spectra. The comparison among the ¢;»g charge distributions for
the three types of RPCs considered is reported in Fig. 6b. The single
gap spectra exhibits the usual monotonically decreasing shape, the dou-
ble and the multi-gap a sort of Landau shape. Even if the multi-gap
spectra has half the average value, with respect to double gap, it is more
detached from the origin.

The comparison between simulated and experimental charge spectra
for single and double 2 mm gap RPCs is shown in Fig. 7 [12]. The single
gap spectra was actually obtained with a double gap RPC having a gap
turned off. The agreement between simulation and experimental data is
very good and, in particular, the change of the spectra shapes is verified.
As already pointed out, this change has implications for what concerns
the efficiency achievable with this type of detector.

This effect is evidenced in Fig. 8 where the predicted efficiencies for
2 or 3 mm single, double and multi-gap RPCs are reported versus the
value of the electronic charge threshold gs,. In the region of interest
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Fig. 7. Comparison between simulated and experimental charge spectra of single and
double gap RPCs

(typically between 0 and 100 fC) the performance of double and of multi-
gaps is essentially the same, while single gaps seem to be disadvantaged.

The average value of the charge ¢;ng induced on pick-up electrodes,
again in the three cases of single, double and multi-gap is shown in Fig.
9. In Fig. 9a the gap width is changed, keeping constant and equal to
18 the so-called “total gain” of the chamber, i.e. the product between 75
and g. The average value of g;,4 in the case of double gap is about twice
the value for single and multi-gap, as already explained. In addition the
average value of ¢;,4 increases as the gap increases. In Fig. 9b and 9c¢
the gap width is fixed, at 2 or 3 mm, and n (that means the operating
voltage) is changed. As the operating voltage increases, so the charge
does.

4. Timing properties

4.1. The sources of signal fluctuation

Another important item that can be dealed with this model is the
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simulation of the timing properties of RPCs. Time resolution, for in-
stance, can be computed quite easily; it is enough to take the expression
of the current ;,4(t), let this current evolve with time (there is an ex-
ponential growth up to the moment of the electron collection at the
anode), and measure the time when this current, or the corresponding
induced charge g¢;,4, if charge amplifiers are used, becomes greater than
a certain electronic threshold. This is the time the chamber has given a
useful response.

Let us consider what are the variables changing from event to event,
that cause this crossing time to vary. In the expression of i;,4(t) (Eq.
(3)), the term —kvq - Ewqe ™44 is constant, once the operating condi-
tions and the time t are fixed, since it contains fixed quantities like the
drift velocity vq, the weighting field Ey, and the first effective Townsend
coeflicient 7.

What, in general, changes from event to event, is the last term
Z}‘;’i‘“ njoMj;, containing the number ng, of clusters per event, the
number n;y of electrons in each cluster and the avalanche gain fluctua-
tion factor M; (the last two terms, in general, change from avalanche to
avalanche in the same event). This three factors are the main responsible
of the observed time resolution.

It is important, therefore, to study the distributions of these factors.
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The distributions of the number of cluster per event n s, in the case
of 2 and 3 mm single gap RPCs is reported in Fig. 10a. They follow
Poisson statistics with average Ag, marked in the figure together with the
RMS. The RMS values (obviously given by /Xg) are important because
they are, more or less, proportional to the time resolution that would be
observed if only this source of signal fluctuation would be present and
all the others would be, somehow, switched off.

The distribution of the number of electrons per cluster (i.e. the clus-
ter size) for pure Ar is reported in Fig. 10b. It is characterized by an
average value of about 3, and a long tail toward the right, so the corre-
sponding RMS is ~ 15; the events with about or more than 100 electrons
are mostly due to delta rays. The distribution shown in Fig. 10b is one
of the very few cluster size distributions measured experimentally [13]
(the others are relative to He, CO;, and some hydrocarbons}; for all the
others theoretical predictions must be used [14] [15].

The convolution of n.y, and the cluster size gives the distribution
of the total number of electrons per event, which is reported in Fig. 11a,
in the case of 2 and 3 mm single gap RPC. The fact that the RMS of
the 3 mm distribution is greater than the 2 mm one, allows to conclude
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that the time resolution of 3 mm chambers will be worse than the 2 mm
(at the same operating conditions). This is not trivial, and follows from
the statistics of the basic processes taking place in RPCs.

Finally, the last source of signal fluctuation in RPCs is the fluctua-
tion in the avalanche gain. The average number of electrons at the end
of an avalanche of length z is given by n(z) = nge™. However, since an
avalanche is a statistical process, sometimes more and sometimes less
electrons will be present. As already pointed out, the ratio M; between
the actual number of electrons and the expected value follows (in the
case of high values of the reduced electric field £/p, which is the typical
case of RPCs) a Polya distribution, as plotted in Ilig. 11b, superimposed
to the simulated distribution of M;.

4.2. Results

The simulated chamber time responses, in the case of 1 mm sin-
gle gap RPCs filled with Ar/iso-C4Hj09 70/30 are reported in Fig. 12a,
for three different values of the effective first effective Townsend coef-
ficient. They are very well gaussian shaped. As the operating voltage
is increased (equivalent, in the simulation, to an increase of the first
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Fig. 12. a. Simulated chamber time responses for single gap 1 mm RPC; b comparison
between the simulated chamber time reponses of single and double gap RPCs

Townsend coefficient), the chamber becomes faster and faster (the dis-
tributions shift toward the left where, at ¢ = 0 there is the passage of the
particle), and more and more precise (the distributions are narrower and
narrower). From a qualitative point of view, the same effect takes place
passing from single to double gaps (or multi-gaps); the simulated cham-
ber time response for single and double 2 mm chambers are reported
in Fig. 12b, where it is evident, again, that the double gap chamber
is faster (the distribution is shifted toward the left) and more precise
(the distribution is narrower). Moreover, the double gap distribution in
Fig. 12b is not symmetric, being characterized by a longer tail toward
the right, corresponding to a delayed chamber response. This is a well
known effect, experimentally verified several times. It is of statistical ori-
gin: it follows from the fact that the double gap distribution is obtained
by taking the fastest of two signals gaussianly distributed themselves.
Time resolution can be directly computed starting from the distribu-
tions just shown. The simulated time resolution oy for single and double
gap RPCs, as a function of the gap width is reported in Fig. 13. Again
the total gain 7g is fixed equal to 18. In Fig. 13 the effect that a change
of the drift velocity vq in the chosen gas mixture has on the numerical

213



a, (ns)

F M CMS GIF (single)
25 [ O CMS GIF (double)

F 4 ATLAS TDR (single)

[ ng=18

[ . 8 iings cap

I e
[ '/.- O Double gap
os |- vetrom 110 (high o)

to 150 um/ns (low o)

P U R ¢
3 4 5 6
Gap (mm)

[¢]

-

Fig. 13. Simulated chamber time resolution for single a double gap RPCs

value of oy is put in evidence; this is the most important parameter to
this respect.

At the time this simulation has been developed, the electron drift
velocity for mixtures containing C,HoF4 had not been experimentally
measured; the first experimental results about this quantity have just
been presented in this workshop [16]. So the results are plotted in Fig.
13, by changing vq in a reasonable range, i.e. from 110 pm/ns to 150
pm/ns; the actual values, at the typical operating voltages, are around
130 um/ns. In the figure the curves corresponding to this minimum
and maximum values are evidenced (both for single and double gap).
In Fig. 13 some experimental data are also reported, both from CMS
and ATLAS. The agreement again is quite good; in the 3 mm case, the
experimental value, measured at CERN Gamma Irradiation Facility [17],
is about 1.7 ns for the single gap and 1.5 ns for the double gap, against
simulated values of about 1.5 and 1.3 ns respectively. In the 2 mm case
it is about 1.5 ns for the single gap [18] against a predicted value of
1.3 ns. There is a systematic difference between the predicted values
and the experimental ones, which are greater of about 200 ps. This
is expected, since there are many minor sources of time jitter which is
not feasible to include in the simulation; for instance small differences
among the thresholds of various electronic channels, electron diffusion,
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possible disuniformities in the gas gap, etc.

Another important parameter characterizing RPCs performance is
time walk, i.e. the variation of the threshold crossing time with respect
to the passage of the particle (as a function, for instance, of the operating
voltage). The comparison between the simulated and the experimental
time walk for single 2 and 3 mm gap RPCs is reported in Fig. 14. Since
the absolute chamber time response (that means the signal delay with
respect to the passage of the particle) is not measured experimentally,
the comparison has to be done just taking into account the slope of
the relative curves. In the 2 mm case the simulation result is about 5
ns/kV, while experimental values range from 6 ns/kV [9] to about 10
ns/kV [19]. There is a great spread in the experimental results. For
what concerns the simulation it has to be pointed out that the drift
velocity vq has been assumed to be constant with respect the electric
field. This is surely not the case, and when the appropriate corrections
will be introduced, the resulting value will be greater and probabily
somewhere in the experimental range. The same happens, more or less,
in the 3 mm case.

The simulated time resolution o; for single, double and multi-gap
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RPCs is shown in Fig. 15. In Fig. 15a the gap width has been changed,
keeping constant the total gain of the chamber, while in Fig. 15b and
15¢ the gap width is fixed and the first effective Townsend coefficient (i.e.
the operating voltage) is varied. The first effect to be noted is that the
wider the gap, the worse the time resolution, which was expected from
the statistical considerations done before; in addition, o;(double gap) ~
o(multi gap), while single gap RPCs are strongly disadvantaged.

5. Conclusions

A model describing the basic processes taking place in Resistive Plate
Chambers in avalanche mode has been developed. The model has been
used to reproduce the available experimental data, and explains most
results, obtained in many different operating conditions and with differ-
ent kinds of chambers (single, double and multi-gap). The agreement
between the simulation and the real data is good (in the validity range
of the hypothesys explained in Sec. 2) for what concerns charge dis-
tribution and efficiency. The simulation reproduces also fairly well the
time performance of the chamber.

The model can be used to choose among different RPC types, de-
pending on the required performance; for instance: '

1. wide gap RPCs could be better than narrow gaps for what con-
cerns efficiency (and rate capability); the opposite is true for what
concerns time resolution

2. multi-gap RPCs do not show any significant improvement with
respect to double gap RPCs.

Obviously. the simulation can be improved. It would be easy to
write down a list of physical effects that have not been included, because
negligible in first approximation or just because too difficult to be taken
into account.

At the moment there is a great effort being made to include some of
missing effects in the model. For instance, there is some experimental
evidence that space-charge effects could be responsible for a change in
the charge spectra shapes (for high values of ¢;,,4), as the operating volt-
age is increased beyond the values characteristic of the “pure avalanche”
mode operation [9] [20] [21] [18] [22]. To take into account this effect
a more refined calculation of the effective electric field (i.e. the exter-
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nal field plus the field generated by the electrons and the ions of the
avalanches) is needed and is being developed.

Other important items have already been included, even if the cor-
responding results have not been reported here; this is the case of the
effects of possible deformations in the gas gap (or due to the presence
of the spacers). Another, easy in principle to include but difficult from
a computational point of view, is the prediction of the number of strips
fired per event, i.e. the strip multiplicity.

However, by far the most interesting of these problems, at the mo-
ment only partially investigated, is the simulation of the dynamical be-
havior of RPCs, when the flux of incident particles is not negligible.
In this situation a delicate balance between the process of electrode
discharge (due to the electron avalanche collection) and charging—up
(thanks to the external power supply) is present. This is, in fact, a pri-
mary issue to be studied in the future, since, at LHC, RPCs will operate
in a high background environment and, in general, with a high detection
rate.
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Optical Observation of RPC’s Strcamer
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ABSTRACT

Visual images of streamers inside a glass RPC were measured using an image
intensifier and a CCD camera in the view looking into the glass electrode. The
shapes of the signals are circular with approximately 1mm diameter. Electri-
cally induced signals were also measured simultaneously, which showed good
correspondences with the optical measurements. For the events with after-
pulses, the average distance between each streamer is approximately 3mm for
the gas: Ar/C4Hi0/C2H2F4/ = 25/25/50. In addition, avalanche signals were
optically measured using a photomultiplier, which is intrinsically free from
electrical noise.

1. Introduction

Bakelite electrodes are used in most of the RPCs since the devel-
opment of RPCs by R. Santonico and R. Cardarelli [1]. Recently, glass
plates have been also used for the RPC’s electrodes by several group-
s [2] [3] [4]. Particularly, glass RPCs are used for the K?-and-u(KLM)
sub-detector [5] [6] for the BELLE experiment [7] at KEKB. Those glass
RPCs, however, use carbon-based conductive sheet or paint for providing
bias-voltages on the glass electrodes, hence non-transparent. We built

*coauthors: Y. Inoue, I. Kitayama, H. Miyoshi, Y. Muranishi, E. Nakano, H. Sakai,
'I". Takahashi
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RPCs by using transparent conductive paint, ET-680 [8], for the bias-
voltage supplying planes and transparent conductive sheet, IDIXO [9],
for the signal pickup planes. By making those planes transparent, we
could visually observe the gas amplification processes inside the RPC.
In the previous report [10], the observations were donc by eye. In this
report, we present visual images of RPC’s signals taken by a combina-
tion of an image intensifier and a CCD camera. In addition, waveform of
avalanche signals measured by a photomultiplier( PMT ) will be briefly
mentioned. The test was done with cosmic-rays.

2. Visual Image Measurement

2.1. RPC

Fig. 1 illustrates the cross-sectional view of the used RPC. Float
glass with 1.7mm thickness was used for the electrodes. Its surface
and volume resistivity are ¢ = 6 X 10'2Q2/0 and p = 5 x 102 - cm,
respectively.

ITO coated PET
Pickup Electrodes

Transparent Conductive Paint
PET film pare

High Voliage Supply Surfaces

HV

2mm PVC 1. 7mm Float Glass  Gas Gap\
Spacer Elccirodes

Copper Tape

Fig. 1. Schematic drawing of the glass RPC.

For the frame and the spacer of the RPC, we used 2mm-thick PVC,
which provides a 2mm gas gap. On the outer surfaces of the glass
electrodes, we painted conductive paint, Oshar Coat ET-680, which is
made of metal-chelated acrylic resin. The measured surface resistivity
of the paint on the glass was o ~ 108Q/0. For the pickup electrodes, we
used a pair of IDIXO sheets. The IDIXO sheet is made of 100pm PET
coated with 0.4um ITO conductive film on its one side. The measured
surface resistivity of the ITO surface was 3002/0. This resistivity is
relatively high compared with the 502 impedance of the coaxial cable,
which was used to send the induced signals from the pickup electrodes to
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the scope. To reduce the effective resistivity of the electrode, we placed
lcm-wide copper tape along the four sides of the 18x 18 cm? electrode.
To avoid a closed-loop of copper tape to be formed, we cut the tape in
one place. For an extra high-voltage insulation, 70um PET sheet was
placed in between the Oshar Coat surface and the IDIXO sheet.

2.2, Setup and Measurements
The setup for the measurement is shown in Fig. 2. The RPC was

housed in a light-shielded box and viewed by an image intensifier, Hama-
matsu 1I-100U.

Light Shielded Box

St 82
N Image Intensifier
CCD camera
lens
Gate ™
Monitor
Digital Scope
—/
=~ 1
Q@
VCR ¢
29 O 4
S— T )

Fig. 2. Block diagram of the setup for the visnal image measurements.

For simplicity of supporting the image intensifier, we put the image
intensifier in the horizontal direction. In order for the image intensifier
to see the inside the RPC through its electrode with simple optics, we
put the RPC in the vertical position with the cathode plane facing to
the image intensifier. A Nikon 63mm F2.8N lens was use to project the
images of the RPC’s streamers on the input surface of the image inten-
sifier. In most of the data, the magnification was set to x3. Because the
diameter of the image intensifier’s photo-sensitive surface is 10cm¢, the
viewing window was 3.3cm¢ for x3 magnification. We also took events
with X7 magnification. Focusing was adjusted by putting a sheet of la-
bel with scale patterns-on the surface of the pickup plane and projecting
the scale patterns on the input surface of the image intensifier. Then,
a small correction was done for the thickness of the RPC and the final
adjustments were done by watching the images of real events on the TV
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screen. The used image intensifier consists of three stages; approximate-
ly 10 % quantum efficiency for each stage. The second stage( MCP )
has a function of retaining its optical images with Thq;y = 7usec. Then,
gates can be applied to the third stage( MCP ), so that the retained im-
ages of the second stage are amplified and formed on the output screen
of the image intensifier. This delayed-gate function was crucial to our
measurement. The output screen of the image intensifier was viewed by
a CCD camera, then recorded by a VCR with the VHS format. The
images were also monitored by a TV screen.

Triggers were made of 3-fold coincidence of signals from two 10x10
cm? scintillation counters and the electrically induced signals of the R-
PC. Triggers were provided to both the image intensifier and the digital
scope; opening the gate of the image intensifier, and triggering the dig-
ital scope to record the waveform of both the RPC’s pickup signals and
the outer scintillator’s signals. The pulse heights of the outer scintilla-
tor’s signals were monitored to reject the events with showers. For the
triggered events that have at least one light-spot on the video screen, we
recorded the time of the events and save the scope’s waveform on the
floppy disk. The frequency of such events was once in a few minutes for
%3 magnification. Then later in the offline analysis, we made matches
of the video data and the scope data.

For the recorded events, we have mainly analyzed the events with
afterpulses. It is one of the advantages of optical measurement that
one can accurately determine the locations of multiple streamers in
the afterpulses by their visual images. Multiple light-spots, observed
in the events with afterpulses, are considered to be caused by multiple
avalanches due to the emissions of photons. The used gas mixture [11]
was Ar/C4H,09/CoH,F4/ = 25/25/50. The RPC was operated at 8.8kV,
which is 200V above the knee of the efficiency plateau. For this oper-
ating condition, more than 90 % of the events have single streamer, i.e.
one light-spot.

2.3. Shapes and Sizes

Examples of the events with X3 magnification were shown in Fig.
3. Shapes of light-spots observed near the center are circular. Shapes
of light-spots, however, are triangular, when they were observed in the
peripheral region of the viewing window with x3 magnification. They
had tails pointing to the center of the viewing window. By flipping the
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anode and cathode of the RPC, there was no significant change neither
in their shapes nor in their tail directions. Hence, we conclude that
triangular shapes are caused by the optical effects of glass electrodes.

(a)

(b)

Fig. 3. Examples of the events with x3 magnification: (a) triple-light-spot event near
the center, (b) double-light-spot event in the peripheral region. The viewing window
is 3.3cm(V) x 4.3cm(H).

With x7 magnification, all the observed events had circular shapes.
Fig. 4 shows a typical event with X7 magnification. The size of each
light-spot is approximately constant and it is 1mm. Each light spot has
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its halo of a size of approximately 2mm. Though the exact reason of
this halo is not known to us, it is plausible that halo is simply caused
by reflections of light by the glass electrodes.

o

Fig. 4. A typical event with x7 magnification. The viewing window is 1.4cm(V) x
1.8cm(H).

2.4. Multi-Spot Events

Though the signals with afterpulses are considered as events with
multiple streamers, this explanation has not been clearly demonstrated.
Since visual images can detect the existences and the locations of mul-
tiple streamers, we examined the correspondences of light-spots in the
video pictures and the waveform of the electrically induced signals for
multiple streamer events. Fig. 5 shows three examples of double-light-
spot events. As seen in these examples, there’s one-to-one correspon-
dence between the number of light-spots and the number of pulse peaks
in approximately 60 % of the events. For the reset of the events with-
out match, it is consistent that those events are caused by two reasons;
either two pulses are overlapped in timing or a part of the light-spot’s
cluster is outside the viewing window.

As seen in Fig. 5, there’s also a correlation between the distance
between the light-spots and the time interval between the pulse peaks.
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We also measured the distances, D, between the closest pair of light-
spots. Fig. 6 shows the distance distribution. If we fit the distribution
with an exp(—D/A) form for the data with the distances greater than
Imm, A = 2.9mm.

# of Events

Distance( mm )

Fig. 6. Distance between the light-spots; (a) linear scale, (b) log scale. The dashed
line shows exp(—D/A) with A = 2.9mm.

3. Waveform Measurement

Time developments of optical and electrical signals were measured
by a setup shown in Fig. 7. Cosmic rays were triggered by 2-fold coinci-
dences of scintillation counters placed under a transparent RPC. Optical
signals were measured by a photomultiplier( PMT ) located at the top
of the RPC. The electrical signals were picked-up by a set of transparent
electrode( top side ) and a copper electrode( bottom side ). The setup
was housed in a light-shielded box. We used the same gas mixture as
the visual image measurement. The RPC was operated at 9.8kV, which
is 800V above the knee of the plateau for this RPC. The used PMT was
Hamamatsu H1161 operating at 1.7kV. Fig. 8 shows a typical example
of a set of electrical and optical signals with afterpulses.
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Fig. 7. Schematic drawing of the setup for the waveform measurements.
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Fig. 8. Waveforms of optical and electrical signals with afterpulse.

As seen in this example, two waveforms have good correspondences
in each other. By reducing the operating voltage to 9.2kV, we could see
both the streamer and avalanche signals at the same time, as shown in
Fig. 9. As seen in Fig. 9, optical signals have better signal-to-noise
ratios than electrically induced signals. This is due to the reason that
electrical noise does not affect on the optical measurement and also the
low noise characteristics of PMT.
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Fig. 9. Avalanche and streamer mode signals. The peaks near T' = 40ns are avalanche
mode signals. The peaks near 180ns are streamer mode signals.

4. Discussions and Summary

In our previous report [10] based on the observation by eye, the ma-
jority of the observed events have triangular shapes. In addition, we
also observed linear shapes. In this measurement, we observed trian-
gular shapes. But it was shown that the triangular shapes are caused
by the optical effect of glass electrodes and they are not the shape of
the streamers themselves. Also, we have not observed linear shapes in
this measurement. The reason for not observing linear shapes is un-
der investigation. One possible reason for this difference was that the
gas mixtures for the two measurements were different. As mentioned in
the previous report, linear shapes were only seen with the “R116 mix-
ture”: Ar/C4H;0/C,Fg/ = 52/37/11. So, we recently took data with
the “R116 mixture”. Though the analysis has not been completed at
the time of writing this report, we haven’t seen the linear shapes with
this gas mixture yet.

As a summary, the measured shapes of the visual images are circular.
Their diameter is approximately Imm. For the events with multiple
streamers, we observed the existences of afterpulses in the electrical
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measurement. The averaged distance between the streamers is 3mm for
the multiple streamer events. We also measured the time development
of optical signals using a PMT. With a PMT, we could measure the
avalanche mode signals with a good signal-to-noise ratio, since optical
measurement is intrinsically free from electrical noise.
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ABSTRACT

We present a study of some properties of the bakelite electrodes used for the
construction of Resistive Plate Chambers (RPCs). Advantages and drawbacks
of the treatment are summarized in terms of surfaces omogeneity, neutron
activation and absorbance properties. Roughness of different types of bakelite
and resistivity measurements are also reported on and related to the bakelite
production stage.

1. Introduction

One of the most disputed topics on bakelite Resistive Plate Cham-
bers (RPCs) has been the use of the linseed oil treatment of the inter-
nal electrodes. Since their development[l], bakelite RPCs operated in
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streamer mode have been largely used with oil treatment both in accel-
erator and non accelerator experiments. In recent years a new mode of
operation[2] (avalanche mode) has been proven to give excellent results
in terms of increased rate capability.

Bakelite RPCs are at present part of the approved trigger detector
baseline both for the CMS and the ATLAS projects. While some of
the main detector parameters (electrode material; thickness, resistivity,
electronics) have been substantially chosen for the final design of both
experiments, two different technological approches are foreseen: ATLAS
will use 2 mm mono-gap[3] standard oiled bakelite RPCs while CMS will
use double gap bakelite RPCs and is considering and testing the use of
both not-oiled electrodes and 3 mm gas gap.

Encouraging results[4] on the performance of RPCs in such a con-
figuration (wider gas gap and bakelite electrodes of improved surface
roughness) might push the final decision towards the elimination of the
linseed oil treatment.

Nonetheless, since the foreseen environmental conditions into which
the detectors will operate are equivalent for ATLAS and CMS, the ques-
tion is proper of which the best configuration for the muon detector will
be .

Part of the answer might be attributed to the role played by the
lingseed oil both in the process of the gas discharge and in the electrical
and mechanical properties of the bakelite onto which it is deposited.

In the following we try to characterize and to summarize the prop-
erties of such a compound as well as the advantages and drawbacks of
its use in conjunction with the properties of the bakelite plates and with
some performances of the whole RPC. It is also worth of note the de-
scription of the industrial processing of the bakelite plates as it sets some
important electrical properties of the final product.

2. Linseed Qil

Crude Linseed Oil[5] is an organic mixture of linolenic, linoleic and
oleic acids. After heating refining and the adding of desiccative metals
to guarantee the drying process, it is used in many commercial products
for paints and coatings. In particular, for traditional RPCs, pentane is
added as a solvent to the linseed oil. The treatment of the electrodes
is done by filling the entire gas volume of a fully assembled RPC with
linseed oil that is then slowly taken away. A subsequent process of
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polymerization of the oil is done by fluxing the emptied gas volume with
dry air. The resulting effect[6] is the deposition of a thin layer (about
40 pum) of oil on both bakelite surfaces facing the gas volume.

2.1. Surface homogeneity

It is easy to guess that the linseed oil layer deposited onto the elec-
trode surfaces could prevent microdischarges due to the surface irregu-
larities. This has been already proven[6] for RPCs operated in streamer
mode. The presence of linseed oil accounts for a drastic reduction in
gingle rate (one order of magnitude) and dark current.
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Figure 1: Matrix pixel greyscale (A.U.) for a- a standard bakelite sample in
which a layer of linseed oil has been deposited on a limited region b- a new
bakelite sample (oiless) with improved surface treatment.

To visually verify the effect of the linseed oil we took a sample of
standard bakelite and deposited, on a limitated region, a Jayer of com-
mercial available linseed 0il. We took then a X160 magnification picture
of the entire surface and plotted its pixel matrix greyscale, as shown in
Fig. la. From it one can appreciate the contribution of the linseed oil
to the improvement of the surface (lefthand part of the picture). For
comparison Fig. 1b shows a similar plot, on the same scale; for the new
bakelite used in the proposed RPCs for CMS. Already from these figures
one can appreciate the significant improvement of the surface quality of
the electrodes. In section 3.2 a useful variable, the average roughness,
will be introduced as a quantitative parameter to evaluate the quality
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of the electrodes surfaces.

2.2. Activation by thermal neutrons

A major concerns is the material damage due to the neutron flux
and dose rate in the experimental areas at LHC.

Depending upon the energy of the incoming neutrons, different pro-
cesses can take place in organic materials such as those used in RPCs.
However, despite the different mechanisms and the different secondary
radiation production for fast and slow neutrons, the equivalence in dam-
age for equivalent energy absorption (and hence dose) is a rather good
approximation for covalent materials such Linseed Oil. The expected
dose rate in the CMS barrel region will not exceed 1Gy/year{T7}; a fac-
tor 100 more is foreseen in the forward region.

The dose rate of 1Gy/year is consistent with what one expects
from a pa.rtlcle dosage of fast neutrons (> 1 MeV) equivalent to some

10'°n/cm? depending on the exposed material(8].

We are here interested in the thermal component of such a back-
ground because thermal neutrons might induce activation in the RPCs.
We have used the 250 kW Triga Mark II research reactor located in Pavia
to irradiate a small quantity of linseed oil to detect, by activation analy-
sis, any kind of beta radioisotope that might induce additional noise into
the detector. The gamma spectra, obtained by a gamma-spectroscopy
analysis, in the range 13 KeV +2 MeV, show the activation of 5°Co and
hence the presence of %°Co.

The resulting specific activation was about 30 Bg/gr in one expo-
sure (about 10'* thermal n/cm?2). A negligible content of 32Br was also
measured (3 Bg/gr). Obviously this numbers depend on the thermal
neutron fluence and have to be roughly scaled by the ratio of the ex-
pected thermal neutron fluence in the CMS barrel and forward regions
to the fluence we have used in this measurements. On the other hand
the fluence of thermal neutrons to give the equivalent above dosages is
a factor 100 more than the fast neutron fluence.

The observed activation of linseed oil seems not to prevent the RPC
operation in the CMS neutron background.

2.3. Absorbance measurements

We have performed absorbance measurements to investigate any ad-
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ditional property of the linseed oil that might somehow make its use
imperative in the RPCs construction process. During the gas discharge,
especially close to the transition phase between avalanche and streamer
formation, UV photons are created by recombination. The idea might
be considered of using the linseed oil as a quencher for such a photons.
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Figure 2: Absorbance curve for linseed oil before (solid) and after (dashed)
exposure to a UV lamp.

We have measured the transmission of a light beam across a lin-
seed oil sample. The beam energy spectrum range was between 2.2 and
6.6 V. The energy upperbound was limited by the fact that after 6.6 eV
the substrate (the material that physically sustains the sample) begins
to absorb all incoming light. To obtain the final curve for the linseed oil
it is necessary to subtract the absorption due to the substrate (obtained
in a calibration test) from that of the overall absorption curve. The
result is shown 'in Fig. 2 (solid line) where the absorbance (—log(I/I))
is plotted versus the energy of the incoming light of intensity Iy, being I
the intensity of the transmitted beam. The effect of the linseed oil poly-
merization is shown as a superimposed curve {dashed line) after having
illuminated the samp]e"with a UV lamp for 30 minutes. As one can
see, above 3.5 eV the linseed oil begins to absorb UV photons. However

237



there is no detectable evidence in the data[6] of such a quenching effect.

2.4. Effect on the surface resistivity

It has been suggested{9] that the RPC rate capability could be ex-
plained through the ratio of the bulk to surface resistivity of the elec-
trodes.

As it has been pointed out, the surface resistivity of the bakelite
electrodes is mainly due to the outer layer of the electrode facing the
gas. In the case of standard RPCs the last layer is that of the lin-
seed oil while for the new type of electrodes (improved surface with no
oil) the melammine layer should be considered. The authors show that
a uniform high voltage distribution over the electrode surfaces can be
reached if the surface resistivity of the electrodes is high compared to
their bulk resistivity. Moreover their two dimensional resistor network
model predicts that the spread area A of the signal on the inner surfaces
of the electrodes can be written as Ag(1 + F/d)d? , with d the electrode
thickness, Ay a correction factor of the order of 1-2 and F = p/o the
ratio of bulk to surface resistivity.

The rate capability R is expected to be proportional to 1/A so it is
a function of the ratio p/o. According to that the lower resistivity of
the linseed oil might account for a lower rate capability.

We have measured bulk and surface resistivity of the standard bake-
lite with linseed oil and of the new bakelite with improved surface. While
. the bulk resistivities are of the same order ( p ~ 10! Qcm) the surface
resistivities were respectively o ~ 4.3 10''Q/0 and o ~ 1.3 10*3Q/0.
These values have to be considered within an error of 10%-20%.

According to the above model, a bigger area A and a lower rate
capability is expected for a standard oiled RPC.

In Fig. 3[10] data on rate capability for an ciled and a non oiled
2mm gap RPC are compared. The efficiency of the two chambers is
plotted versus the particle flux and the HV set to a value for which, at
low rate (~ 250 Hz/cm?), each RPC was at the beginning of its efficiency
plateau. Two curves are also shown in the figure and represent the fit
function f = Ey(1 — r/R) for different values of the fit parameter R, the
rate capability (defined as the flux at which the chamber efficiency is
0.7); r is the particles flux and Ey the chamber efficiency when r << R.

The resulting values for the two rate capability R (oiled RPC) and
R’ (non oiled RPC) were about 4.4 kHz/cm? and 7.1 kHz/cm? respec-
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Figure 3: Comparison of efficiency vs particle flux for standard oiled (full
squares) and non-oiled CMS like 2mm gap RPC (full squares). HV set to a
value corresponding to the knee of the efficiency plateau at 250 Hz/cm?. Fit
carves (solid lines) are described in the text.

tively. For the same flux the non oiled RPC mantains higher efficiency
than the standard one. The ratio R/R’ ~ 0.6 is far from unity, the only
difference between the two chambers being the electrode treatment. The
linseed oil might be one of the reasons.

On the other side if we calculate the same ratio using the above
model we obtain R/R’ ~ 0.5, in qualitative agreement with what found
by the fit.

3. Bakelite electrodes

3.1. Bakelite production

The bakelite foils used in the standard RPCs are made of several
compressed layers of ordinary paper that are processed into a resin bath,
heated and cut to the proper size. The bath is made of a mixture of
a phenolic and melammine resins in different percentages according to
the desired bulk resistivity. The top and the bottom layer of the final
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product are substituted with a more refined paper layer that has been
processed with either a melammine or a phenolic bath only.

This part of the production is crucial as it fixes the surface resistivity
of the electrodes and hence the rate capability of the RPCs. It is worth
of mention also the very final process of the production in which all the
paper layers are heated and compressed. The heating sets the water
content of the bulk and hence contributes to its resistivity. The com-
pression is achieved by means of two stainless steel plates, the roughness
of which is transferred to the RPCs electrodes.

Clearly, the resin mixture (as well as its water content) accounts
for the initial bulk resistivity of the electrodes while their outside layers
modify the surface resistivity. Such surface treatment contibutes also
to the bulk resistivity, the phenolic one being used to obtain low resis-
tivity. Finally the roughness of the steel plates accounts for the surface
roughness. These three parameters play a decisive role to set the rate
capability and the noise level of the final detector.

3.2. Surface Wrinkledness

In section 2.1 we have shown a qualitative way to estimate the
electrode surface quality. In this section a quantitative parameter is
introduced to quantify the goodness of a surface. After selecting a total
sampling length [, we measured the average roughness R, defined as :

1 [k
Ro=1 [ lvldz,
s JO

where y is the vertical profile displacement from the average line of the
profile, defined by the relation fol’ ydz = 0.

Let be A the minimum sampling length (cut — off). We set A =
0.8 mm in all our measurements and !, = 5A. The used roughness-
meter is schematically shown in Fig. 4a: the vertical displacement of
a surface exploring diamond pick-up is transferred by means of a hinge
to an illuminated slit. Two photocells (located behind it) measure the
light flux through the slit. The unbalance, positive or negative, of the
two fluxes is proportional to the analyzed geometrical profile.

The average roughness of different bakelite sheets, used for the RPCs
electrodes, is shown in Fig. 4b which summarizes the results in terms
of R, (in pm) measured at different positions on the sample surfaces.
For each point R, represents the average value of four measurements.

240



£
£ \/\//
o
o
Q5
c4 r /w

€3 - 4 angi=Cid Bokelite {2 mm) ¥ LAA-Hakelite (1 mm)
W Angi~New Dohkelite (2 mm) ¢ Melanate (1 mm)

0.2 - O westinghousa-Bakefite (2 mm)

b) Measurerent points on the surface

Figure 4: a- Schematic view of the roughness-meter used for the electrode
surface measurements; b- Average roughness R, (in um) of electrode surface
for planes of different bakelite. Measurements are taken on different points on
the sample surface

Data are shown for a standard bakelite (as used in L3, Babar and AT-
LAS), a new improved one (proposed for CMS), a bakelite used by the
LAA group and a sample manufactured by Westinghouse. Values for a
Melanate sheet are also reported.

The comparison between standard bakelite (open squares) and new
bakelite (full squares) used by CMS, shows the significant improvement
(about a factor five) on the surface quality.

This can be directly obtained at the production stage. However,
as already pointed out in section 2.1, the linseed oil treatment on the
standard bakelite produces a uniform layer onto the electrode surface.
Its R, value is of the order of 0.2 um, being actually only a factor two
worse than the surface ronghness of the new bakelite.

3.3. Electrodes Resistivity

The bulk resistivity (p) of the bakelite is another important factor to
be considered in view of the use of RPCs at. the Large Hadron Collider
(LHC). Recent results[11] show that low resistivity RPCs perform very
well in a high particle bakground, maintaining a very good efficiency
up to about 7 kHz/cm?. The bakelite resistivity is still an important
subject of discussion mainly related to the possible variation of the nom-
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inal value with time and with the environmental conditions of LHC, i.e.
gamma and neutron background.

To have an insight into the matter, we continuously monitored the
value of the resistivity of a (new improved) bakelite sample over a period
of over 400 hours. The result is summarized in Fig. 5a where also the
temperature variations during the test are quoted.

In resistivity measurements the electrical contact between meter and
surface is a delicate issue; approximately every 100 hours the measure-
ment setup was stopped to restore a good electrical contact (by mean
of a conductive gel) and then restarted again. The outcome of this pro-
cedure on the measured values is marked, in Fig. 5a, by four vertical
lines.
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Figure 5: a- Bulk resistivity p (2 cmm) vs time (h) for a new improved bakelite
sample. Every 100 hours the measuring setup is stopped to restore a good
electrical contact between the electrodes (as explained in the text): the solid
lines have been inserted to mark this effect onto the measured values. b- Bulk
resistivity p (2 em) vs time (k) for a new improved bakelite sample in an argon
saturated environment (full squares). For comparison the p values of the same
sample measured in standard condition are superimposed.

As expected, the bulk resistivity is a function of the temperature and
may easily andergo a variation of as much as a factor 2 in 100 hours.
Additional question refers to the behaviour of the resistivity in a very
dry environment. We have compared the measured bulk resistivity for
a bakelite sample placed in an argon saturated volume and in air (at
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the same temperature). The data are shown in Fig. 5b as usual plot
of resistivity p versus time. The bulk resistivity in argon seems to be
systematically larger than the value in air by as much as 20 %. However
the effect is of the samne order of magnitude of the error on the resistivity
measurements (+ 10%). The rise at the end of the time range in Fig.
5b, is due, as previously stated, to the effect of the drying up of the
conductive gel layer on the measuring electrodes surfaces. This effect,
however, might be due only to a larger leakeage current in air during
the measurements and has still to be investigated in more detail.

The effect of neutron irradiation on the bakelite resistivity has been
evaluated in static conditions where the resistivity of a sample has been
measured before (p) and after (p’') heavy irradiation. The difference
p — p' vs time has been found to range within a factor two.

Dynamic measurements, where p is monitored under continuous ir-
radiation, will certainly help in understanding the expected behaviour
of the RPCs at LHC.

4. Conclusion

_ Either the use of a linseed oil layer or the use of low roughness foils
for the electrode surface treatment of bakelite RPCs, appear both valid
to meet the expected background rates at LHC. If the function of the
linseed oil layer is only noise reduction through the smoothing of the
underlying surface, we can probably avoid a step in the production by
substituting it with an improved surface bakelite. This solution seems
to provide a better rate capability.

The possibility that the linseed oil implies a quenching effect should
also be considered more in detail. The data seem not to show a clear
evidence of such effect. The linseed oil can be 5°Co activated, but dis-
turbing effects of the induced (3) rate (~ kHz/RPC) might be possible
only with a thermal neutron fluence of ~ 10 cm=2.

Finally, since the linseed oil treatment is done after the chamber
assembling, the strongest assumption on the benefit of the linseed oil
solution is the recovering of a rather good surface independently of any
accidents that might have happened to the bakelite foils after the pro-
duction stage. In this view, the use of linseed oil treatment for the RPCs
could be considered a conservative choice.
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Measurement of EAS Thickness for Individual
Events with RPC in the
GREX/COVER PLASTEX Experiment
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ABSTRACT

Extensive Air Showers detected by GREX array have been sampled by means
of highly segmented 8 m? bakelite RPC in the GREX/COVER_PLASTEX
experiment. Delay distributions of particles in EAS front at PeV energies
with respect to the first arriving particle have been analysed for individual
events. The use of RPCs allowed for the first time a measurement of arrival
time of individual particles in individual events in a core distance range 0-100
m, where the high density of particles in the shower front requires the use of
detectors with a large dynamic range. With this technique an estimation of
RPC linearity has been possible by comparing the expected particle density
estimated from array scintillators wich the density detected by RPC detectors.
Results indicate no saturation effects up to hundred particles/m?.

1. Introduction

The use of bakelite Resistive Plate Counters (RPC) [1] in Extensive
Air Shower (EAS) apparatus for cosmic ray physics in the energy range
10141017 eV was first attempted in the GREX/COVER_PLASTEX
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(G/CP) experiment [2][3]. The possibility to obtain a precise arrival
time measurement of particles crossing the detector area and to seg-
ment the pick-up in small pads allowed a precise definition of space-time
characteristics of the shower front, whose curvature and thickness were
measured in a core distance range of 0-100 m [4].

In fact the use of large area, highly segmented RPCs, embedded in
a EAS array, makes possible to obtain arrival time distribution of par-
ticles in the shower front for individual events and to study correlations
between time distributions, core distance and primary energy. This ap-
proach can give an additional information for the multivariate analysis
with another information from the array in order to obtain the more
precise estimate of the primary mass composition in so called ”knee”
energy region (~3x10'® eV), where change of the slope of the primary
cosmic ray energy spectrum is not yet understood.

On the other hand the comparison between RPC detectors and scin-
tillators in a EAS array permits the investigation of such RPC charac-
teristics not allowed otherwise, as the detector linearity in terms of the
number of particles/m? that can be detected at the same time. In fact
the shower front invests a surface detector with a number of particles
ranging from 1/m? to hundreds or thousands/m?, depending on the pri-
mary energy, observation level and shower core distance, in a more or
less uniform way. By the density distribution in the array detectors it is
possible to estimate the number of particles crossing the RPC and cor-
relate it with the detector response: the appearence of saturation effects
gives the limit to the RPC linearity.

For this purpose individual EAS events collected by the G/C_P ex-
periment have been analysed with the aim to obtain the individual ar-
rival time distribution of particles in the shower front and to compare
the number of particles estimated from the array density distribution
with the number of pads fired in a 1x2 m? RPC equipped with 6x6
cm? pads. Results show that RPC linearity extends up to hundred of
particles/m?.

2. The GREX/COVER_PLASTEX experiment

The G/CP experiment (Fig. 1), was located at Haverah Park, near
Leeds (U.K.). It was based on a conventional scintillator array named
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Figure 1: The layout of the GREX/COVER.PLASTEX array.

GREX [5], in which the limited streamer tubes (LST) telescope subarray,
named PLASTEX [6], was embedded. Four 4 m?> RPC layers equipped
with 24x24 cm? copper pads were installed on the top of the four LST
telescopes (Fig. 2). Pads were read by the front-end timing electronics
ensuring a 2 ns time resolution for each channel. Two layers, named
A & B, were installed side by side in the array center and other two,
named C & D, at the array periphery, 150 m from the center and 260
m from each other. For each 4 m? detector layer, 64 independent time
measurements were allowed, permitting simultaneous observation and

arrival time measurement of up to 256 individual particles in the EAS
shower front.

2.1. Large area highly segmented RPCs

In the G/C_P experiment bakelite single gap RPCs, 1x2 m? sized,
10'2 Q cm? resistivity, have been used with a gas mixture of 68% Argon,
28% Isobuthane, 4% Freon, covering the total area of 16 m? (8 m? in the

)
-
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Figure 2: Layout of the COVER_PLASTEX telescope.

array center, 4 + 4 m? at the array periphery). The signal pick-up was
obtained by means of 12x12 cm? copper pads, small enough to avoid the
time jitter due to the signal propagation. In order to reduce the num-
ber of pick-up readout channels, 4 pads was ORed toghether by means
of a pure resistive OR4. In total 4x64 = 256 timing channels, 128 in
the array center and 64 + 64 at the array periphery, were installed, so
allowing detection of up to 16 individual particles/m? in 16 m2. If oper-
ated in connection with tracking LST telescopes, RPCs allow a separate
measurement of the arrival time of electrons and muons in the shower
front.

2.2. The readout electronics

While RPC signals arrive after few ns, the array trigger arrives with
a delay of about 600-800 ns due to the distance between scintillators and
to the shower axis inclination. Hence electronics readout boards must
work in a free running mode. For this purpose a new front-end elec-
tronics, named T&T (Tracking & Timing), was developed [7][8]. This
electronics allows a local signal processing and acquisition independent
from the array trigger: a 16 bit cyclic memory continuously shifting
stores the input image also in the absence of signal, with a 32 ns fre-
quency. The cycle is stopped by the trigger signal, also stored in a T&T
memory. By this way the arrival time of a signal with respect to the
array trigger in each channel can be evaluated simply by counting the
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Figure 3: LST and RPC image from autotrigger run.

number of bits between the signal image and the trigger image with a
2 ns accuracy (1 bit = 2 ns). The acquisition program scans a 1.5 us
memory depth only for fired channels.

2.8. RPC characteristics

Calibration runs were made periodically using LST tracking tele-
.scopes: a coincidence between the upper and lower planes (Fig. 2) se-
lected atmospheric muons crossing the telescope. Fig. 3 shows result of
a run with 200.000 events from which dead LST wires and dead pads can
be easily identified and RPC efficiency and position can be estimated.
By this way detector characteristics were continuously monitored [9][10],
in particular for what concerns single counting rate, plateau, efficiency,
cross talk and after pulses. Signal threshold was set to 120 mV at 7200
V. Temperature and pressure effects were found to be negligible.

3. Time structure of individual events

Thanks to the RPC performance the G/C_P experiment permitted
the study of shower front space-time structure in the energy range of
4x10' - 10'7 eV and in the core distance range of 0-100 m [4]. In
addition accurate arrival time measurements of individual particles in
individual EAS have been obtained and permitted the event by event
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determination of shower front parameters.

3.1. Ezperimental information

For each event the GREX array provides:

o Estimate of primary energy;
e Determination of shower axis (<1° accuracy);
e Core position estimate (~6 m accuracy).

From each RPC layer the following information is obtained for the same
event:

e Number of fired pads (pad multiplicity);

e Arrival time of each pad signal (particle) with respect to the array
trigger.

Finally from each LST telescope the information is obtained on:

e Number of strips fired in each plane;

e Track reconstruction for particles crossing telescopes and identifi-
cation of muons among electrons.

Fig. 4 shows an event with the primary energy of 1632 TeV, axis inclina-
tion 8.,8, = -13.46°, 8.57°, core distance 22.52 m. In this event the RPC
layers A and B in the array center ( 4 m? and 64 pads each ) detect 74
particles measuring the arrival time for each of them with respect to the
array trigger. Then times are referred to the first arriving signal (zero
time = arrival time of first detected signal) and arrival time distribution
of all particles is easily obtained, as shown in the small graph in fig. 4,
as well as its mean (t) = 8 ns and RMS sig = 7.58 ns. Small boxes in
this picture indicate pick-up pads, while numbers inside them indicate
the measured arrival time of particle crossing pad, referred to the first
detected. Note that all times are even, due to the T&T electronics limit
of 2 ns time resolution.

3.2. FEvent selection and analysis criteria

Data analysis has been restricted to the events detected only by two
RPC layers (A & B) in the array center, where up to 128 independent
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Figure 4: Display of an individual event.

arrival times in a single event can be measured. A lower limit of 13 fired
pads (>2 particles/m?) cuts events with poor individual statistics, and
an upper limit of 60 fired pads (<7 particles/m?) reduces the probability
of more than 1 particle hitting a pad. In addition analysis has been
restricted to only events which core position was inside the inner part
of the array, i.e. no more than 100 m from the inner RPC layers. The
average time window for arrival times has been set to 600 ns. A total of
~190000 events surviving cuts have been analysed.
Each event is then characterized by:

e multiplicity n (13 < n < 60);
e time measurements t;, i = 1,...n;
o N = n-1 delays 7;=t;-t; with respect to the first (earliest) particle
arriving in the RPC detectors.
Then for each & event a delay distribution with respect to the first ar-
riving particle is obtained. Average delay (T'.k> and standard deviation
o* of individual distributions have been estimated as:

ky o k
<Tz)_2T1/N
i=1

1 W
)
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and cumulated in histograms according to the core distance r.

3.3. Analysts results

Fig. 5a shows the correlation between (%) and core distance r, while
the correlation between o* and r is shown in Fig. 5b. It can be seen
that events with the particle mean arrival time (%) of more than 40
ns and thickness o of more than 40 ns have been detected at all core
distances, making evident the large arrival time fluctuations in the EAS
front.

In Fig. 6a and 6b the dependence on r of T - mean value of (7F)
and ¥ - mean value of o is shown. It can be seen that the mean arrival
time T derived from individual events increases from 9 to 22 ns in the
selected core distance range of 0-100 m, with the corresponding mean
thickness X ranging from 8 to 25 ns.
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4. RPC linearity estimation

In order to estimate the RPC linearity as the number of particles/m?
detected individually at the same time, a 2 m? RPC was installed on
the second plane of LST telescope B. The detector was equipped with
6x6 cm? copper pads read by a digital readout electronics recording the
number of fired pads. By this way 512 pick-up channels were available,
opening the possibility to detect up to 256 particles/m?.

4.1. Comparison with streamer tubes

A first estimate of RPC linearity can be obtained simply by com-
paring the number of fired pads with the number of fired strips in the
LST plane supporting the RPC detector. LST strips are 1.2 cm sized,
allowing detection of maximum 76 particles/m?. Fig. 7 shows this cor-
relation. It can be seen that up to 76 particles/m? the correlation is
very good, and the number of fired pads corresponds to the number of
fired strips within the expected fluctuations.
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4.2. Comparison with NKG

The number of particles crossing a 1 m? detector invested by an EAS
can be estimated using the Nishimura-Kamata-Greisen (NKG) formula:

Ne r 5—2 r 8-=4.5
e =5 7] |1+ 7]

where: L1s

N, = 106 (m%) ‘

s=1.3

c(s) = 0.45

Ro =79 m

With the NKG formula the number of particles crossing the RPC
6x6 cm? layer can be estimated using the primary energy E and the
core position r provided by GREX array. Fig. 8 shows the correlation
between particle density in the RPC layer and density estimated by
means of NKG formula. It can be seen that, taking into account natural
fluctuations of EAS development and the accuracy of the primary energy
FE, and core distance r determination, there is a satisfactory correlation
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between particle density (fired pads) measured by RPC and particle
density estimated by NKG formula.

5. Conclusion

The use of highly segmented RPCs embedded in the GREX array
permitted the study of the fine time structure of the EAS front in indi-
vidual events at core distances of 0-100 m. The presence of events with
the large average arrival time and the large front thickness has been
observed.

Due to the wide range of primary energies and core distances EAS
provide the wide range of particle densities in the array distributed more
or less uniformly in the detector area, then allowing the estimate of de-
tector linearity. By this way the linearity of RPC detectors has been
estimated both by comparison with streamer tubes equipped with thin
strips and by comparison with the particle density in the nearby scin-
tillators. It has been found that RPCs have the linearity up to hundred
of particles/m?.

The performance of RPCs in G/C_P experiment demonstrated that
the use of such detectors in EAS physics can be very fruitfull and can
give the precise information on shower front characteristics, allowing a
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detailed study of extensive air shower phenomena.
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ABSTRACT

In high energy cosmic ray physics, the detection with surface array of muons
produced along the shower development in the Earth atmosphere is particu-
larly important for the study of primary mass composition. The combined use
of muon production height along the shower axis evaluated from muon direc-
tion and from muon arrival time selects high energy muons not significantly
scattered in the atmosphere nor deviated in the geomagnetic field. This allows
the reconstruction of Extensive Air Shower (EAS) longitudinal development in
the energy region 10'® - 10'® eV. A test of this technique, called TTC (Time-
Track Complementarity), is in progress in the EAS-TOP experiment: 40 m?
of bakelite RPCs have been installed under the hadron calorimeter with the
purpose to obtain accurate measurement of muon arrival time respect to the
shower core.
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1. Introduction

At primary energies above 10'* eV the cosmic ray primary flux
becomes too low to measure the primary spectrum and composition
through the direct calorimetric experiments operating on balloons or
satellites. Measurements have therefore to be performed with large
ground based arrays detecting Extensive Air Showers (EAS) produced
in primary cosmic ray interactions with Earth atmosphere. Surface ar-
rays are usually built with scintillator or Cerenkov detectors, the energy
threshold and energy range depending from observation level, array di-
mension and detector spacing. Primary energy can be estimated by
the energy deposit in the array detectors, while the shower axis inclina-
tion can be reconstructed measuring delay between signals in the fired
detectors.

Actually one of major challenge in the EAS physics is the under-
standing of the origin of so called “knee”, the slope change in the cosmic
ray differential flux at primary energy of about 3 - 10'® eV. Some hy-
pothesis on the “knee” origin connect the slope change with a variation
of primary mass composition [1]-[5]. Then the primary mass estimation
in the “knee” energy region is the most important objective of some
modern arrays [6]-[14]. Unfortunately the primary mass estimation is
masked by the Earth atmosphere that prevents direct detection of cosmic
rays: at the Earth surface only interaction products of primary particle
with air nuclei can be detected. In addition it is impossible to mea-
sure energy and nature of individual particles in the shower front and
fluctuations in the shower development reduce more and more the corre-
lation between the primary mass and measured informations. The sum
of described circumstances makes possible only a statistical estimate of
primary mass composition using a multivariate analysis of as many as
possible parameters and informations in the shower front detection.

One of possible new information that can be used is the longitudinal
development of EAS hadron component which depends both from nature
and energy of the primary particle and from its interactions with the air
nuclei. The carriers of this information are muons emitted in decays
of parent pions and kaons detected as penetrating particles in shielded
detectors or in tracking telescopes. Muons have never been used up to

258



now to reconstruct the hadron longitudinal development of EAS because
they are not produced directly in the shower axis. In addition they are
deviated by the geomagnetic field and by the multiple coulomb scatter-
ing in the atmosphere and the eventual detector shielding changes their
direction. Nevertheless the reconstruction of muon longitudinal develop-
ment may be a powerful tool for primary mass measurement and for the
study of high energy hadron interactions with the atmosphere nuclei in
the knee energy region with high efficiency (duty cycle 100 %) [15][16].

In this paper we describe the possibility to reconstruct the muon
production profile at PeV energies by the combination of tracking and
timing measurements as provided by a large area tracking and timing
telescope now available in the EAS-TOP experiment [10][17][18] where
40 m? of bakelite RPCs [19][20] have been installed under the existing
muon-hadron detector with the purpose to obtain accurate measurement
of muon arrival time respect to the shower core.

2. The TTC technique

The muon production height can be reconstructed using an array
providing information on the shower core position (Xo, Yo), axis di-
rection (g, o) and arrival time of the shower front in the core (to)
operating jointly with a tracking and timing telescope which for each
muon detected gives the position (X,, Y,), the direction (8,, ¢,) and
the arrival time respect to the shower core (1, = t,-to).

The muon tracking requires thick absorbers to reduce contribution
of low energy electrons more abundant than muons and a good tracking
accuracy over a large and highly segmented area. Furthermore muons
are subject to large fluctuations and, being charged particles, are subject
to multiple coulomb scattering and deviation in the geomagnetic field.
Then the use of only tracking for the reconstruction of apparent muon
height of production (h'r%¢*) is unsatisfactory [15][16]. Also the time
measurements alone are difficult to be interpreted in terms of apparent
muon height of production (hfj"""), being dominated by arrival time
fluctuations and non-relativistic effects [15][16]. The combined use of
timing and tracking (TTC, Time-Track Complementarity) informations
selects muons whose apparent height of production (hZTc) is consistent
for both measurements. In particular as TTC coherence criterium can be
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used the requirement that the absolute value of difference between muon
production height reconstructed by tracking and by timing is smaller
than the corresponding error, i.e.:

ABS(H) < AH (1)

where:
__ ptrack time
H = h# h“

AH = \/(A eraclc)? + (A hﬁmg)’z

with A hfreck and A hTi™e errors of Alr®F and hf™® respectively.
The production depth in this approach can be calculated as:
track 173
ZM ac + Zﬂlme

TTC

It has been demonstrated [16] that the combined use of muon pro-
duction height from tracking and timing selects high energy muons not
significantly scattered in the atmosphere and not deviated in the geo-
magnetic field. The efficiency of this selection is about 30 %.

Simulation results* obtained applying this criterium are shown in fig.
1, where the average production depth (2) is compared with the muon
production depth for proton and iron induced showers. It can be seen
that difference between the reconstructed longitudinal development of
proton and iron induced showers remains significant and can be used
as an additional parameter for the mass composition study. It is there-
fore important to check the feasibility of an experiment concerning the
consistency of the two measurements (i. e. the possibility of their com-
bination), the effective final measurement errors, and the reproducibility
of the selection procedures by a simulation in a real experiment.

Moreover, the required accuracies for a satisfactory reconstruction
must be < 5 m on the core position estimate, < 3 ns for 7, measurement,
< 1° for shower axis determination and < 5 mrad on muon track.

*100 vertical proton and 100 vertical iron induced showers with energy of 10'% eV
have been simulated by means of the CORSIKA code [21] with VENUS + GHEISHA
version of the hadron interaction model.
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Figure 1: Reconstruction of the production depth distribution by means of TTC-
approach for muons, detected at core distances R > 120 m in proton (full lines)

and iron (dotted lines) induced shower. Not hatched histograms - distributions of
all muons in the shower at R > 120 m reduced by a factor 3, hatched histograms -
reconstructed distributions for TTC selected muons.

3. Experimental layout

The EAS-TOP array is located at Campo Imperatore (2005 m a.s.l.,
810 g/cm? atmospheric depth), above the underground Gran Sasso Lab-
oratories, and include detectors of electromagnetic, muon, hadron and
atmospheric Cerenkov light components (fig. 2).

The e.m. detector [22] is made of 35 plastic scintillator modules
(10 m? each, 4 cm thick, divided into 16 individual units), distributed
over an area of ~ 10° m? and organized in circles (of 50-88 m radii)
interconnected with each other, for trigger and data taking organization.
The triggering energy loss threshold in each module is of 3 MeV (0.3 of a
minimum ionizing particle m.i.p.) The EAS arrival direction is obtained
through the times of flight among the different detectors, measured with
0.5 ns sensitivity, and the resolution obtained is 0.83°(0.5° for N, >
10%). The shower size N, and the core location are obtained from the fit
to the recorded particle densities and the resolutions are calculated using
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a Monte Carlo simulation and the GEANT code obtaining oy, /N, ~
0.1 and 0.y ~ 5 m for N, > 10°.

The muon-hadron detector [23], located at the edges of the scintilla-
tor array (fig. 2), is a tracking module consisting of a 9 active planes, 30
cm away from each other, interleaved with iron absorbers 13 e¢m thick,
the total height is about 280 cm, the surface is 12x12 m?. Each plane is
made of two layers of streamer tubes (3x3 cm? section, 12 m length) for
muon tracking and one layer of tube operating in “quasi-proportional”
regime for hadron calorimetry. The tracks X coordinates are obtained
by the signals of the anode wires (368 in a layer), the Y ones by the
induced signals on strips (3 cm width) placed orthogonally to the wires.
The muon tracking is performed by 16 layers of streamer tubes: a muon
track is defined from the alignment of at least 6 hits (wires) in different
layers of tubes. The muon energy threshold is E, ~ 1 GeV for verti-
cal incidence, the resolution (i.e. the difference between the numbers of
visible and reconstructed muons with at least 6 wires and strips fired)
is less than 4.3 % up to 30 reconstructed muons and the angular reso-
lution is ~ 0.6°. Since the core is located by the e.m. array, by using
the theoretical l.d.f. (Nishimura-Kamata-Greisen, NKG formula) [24],
the total muon number N, can be obtained; the accuracy is ~ 20%
at N, ~ 10%. The effective muon sensitive area is increased by 10 m?
scintillator detectors positioned below 13 e.m. modules, each shielded
by 30 cm of iron.

In September 1997 a layer of 20 bakelite single gap RPCs, 1x2 m?
sized, 1012 © cm? resistivity, has been installed under the muon hadron
detector (fig. 3), covering a total area of 40 m?, grouped in 5 strips each
with 4 detectors. The pick-up is obtained by means of 12x12 cm? copper
pads (128 pads for each RPC) to avoid the time jitter due to the signal
propagation. In order to reduce the number of pick-up readout channels,
4 pads are ORed together by means of a pure resistive OR4. Each signal
OR, is read by an electronic readout board with 32 input channels and
a FAST-OR which is the output signal of 2 m?> RPC. The 4 FAST-OR
of each strip are ORed together and sent to a COMMON START of a
TDC Lecroy 2228A with 2.5 ns/ch resolution. The COMMON STOPS
of 5 TDC, related with 5 RPC strips, are obtained using 7 EAS-TOP
triggers corresponding to different scintillator counters of the array. RPC
acquisition is operated separately from the array acquisition and the
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Figure 2: The EAS-TOP array.

event building is made possible by reading an atomic clock time on the
occurrence of a trigger. Then an event is characterized by the presence
of a START signal on almost one TDC, 1 or more TDC STOP signals
and the coincidence, within 1 us, between the absolute time related with
RPC and absolute time related with EAS-TOP experiment.

In this way each event is characterized by:

arrival direction of shower axis;

core location;

electromagnetic size, N;

number of muons, N;

track reconstruction of muons crossing the muon-hadron detector;

arrival time of muons crossing the 40 m? RPC layer with respect
to the EAS core.

4. Performance of bakelite RPC detectors

| Béfore‘ theRPC installation under the muon-hadron detector, each
detector has been tested at Gran Sasso Laboratory (1000 m a.s.l.). Then
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Figure 3: Installation of RPC under the muon-hadron detector.

RPCs have been tested again after their installation at EAS-TOP level
(fig. 3).

The used RPCs are the same previously used in the GREX/CO-
VER_PLASTEX experiment [25] from April 93 to June ’95. On the
basis of this previous experience, the same running conditions have been
chosen [26][27], i.e. a gas mixture of 68% Argon, 28% Isobuthane, 4%
Freon, a 7 kV high voltage and a 120 mV input threshold of the readout
front-end electronics. -

The average DC current versus HV supply of 2 RPCs is shown in fig.
4 (left plot) at laboratory level and EAS-TOP level (under the muon-
hadron detector). Right plot shows instead the single counting rate of
the same 2 RPCs for laboratory and EAS-TOP level. The lower single
counting rate at EAS-TOP level is due to the presence of muon-hadron
detector above the RPC layer imposing a 1 GeV threshold on muons
and absorbing low energy particles.

The RPC efficiency at laboratory level is reported in fig. 5 (left
plot) making evident a wide plateau indicating a very high and stable
efficiency value of about 95%.

A time resolution better than 1 ns can be easily and directly achieved
using pads of a few cm? size [28]. The use of a non fast readout elec-
tronics with 2.5 ns per bin TDCs produces a time resolution not better
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than 3 ns, achievable at 7 kV as shown in fig. 5 (right plot).

5. First results

Data taking with the RPCs layer started in the middle of October
and first data have been used to perform the apparatus debug. In fig.
6 (left plot) the muon multiplicity distribution detected with RPCs is
shown for 12500 events. It can be seen how most of events present only
I muon, but a significant fraction can permit the study of multimuon
events. At the moment no correlation between arrival times has yet been
possible.

Fig. 6 (right plot) shows a raw delay distribution of an EAS-TOP
trigger with respect to the muon arrival time. Since the muon arrival
times are not yet correlated with the arrival time of the shower front in
the core, the o of shown delay distribution is due to the different core
position and axis inclination of analysed event in the array. The value
o = 92 ns is coherent with the expected one for the core position spread
and for shower inclination.
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6. Conclusion

The use of a layer of highly segmented RPC under the mueon-hadron
detector in the EAS-TOP array permits measurement of muon arrival
time that, combined with the muon tracking, allows the possibily to
reconstruct the EAS hadron longitudinal development in the knee energy
region. RPCs allow accurate time measurement on large area also in
presence of high particle multiplicity. Operating conditions appear to
be stable also at high mountain level and in the presence of storm and
snow. The success of the described test can open the possibility to apply
the TTC technique in modern arrays for a better estimation of cosmic
ray primary composition in the knee energy region.
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The RPC trigger system of L3:
history and current status
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ABSTRACT

The L3 RPC forward-backward trigger system consists of 192 RPC bigap
modules of trapezoidal shape, and associated readout and trigger electronics.
One half of the system has being in use since Spring 1994 while the whole
system since Spring 1995. So the system has being working for 4 years of LEP
runs. Some major changes have been introduced starting from 1995, like gas
mixture and consequently High Voltage set points. History of the system will
be presented together with the performances, reliability and RPC modules
status

1. Introduction

The RPC trigger system of the L3 experiment at LEP [1] provides
the specific trigger capability for the Forward-Backward (F/B) spec-
trometer [2]. This spectrometer has been installed because the higher
energies of LEP2 require a more complete coverage for muon detection
since the existing L3 barrel detector covers, with full resolution, only
polar angle between 44° and 136°. The F/B detector adds muon accep-

"coauthors: A. Aloisio, M.G. Alviggi, N. Cavallo, R de Asmundis, V. Innocente,
L.Lista, P. Paolucci, S. Patricelli, D. Piccolo, C. Sciacca
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Figure 1: Side view of the F/B spectrometer of L3, with inner (FI),
middle (FM), outer (FO) drift chambers and RPC’s for triggering

tance in the polar angle range 44° < 6 < 22° (Fig. 1). The measured
solid angle coverage is increased to 92% of 4.

The first half of the detector has been installed in the 1994 LEP
winter shut-down. In the next year shut—down the installation has been
completed.

The F/B detector consists of 96 precise drift chambers of trape-
zoidal shape mounted in three layers (FI, FM, FO) on either side of the
two magnet doors which are toroidally magnetised. As figure 1 shows,
there are two complementary regions, S and T; in each region a different
method to measure the muon momenta is used.

In the S region the muons are analysed by measuring the helical
bend in the 0.5 T solenoid field with the central drift chambers MI, MM
and the new forward chamber FIL In the T region the deflection by the
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1.24 T toroidal field in the 0.9 m iron doors is used to measure muon
momenta.

2. The RPC system

Outside the magnet door, between the FM and FO drift chambers,
two planes of Resistive Plate Counters (RPC) are placed in order to
generate a fast level-1 trigger for particles coming from the interaction
vertex. The use of RPCs in the F/B spectrometer is the first large scale
application for chambers completely built and assembled by industry.
The total system consists of 192 double-gap RPCs of trapezoidal shape,
in three different sizes, covering a total area of more than 300 m?.

A single-gap RPC is made of two bakelite plates (two mm thick,
p ~ 2-10" Q cm) kept at a constant distance of 2 mm by a 10 cm
pitch grid of round PVC spacers (¢ ~1 e¢m). The gap between the two
bakelite plates has been filled, in the first years of operation, with a gas
mixture of argon, isobutane and freon (58:38:4). In the beginning of the
1996 LEP operation the gas mixture has been modified replacing freon
with C;HyF, (57:37:6). The outer surfaces of the bakelite plates are
painted with a graphite solution in order to apply the high voltage.

A double-gap RPC (Fig. 2) consists in two of this units, staggered
by 5 cm so that the spacers do not overlap. The readout plane, placed
between the two single-gaps, is segmented in 32 strips with 3.1 cm pitch
(6144 total readout electrodes).

Both sides of the readout electrodes are equipped with front-end
electronic boards accepting inputs from 16 adjacent strips. Signals are
amplified, discriminated (~ 60 mV) and converted to shaped (200 ns)
TTL differential outputs. A fast signal made on each board with the
OR of 16 strips is also generated with a threefold fan—out: one output
is fed to an 1875 LeCroy TDC for the measurement, one is used for
monitoring purposes and the last one is used to generate a Super-OR
signals for the 96 strips of each FM or FO planes.

The RPCs performances have been deeply studied in a dedicated test
station in Naples laboratories with a drift chamber system for cosmic
tracks reconstruction. Al the counters, before being mounted in the
L3 experiment, have been tested in a cosmic ray stand at CERN in
order to check the performances of all electronics and to measure the
efficiency plateau of each detector. The operating point of the chambers
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Figure 2: Cross section of a double gap RPC (not to scale)

has been chosen, with the old gas mixture, at about 7600 V. With the
new mixture the operating point has been moved to about 7200 V.

3. Trigger generation

The RPC trigger system provides a fast identification of muons com-
ing from the interaction vertex. The strips signals are sent to the Zero
Suppressor modules [3] (96 inputs corresponding to one RPC plane) and
their status is latched when a strobe pulse is present (Fig. 3). The input
pattern is processed in a typical time of 1 us (2 strips fired) and the
addresses of the hit strips are transferred to a Track Finder module.

The strobe pulse to the Zero Suppressor can be chosen between two
possibilities: a signal synchronous with the beam crossing or a coinci-
dence between the beam crossing and the coincidence between the two
Super-OR signals (FM-FO planes) of any of the 32 “half octants”. The
second mode of operation is used in the bunch train mode LEP runs,
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when each beam consists of 4 trains with 2 to 4 bunchlets, in order to
allow the bunchlet where the physical interaction occurs.

The Track Finder unit searches for coincidences in a 96 x 96 pro-
grammable Trigger Matrix filled cell by cell by all possible muon roads
pointing to the interaction vertex. Each cell of the Trigger Matrix is
mapped into one of the 96x96 locations of a four bit RAM. The pattern
of the roads depends on the muon polar angle of production, momen-
tum, magnetic deflection and multiple scattering in 1 m thick iron door
and has been simulated using Monte Carlo techniques (Fig. 4).

Maximum. search time of the unit is (200 + 50 - N; - N;) ns, where
N; and N; are the numbers of hit strips in the first (‘FM’) and second
(‘FO’) plane, while typical search time is 0.5 us (2 x 2 strips fired).
Since the track finding starts only when the encoding is terminated, the
typical total trigger time is 1.5 ua.

When a coincidence is found in the programmed pattern, a trigger
signal is generated and together with the informations coming from other
detectors produces a level-1 muon trigger for the Forward-Backward
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region.

The complete trigger system is composed of 16 sub-systems, each
formed by two Zero Suppressor units and one Track Finder unit.

Data words containing the addresses of hit strips in the event are
kept in a memory in the Track Finder modules and are transferred, via
an ECL differential asynchronous bus, to Fastbus for data acquisition
when a general L3 level-1 trigger is present.

4., Performances

The RPC performances have been studied using samples of dimuon
Z decays: Z — ptu~, for which good track reconstruction in provided
both in the L3 central tracking detector and in the muon spectrometer.
Details can be found in [4].

From 1996, due to the higher LEP energies, the dimuon cross section
is drastically reduced and we have also to use samples of single muon
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events, with lower momenta.

4.1. Space Resolution and Detector Efficiency

When a charged particle crosses an RPC, the discharge in the gas
volume induces signals on the strips, in a region few millimetres wide.
Discharges in the two separate gas volumes read by the same electronics
and the slope of the particle track broaden this charge distribution. A
signal can therefore be induced on more than one strip. At the recon-
struction level adjacent strips are joined to form a ‘cluster’, described
through the ‘centre of gravity’ of the fired strips, the multiplicity i.e. the
number of fired strips and two times corresponding to the TDC readouts
on both ends of the strips. The cluster multiplicity increases with the
high voltage applied to the RPCs electrodes.

In 1994 and 1995 LEP runs we obtained an average cluster multi-
plicity of p = 2.10 + 0.02. With the new gas mixture the multiplicity
increased to x = 3.08 £+ 0.03
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Figure 5: Space resolution of the RPCs.



Comparing the position (y-coordinate in fig. 5) of the cluster centroid
with the expected position reconstructed using the F/B drift chambers,
we obtain a global space resolution of o, = 7.7 & 0.1 mm.

In case of full detector efficiency, at least one cluster should be found
for each FM-FO plane. It is also possible to find more than one cluster
in a plane because of the overlap between the Middle RPC and the other
two (Large and Small). Therefore, the number of events for which no
cluster was found or in the FM or in the FO plane allows an estimate
of the overall detector efficiency resulting in € = 99.5 £ 0.1 %.

Both the space resolution and the detector efficiency have been mea-
sured in the years giving stable results.

4.2. Time Resolution and bunchlet identification

To measure the event timing, the time measured by the RPCs needs
to be corrected mainly for three effects:

o different cable lengths and electronic response among channels,
¢ time of flights of the muons,
¢ time of propagation of the induced signal along the strips.

The first effect is corrected using the T0 calibration. It consists of pulsing
every timing readout channel (Fast-OR of 16 strips) on the front end
boards and reading the obtained mean time, ‘T0’, at the end of the
read-out chain i.e. on the TDCs. The obtained T0s can differ also of
several ns and have to be subtracted to the data read time.

The time of flight of the muon can be calculated with enough preci-
sion using the impact point on the RPCs extrapolated from the chambers
reconstructed tracks. To calculate the correction due to the propagation
time of the induced signal along the strip we also use the information
coming from the F/B tracks, since the RPCs cannot provide a precise
enough measurement of this coordinate. The length of the strips goes
from 96 to 216 cm corresponding to a time spread of ~ 5-10 ns with a
propagation velocity of 1/v, = 4.8 ns/m as estimated from data.

After having taken into account all these corrections the time reso-
lutions we measured are: ¢ = 2.16 = 0.05 ns in 1994,0 = 2.4 £ 0.1 ns
in 1995 (Fig. 6) and ¢ = 2.6 £ 0.2 ns in 1996. The increase of the time
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Figure 6: Time resolution of the RPCs.

resolution from 1995 is due to the widening of the TDC dynamical range
because of the LEP bunch train mode operation.

The RPCs provide also the bunchlet identification, i.e. in which
bunchlet the event occurred, recognising when the coincidence between
the Beam Gate and the two Super OR (FM and FO planes) coincidence
took place. This can of course be checked with respect to other bunchlet
identifications given by different detectors and with respect to the time
of the RPC event. Figure 7 shows the RPCs time distribution, without
subtracting the inter-bunchlet time, versus the bunchlet number identi-
fied by the RPCs strobe logic. The RPCs bunchlet number identification
is found to be always in agreement with the same determination made
from other detectors.

4.3. F/B Trigger efficiency

The trigger system in the F /B region is based not only on RPCs but
also on the F/B chambers and on two planes of endcap scintillators (on
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events

Figure 7: RPCs time distribution versus bunchlet number.

the Master and Slave sides) in order to have some redundancy and to
reduce the rate due to the beam background outside the magnet, where
the RPCs are placed. There is also an angular region in which the barrel
spectrometer contributes to generate a trigger but we will not take it
into account here.

The trigger logic is divided into a dimuon trigger and a single muon
trigger, each of them made of three sub-triggers.

The dimuon trigger consists of:

¢ the RPC-RPC sub-trigger, requiring the presence in two opposite
octants of the RPCs trigger;

¢ the RPC-ESCI/FB sub-trigger, requiring the RPCs trigger in one
octant and the combined Endecap scintillators-F /B chambers trig-
ger in the opposite octant;

o the ESCI/FB-ESCI/FB sub-trigger, requiring the presence in two
opposite octants of the combined Endcap scintillators-F /B cham-
bers trigger;

278



the two octants are considered ‘opposite’ within a tolerance of +1 octant.
The single muon trigger consists of the following sub-triggers:

¢ the RPC-FB sub-trigger, requiring both the RPCs and the F/B
chambers triggers in the same octant;

o the RPC-ESCI sub-trigger, requiring both the RPCs and the end-
cap scintillators triggers in the same octant;

¢ the FB-ESCI sub-trigger, requiring both the F/B chambers and
the endcap scintillators triggers in the same octant.

The trigger efficiency has been studied using events with at least a
trigger different from the FB trigger in such a way to allow an unbiased
evaluation.

We obtain a dimuon trigger efficiency of €gimuon = 99.8 £ 0.4 % and
a single muon trigger efficiency of ¢,ingte = 98.7 + 0.5 %.

5. Detector stability

The L3 RPC system is a large system both for number of units and
total area covered and requires a continuous monitoring and mainte-
nance. In particular the dark rate averaged on the whole system is used
to monitor the noise of the detector. Figure 8 shows the singles be-
haviour of the RPCs in the 1994, 1995 and 1996 runs. The plot shows
a reduction of the noise after the first year of operation.
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ABSTRACT

We constructed the glass RPCs for the subsystem of K9 /u detection in BELLE
experiment at KEK-B factory. The structure of a endcap RPC module with a
double gap superlayer is described. The performance of the endcayp glass RPCs
in streamer mode is also described together with nonflammable gas mixture
study.

1. Introduction

The BELLE experiment at KEK-B factory in Japan is designed for
a study of CP violation and physics related with b-quark decay.[1] The
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Fig. 1. Schematic of BELLE detector at KEK B factory.

KEK-B factory produces an order of 10® Y(4S) resonances decaying
into BB. As the accelerator provides an asymmetric collision of 8.0GeV
electrons and 3.5GeV positrons, B and B are having a different energy,
and it makes possible to measure the time difference of B lifetime for
CP violation study.

The BY — J/1 K is the most important decay mode for measuring
one of unitarity triangle angles. Many of B decay channels involve muons
in the final state. The K9 and muon detection is an important part in
this experiment.

Fig.1 shows the BELLE detector which consists of vertex detector,
tracking chamber, aerogel PID, TOF, CsI calorimeter, and K9 /i1 detec-
tor, so called KLM. The KLM subsystem is designed to detect neutral
kaons and muons with momenta > 600MeV /c.
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Dielectric Foam

Fig. 2. Cutaway view of Endcap RPC module.

2. Endcap KLM Module

The KLM detector consists of an octagonal barrel and two endcaps.
They are composed of sandwich of fifteen 47mm absorber iron plates
and fourteen 44(+5)mm instrumented gaps. The endcap KLM module
has been designed to fit to the guaranteed 39mm gaps and to be a fun-
shaped quadrant.[2] There are a total of 112 quadrant modules in the
two endcaps. Glass RPC were identified as the most attractive counters
for KLM. Though the glass RPCs died by water vapour of 200ppm or
more in the RPC gas,[3] they have not failed over year in long-term test
without water vapour in the gas. PVC/ABS RPCs without the linseed
oil dropped to less than 50% efficiency in 20 weeks.

I'ig.2 shows a cutaway view of endcap RPC module. Each endcap
quadrant is designed as a double gap superlayer having two independent
RPC layers (top and bottom). Each layer comprises five wedge-shaped
RPCs: four large RPCs and one small one. The top and bottom RPCs
are arranged to stagger each other to avoid overlapping of the dead re-
gions near the RPC edge spacers. The RPC cathode readout of each
module has an orthogonal pattern of theta(#) and phi(¢) strips. The
theta strip is 36mm wide and 2mm gap spacing, and its length varies
from 2m at the inner radius to 5m at the outer radius. The phi strip
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Fig. 3. Endcap RPC.

is 1.83m long, and wedging from 19mm to 47mm width and 2mm gap
spacing. Each module has 48 theta strips and 96 phi strips. The total
number of readout strips in two endcaps is 16128 channels. High volt-
age (HV) is distributed separately to each RPC, but gas flows serially
through the top layer RPCs and through the bottom, separately.

Fig.3 shows a view of one large RPC in the endcap module. The
material of RPC electrode is 2mm thick float glass with the volume
resistivity of ~5x1012Qem. instrumented The two glass electrodes are
maintained the 2mm gas gap spacing by Noryl inner spacers and tee-
shaped edge spacers, and glued by 3M DP460 epoxy. The tee-shaped
spacer provides a good gas seal at the perimeter. The carbon tape,
SHINTRON STR-9140 with a surface resistivity of 107 ~ 108Q/sq, is
pasted on the outer glass surface for distributing the high voltage. The
HV and gas connectors are placed at the outer edge of RPC to reduce
the dead space at the inner radius of the module.

Fig.4 shows a schematic view of the superlayer structure of double
gap RPC in the module. The HV is supplied to the same direction
for two RPC layers. The readout cathode planes of theta and phi are
located at the outer surface of the superlayer RPCs. The number of
readout channels and the module thickness are made possible to reduce
by this superlayer structure.
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Fig. 4. Cross-section of superlayer RPC.

3. Endcap Module Test

A preliminary test of the modules is performed by using cosmic-rays.
Fig.5 shows a schematic view of experimental setup and the readout
electronics for the module test. A set of the eight modules is used at the
standing position for the test, and three for a cosmic-ray trigger. The gas
mixture used for the test consists of 25% Argon, 25% Butane-silver and
50% HFC134a, which we call it a standerd gas.[4] The readout boards
consist of 6U VME modules. Signals from the cathode pickup strips fed
into the discriminators of MAX908 comparators, then fed into LeCroy
1877 multi-hit TDCs. Hit channels are obtained by decoding the time
delay of the signals from the common stop signal.

The module efficiency has been measured by using cosmic-ray tracks
reconstructed by hits in all of trigger modules. Fig.6-a (-b) shows the
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Fig. 5. Schematic of experimental setup and the readout electronics

efficiency plateau of 5 individual RPCs of top (bottom) single layer in a
typical module. The efficiency of the RPC itself is better than 90% at
an operating high voltage 4.3kV/mm and a discriminator threshold of
50mV. The individual RPCs have almost same performance, so that we
consider the module efficiency of the single layer or superlayer. Fig.6-c
shows the efliciency plateau of top, bottom and superlayer. The effi-
ciency at the plateau is more than 98% in superlayer operation.

The efficiency maps of the single layers and the superlayer of a typical
module are shown in Fig.7-a, -b and -c. In Fig.7, the box display is
proportional to the efficiency of higher than 80%, and its maximum size
equals with a overlap size of 8 and ¢ strip. The efficiency map shows to
be uniform in the whole area of RPC module. The superlayer efficiency
which is effectively the logical OR of two RPCs having >90% efficiency
is consistently better than 98% for all modules constructed.

The readout strips are multi-hitted sometimes by cross-talk and/or
afterpulse causing from a larger streamer discharge. The hit mulitiplicity
of responding strips is crucially important for a reconstruction of K9 /.
Multiple hit strip distribution of the modules is shown in Fig.8-a and
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-b for theta and phi cathode, respectively. The first, second, and third
column from the left of Figs. show the distribution of an average hitted-
strip in superlayer, top, and bottom layer operation. The first, second,
third, and fourth row from the top show for all modules, modules with
107Q/sq HV conducting graphite, with 10%Q/sq, with 106Q/sq. Mul-
tiple hit of strips depends on the surface resistivity of HV conducting
material and the distance between the readout cathode and RPC. The
hitted-strip multiplicity on the theta and phi readout cathode are 1.4
and 1.6 for single layer, and 2.5 and 3.1 for superlayer on the average,
respectively. We have examined these multiplicities are reduced without
any efficiency reduction by increasing the disccriminator threshold to
about 80-100mV. We need to optimaize the threshold in order to have
good overall RPC efficiency and good tracking of K9 /p.

4. Nonflammable Gas Study

We have been using the gas mixture of 25% argon, 25% butane and
50% HFC-134a for testing RPC modules. The butane concentration of
nonflamable limit is about 12% at the mixing ratio of Ar:HFC134a =
1:1.[5] To decrease the butane concentration might increase afterpulses,
because the butane prevents the second discharges by absorbing photons.
The gas mixture we studied is 16 combination of butane concentration
of 4%, 8%, 12% and 25% and argon 20%, 25%, 30% and 35%, and HFC-
134a is adjusted to be 100% in total. The RPC performance is compared
at the plateau HV difined as a 200V/mm above the knee[6] of efficiency
plateau curve.

Fig.9 shows the efficiency plateau curves for 16 gas mixtures: (a)
butane 25%, (b) 12%, (c) 8% and (d)4% including Ar 20% to 35%. A
plateau curve for gas mixture of Ar 25%, butane 25% and HFC-134a
50% is drawn by solid circles in Fig.9 for a comparison. Plateau HV
decreases from 4.4kV/mm to 4.0kV/mm as increaseing Ar from 20% to
35% and does not depend on butane concentration.

Fig.10 shows (a) efficiency(%), (b) dark currnt(pA/m?), (c) sin-
gle count rate(H z/em?) and (d) sigma(ns) of TDC distribution at the
plateau HV vs. Ar concentration of 20% to 35%, including butane 4%
to 25%. The difference of RPC performance between framable and non-
flammable gas mixture is very small. Nonflamable gas mixture of butane
8% is usable for the glass RPC.
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Current at Plateau H.V.
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5. Summary

No glass RPCs have failed in long-term test by means of streamer
mode over 600 days so far. The long-term operation of glass RPCs
is continuing. The cosmic ray test of the endcap glass RPC modules
with the superlayer schem of double gap and double readout cathode
has demonstrated the greater than 98% efficiency, the uniform efficiency
map, the single rate of less than 1kHz/m?, and the average hitted-
strip of about 3 at 50mV threshold in superlayer operation. The strip
multiplicity reduces to less than 2 at 80-100mV threshold without any
efficiency reduction. HV conducting graphite with a resistivity of more
than ~107(2/sq is better for less multiple hit of readout strips. Non-
flammable gas mixture of 8% butane-silver is usable for glass RPCs.
The 3/4 of endcap RPC modules has been installed in BELLE detector
so far. BELLE physics run will start in early 1999.
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ABSTRACT

The IFR system is a RPC based detector used to identify muons
and neutral hadrons in the BaBar experiment. Physical motivations,
detector geometry and an overview of the operations since the chamber
production up to the installation will be reported.
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1. Introduction

The BaBar experiment [1] is mainly dedicated to the study of the CP
violation in B meson decays. It will be installed at the PEP II machine
at SLAC. PEP Il is a e*e™ asymmetric storage ring designed, after an
initial luminosity of 3x103 ¢m~25~1, to reach 103* cm—2s71,

Electron and positron beams will have different energies (E,- = 9
GeV, E.+ = 3.1 GeV) producing a center of mass energy at the T(4S)
resonance. The YT(4s) resonance decay about 50 % of the times in B°B°
mesons and by the analysis of the decays products of these particles is
possible to clarify the origin of the CP violation.

Fundamental requirements to study the CP mechanism are:

¢ reconstruction of as many as possible exclusive final states;
¢ tagging of the B meson flavour;
o time ordering of the meson decays.

In order to fulfill such requirements, a large angular coverage detector
has been designed. It’s composed basically, going from the innermost
up to the outermost, by a silicon vertex detector, fundamental to recon-
struct the decay length of the B mesons, a cylindrical drift chamber, a
Csl crystal based electromagnetic calorimeter, a particle identification
device (DIRC) and an instrumented flux return (IFR) to identify muons
and neutral hadrons.

The BaBar experiment will also allow significant progresses in un-
derstanding of the B, charm and 7 physics.

2. IFR requirements

The IFR system [2] is the outermost detector of the BaBar experi-
ment. It is mainly dedicated to the muons and neutral hadrons identi-
fication. Reconstruction of Kj particle, for example, allows to tag the
useful CP channel B® — KjJ/4.

Resistive Plate chamber (RPC), used as active detecors, are inserted
inside the iron gaps of the magnetic flux return. RPCs have been choosen
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for their reliability, flexibility to be produced in different shapes and pos-
sibility to cover large areas at a relative low cost. Good time resolution,
efficiency and high readout granularity make this technology ideal for
the IFR needs.

Muons must be identified and discriminated from the pion back-
ground. This can be achieved because of the different behavior of these
two particles inside the IFR. Muons are penetrating particles and leave
a narrow hit distribution along the track; pions on the contrary are
absorbed after few layers and exibit a broader hit distribution.

Range measurements, hit distribution shapes, time measurements
and other variables are analyzed and a maximum likelihood fit is per-
formed to assign to each track a probability to be either a muon or a
pion [3].

3. IFR geometry

The IFR system is composed of a barrel and two endcaps. The
barrel is divided in six sectors and each endcap in two half-doors. RPC
chambers are used as active detectors inside the gap between iron plates
used to return the magnetic flux.

Each barrel sector is made of 19 RPC layers and 18 iron plates with
graded segmentation. The width of iron plates varies between 2 cm, for
the innermost plates, and 10 cm for the outermost. A thinner width for
the innermost plates and a coarse segmentation for the outermost ones
results in an optimized u/n discrimination [3]. Table 1 summerizes the
iron plates width. "

iron plate | width (cm)
1+-9 2
1013 3
1416 5
17 10
18 10

Table 1: Iron plate width in the barrel.

A single JFR barrel layer is composed of 3 RPC modules of rectan-
gular shape. The smaller side of each module is 125 cm, the other side
span between 191 and 312 cm going from the innermost layer up to the
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outermost one.

The total number of RPC chambers in the barrel subsystem is 342
(380 chambers produced including spares).

The outermost layer (layer 19) has a different geometry with respect
to the previous layers because the iron plates used as mechanical sup-
ports for the IFR structure cover part of the useful area. For this reason
the RPC modules used for the layer 19 have a special shape.

The endcap doors are composed of 18 RPC layers and 17 iron plates.
Each half door layer is physically divided in three units (top, middle,
bottom) and each unit in two RPC modules making the chamber. A
single RPC module of the endcaps has a trapezoidal shape. Forward
middle unit modules have a circular cut in the inner part near the beam
pipe and backward middle unit modules exibit two linear cuts on one
side in order to leave space for the beam pipe.

Fig. 1 shows a pictorial view of the IFR system.

Daoag Wright, [LLNL

Figure 1: Pictrorial view of the IFR system
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c) d)

Figure 2: RPC modules geomtery: a) Barrel module, b) top-bottom
endcap units, ¢) middle backward units, d) middle forward units.

Table 2, 3, 4 and 5 report barrel and endcap module sizes. Fig 2
shows the schematic shape of the modules.
More details about the IFR RPCs sizes can be found in [4].

4. RPC module design and strip readout

Apart from the shape, each RPC module has the same structure
shown in fig. 3.

RPC modules are single gap detectors working in streamer mode,
with a double strip plane readout.

The sensitive part of the RPC is a 2 mm wide gap filled with a gas
mixture of Argon (48 %), C2H2Fy (40 %), Iso-buthane (4 %). This
mixture shows optimal performances [5] for what concerns efficiency,
dark current, random noise rate and time resolution; at the same time
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layer | Al A2
1243 | 1908
1243 | 1966
1243 | 2029
1243 | 2093
1243 | 2156
1243 | 2220
1243 | 2283
1243 | 2347
1243 | 2410
10 [ 1243 | 2474
11 | 1243 | 2549
12 | 1243 | 2620
13 | 1243 | 2692
14 | 1243 | 2763
15 | 1243 | 2858
16 1243 | 2953
17 | 1243 | 3017
18 | 1243 | 3124

—

W 00 ~I S =

Table 2: Barrel modules sizes in mm for the 18 innermost layers.

the gas mixture used into the RPCs is not flamable due to the low
percentage of iso-buthane.

The RPC electrodes consist of high resistivity (about 10! Q x ¢m)
bakelite plates painted with a graphite film for ground and HV distri-
bution.

Two pick-up strip planes are used to read-out the detector infor-
mation. The pick-up electrodes are placed on both sides of the cham-
ber with strips running in orthogonal directions, thus providing a bi-
dimensional readout.

For each barrel layer 96 strips run parallely to the beam direction (¢
strips) and 96 in the orthogonal direction (Z strips). The Z strips pitch
is 2.8 cm constant for all barrel layers. The ¢ strips pitch span between
2 and 4 cm according to the layer position (tab: 6). This ¢ projective
geometry preserve a constant number of strips for all layers.

Endcap layers are composed by three chambers (top, middle, bot-
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Forward Backward —|
layer | S L A B S L A B
1 1517 | 2587 | 0O 0 1254 | 2323 | 0 0
2 15617 | 2687 ( 0 0 [1284 2353 | O 0
3 1517 | 2587 | © 0 | 1314|2383 | 0 0
4 1577 | 2647 | © 0 | 1344 [ 2413 | 0 0
5 1577 [ 2647 ) 0O 0 1374 | 2443 0 0
6 1577 | 2647 | © 0 | 140412473 0 0
T 1577 | 2647 | 0O 0 | 1434 | 2503 | 26 6
8 1577 | 2647 | 0O 0 | 1464|2533 | 57 | 12
9 1577 12647 | 0 0 | 1494|2563 | 90 | 18
10 | 1577 | 2647 | © 0 | 1517 | 2587 | 117 | 22
11 1577 [ 2647 | O 0 1517 | 2587 | 117 | 22
12 | 1577 | 2647 | O 0 | 1517 | 2587 | 117 | 22
13 | 1577 | 2647 | 0 0 | 1517 | 2587 | 117 | 22
14 | 1577 2647 )| O 0 | 1517 | 2587 | 117 | 22
15 | 1577 | 2647 | 0O 0 | 1517 | 2587 | 117 | 22
16 | 1577 | 2647 | 142 | 19 | 1517 | 2587 | 117 | 22
17 | 1577 | 3124 | 272 | 50 | 1517 | 2587 | 117 | 22
18 | 1577 | 2647 | 707 | 232 | 1517 | 2587 | 413 | 121

Table 3: Endcap top units sizes in mm.
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Forward Backward
layer | R D L S D L S
1 738 | 3295 | 3165 | 2630 | 3295 | 2844 | 2309
2 754 | 3295 | 3165 | 2630 | 3295 | 2844 | 2309
3 770 | 3295 | 3165 | 2630 | 3295 | 2844 | 2309
4 786 | 3295 | 3225 | 2690 | 3295 | 2844 | 2309
5 802 | 3295 | 3225 | 2690 | 3295 | 2844 | 2309
6 818 | 3295 | 3225 | 2690 | 3295 | 2844 | 2309
7 834 | 3295 | 3225 | 2690 | 3295 | 2844 | 2309
8 850 | 3295 | 3225 | 2690 | 3295 | 2844 | 2309
9 867 | 3295 | 3225 | 2690 | 3295 | 2844 | 2309
10 886 | 3295 | 3225 | 2690 | 3295 | 2844 | 2309
11 905 | 3295 | 3225 | 2690 | 3295 | 2844 | 2309
12 924 | 3295 | 3225 | 2690 | 3295 | 2844 | 2309
13 945 | 3295 | 3106 | 2572 | 3295 | 2844 | 2309
14 970 | 3295 | 3006 | 2472 | 3295 | 2844 | 2309
15 996 | 3295 | 2928 | 2394 | 3295 | 2844 | 2309
16 1021 | 3295 | 2865 | 2330 | 3295 | 2844 | 2309
17 1047 | 3295 | 2806 | 2272 | 3295 | 2844 | 2309
18 1194 | 3295 | 2541 | 2007 | 3295 | 2676 | 2141

tom); for each of them 64 strips of 2.8 cm pitch run in the horizontal
direction. Vertical strips have a pitch of 3.8 cm and the number of strips
is a function both of the chamber and of the layer. Bottom, top and
middle backward chambers have 64 strips regardless of the layer posi-
tion. Middle forward chambers have between 55 and 80 strips according

to table 6.

5. Front End electronics

The Front-End electronic Card (FEC) [6] collects signals coming
from 16 RPC strips and generates two fast-or ECL signals and one serial
output concerning the status of the 16 strips at the arrival of a trigger

signal.
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Forward Backward
layer | S L A B S L A | B
1 1577 | 2647 | 0O 0 1517 | 2587 | 117 | 22
2 1577 | 2647 | 0O 0 1517 | 2587 | 117 | 22
3 1577 | 2647 | O 0 1517 | 2687 | 117 | 22
4 1577 | 2647 | O 0 1517 | 2587 | 117 | 22
5 1577 | 2647 | 0 0 1517 | 2587 | 117 | 22
6 1577 | 2647 | 0 0 | 1517 | 2587 | 117 | 22
7 1577 | 2647 | O 0 | 1517 | 2587 | 117 | 22
8 1577 | 2647 | 0 0 1517 | 25687 | 117 | 22
9 1577 | 2647 | 0O 0 1517 | 2587 | 117 | 22
10 1577 | 2647 | O 0 1517 | 2587 | 117 | 22
11 1577 | 2647 | 0 0 1517 | 2587 | 117 | 22
12 1577 | 2647 | O 0 | 1517 | 2587 | 117 | 22
13 1577 | 2647 | 0 0 1517 | 2587 | 117 | 22
14 1577 | 2647 | 0 0 1517 | 2587 | 117 | 22
15 1577 | 2647 | O 0 1517 | 2587 | 117 | 22
16 1577 | 2647 | 142 | 19 | 1517 | 2587 | 117 | 22
17 1577 | 3124 | 272 | 50 | 1517 | 2687 | 117 | 22
18 1577 | 2647 | 707 | 232 | 1517 | 2587 | 413 | 121

Table 5: Endcap bottom unils sizes in mm.
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Figure 3: RPC design

The input stage is connected directly to the strip and continously re-
ceives and discriminates signals. Whenever a trigger arrives, a snapshot
of the 16 strips is taken and two fast-or signals are provided.

One of the fast-or signals is used for time measurement with TDCs,
the other one is used to monitor the RPC performances through the
counting rate measurement or for trigger purpose.

Serial output is sent to the IFR FIFO board (IFB) used for the
front-end electronic readout [7].

Signals coming from strips placed on opposite side of the chamber
have opposite polarity, so two different cards, with dedicated input stage,
have been designed for both negative and positive signals.

Alternate strips are connected to the same electronic card, this way
if one FEC fails, efficiency could be partially recovered for events with
multiplicity greater than one by simply increasing a little bit the H.V of
the chamber.

Part of the FECs are physically located inside the iron gap attached
on the RPC chambers, and part in ad hoc crates installed outside the
IFR detector.
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layer ¢ strip pitch (mm) | middle forward strips
1 19.7 80
2 20.3 80
3 21.0 80
4 21.7 79
5 22.3 78
6 23.0 78
7 23.6 77
8 24.3 77
9 25.0 78
10 25.6 78
11 26.4 78
12 27.1 75
13 27.9 74
14 28.6 68
15 29.6 68
16 30.6 68
17 31.3 68
18 324 55
19 33.0
19(52/54) 35.9

Table 6: ¢ strips pitch and number of vertical strips in middle forward
units as a function of the layer position. Layer 19 sector 2 and § (52/54)
have only 88 strips of pitch 35.9 mm.

Total number of FECs used in the whole IFR system is about 3000.

6. RPC production, assembling and test

The IFR system is a very large area detector so a big effort has been
realized in terms of RPC production, assembling and test.

The total number of RPC modules produced has been 892 (includ-
ing spares) for a total area of about 2300 m?. About 45000 electronic
channels are handled by about 3000 FECs.

RPC modules are produced at the General Tecnica factory. The
first step of the production is the measurement of the bakelite resistivity.
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Only plates with a value between 1 and 6x10'! Ix cm are used for RPC
assembling. The maximum size of the chambers that can be actually
produced is 3.2 x 1.3 m2.

Strips planes are also produced at the same factory and sent in
Napoli for cabling.

Two test stations have been prepared to check RPC integrity and
performances. The first of them is located in Frascati. Two large area
RPCs are used for trigger and up to 4 boxes, each with 12 RPC modules,
can be put under test at the same time.

At the arrival in Frascati each module is filled with gas and a little
overpressure is produced for the leak test of the chamber and to check
the integrity of the spacers that guarantee the fixed distance between the
backelite electrodes. If some of the spacers results not perfectly glued
the module will exibit a longer time to reach the standard overpressure
because it swell in the region of the damage.

Each module is then assembled with longitudinal strips (Z strips for
barrel modules, and horizontal for the endcap units) and is ready to be
tested with cosmic rays.

Main measurements performed are the following:

¢ single rate and dark current vs High Voltage;
o efficiency vs High Voltage;
e local efficiency with reconstructed cosmic tracks;

¢ time resolution.

Performances results can be found in the reference [5).

Accepted RPCs are successively supplied to SLAC where different
modules of the same layer (or unit for the endcaps) are joined together
and transversal strips (¢ strips for barrel, vertical for endcaps) are glued
on the free side of the layer.

After a new test with cosmic rays the chambers are inserted into the
iron gaps and mounted on the detector.

7. Conclusions

342 Barrel and 432 Endcap RPC modules have been succesfully in-
stalled inside the IFR iron gaps. All the front-end electronic cards have
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been produced and part of them mounted on the chambers (remaining
part of the FECs will be inserted in crates outside the IFR). DAQ elec-
tronics will be installed by march 1998 and the IFR system will be ready
to be tested with cosmic rays.

Starting of the PEPII operations is expected at the begin of 1999.
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Electromagnetic Shower Measurements with

RPCs

Douglas Wright*
Lawrence Livermore National Laboratory,

PO Boz 808, Livermore, CA 94550, USA

ABSTRACT

RPCs can work as well as traditional gas ionization type detectors in a sam-
pling electromagnetic shower calorimeter with iron absorbers. Test beam data
from SLAC show good linear response and energy resolution from small-gap
RPCs operated in the spark mode in electromagnetic showers.

1. Introduction

The single-particle tracking capability of resistive plate chambers
(RPCs) is well known; however, the purpose of this test-beam effort was
to determine if RPCs could be used in a sampling iron calorimeter to
measure electromagnetic showers. The number of energetic electrons
produced in an electromagnetic shower is a good measure of the energy
deposited in the shower. If the charge response of an RPC operating
in the spark mode is sufficiently narrow, and the occlusion region is not
larger than the average spacing of the electrons in a shower, then the
sum of the charge produced in the RPC should be proportional to the
number of electrons in the shower.

This new application of RPC technology was motivated by our pro-
posal to use RPCs as a robust and inexpensive detector for MINOS, a
long-baseline neutrino oscillation experiment at Fermilab. The MINOS

*Ed Hartouni, Richard Bionta, Harlan Olson, Mike Wang
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detector [1] must simultaneously detect single muons, electromagnetic
and hadronic showers in the GeV energy regime. The detector is a
monolithic structure of alternating iron plates and active detector ele-
ments with a total active area of approximately 24,000 m?. The iron
acts both as a target for the accelerator-produced neutrino beam and as
absorber planes for the subsequent particle interactions. Since MINOS
is underground (shielded from cosmic rays) and the event rate from the
neutrino source is low (~ 20k events per year), it is ideally suited for
conventional RPC technology operating in the spark mode.

In order to measure the calorimetric response of an RPC we gen-
erated electromagnetic showers with a high energy electron beam from
the SLAC Final Focus Test Beam (FFTB) incident on an iron plate.
We placed an RPC and scintillator counter behind the iron plate and
measured the response of both detectors simultaneously.

2. Chamber construction

The RPC used in the test beam (see the photograph in Figure 1)
was of a typical design developed at Lawrence Livermore National Lab-
oratory (LLNL) [2,3]. The detector employed an ABS plastic doped
with a conducting polymer as the resistive electrode. The high voltage
was applied to a graphite coating on the outside of each ABS electrode.
The detector package was insulated with a 0.8 mm layer of resin-coated
fiberglass (FR4). The active area of the RPC was approximately 30 cm
x 30 cm and the gas gap was 2 mm. Since the insulating plane, ABS
electrodes, and adhesive are transparent, one can see the graphite coat-
ing and button location (absence of graphite) in the photo. The visible
striations are an artifact from the strips of transfer adhesive that bonds
the msulatmg plane to the graphite-coated ABS. ‘The gas . hnes and HV |
connector are visible at the top and right sides in the _photo. The read-
out strips were contained on a small board that was attached to one side
of the RPC A copper ground pla.ne was atta.ched to the other side.

'

3. Chamber performance with cosmic rays

In addition to the test beam experiment, the performance of the
chamber was measured with cosmic rays. All tests were conducted with
a gas mixture of 60% argon, 39% isobutane, 1% SFg. For the cosmic-ray
tests the external read-out had a pitch of 1.6 cm and covered the entire
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Fig. 1. LLNL RPC used in the test beam.

active area. The efficiency versus high voltage plateau curve is given
in Figure 2. The chamber achieved 95% efficiency at 7250 V measured
with LeCroy 4413 discriminators set to a 15 mV threshold. The chamber
was triggered with a set of scintillator counters that nearly covered the
active area of the RPC.

For the cosmic-ray test, the charge on each strip was measured with
a LeCroy 1882 (Fastbus ADC) and the total charge was summed off-
line. The charge response for two characteristic voltages and two timing
gates are given in Figure 3. At 6700 volts the chamber is only partially
efficient (42%), but has a narrow charge distribution, which corresponds
to a single spark for each incident cosmic ray. As one increases the
voltage, the amount of charge in the pulse increases, and the amount
of after-pulsing also increases significantly. As was demonstrated for
glass-electrode RPCs [4], by decreasing the integration time, the effects
of after-pulsing can be reduced. The effective gain is also reduced, since
the gate becomes shorter than the decay time of a single RPC pulse;
thus part of the primary pulse is thrown away. One must be careful to
properly time the beginning of the integration gate, since the time delay
resulting from the formation of the streamer changes with high voltage.
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Fig. 2. Efficiency versus high voltage for cosmic rays.

For single particles at 7300 V with an integration gate of 30 ns, the
RPC achieves high efficiency, a narrow charge distribution and suitable
gain without amplification. If the occlusion length is also small, then it
is likely that the RPC will function as a calorimeter.

4. Experimental Set-up

The Final Focus Test Beam (FFTB) at SLAC is used primarily for
accelerator studies, but is often used for detector experiments. Brems-
strahlung photons produced when the primary electron and positron
bunches scrape collimators in the main linac are extracted and directed
onto a target where they produce et e~ pairs. The secondary electrons
are momentum selected and focused by a series of magnets and collima-
tors in the FFTB.

The FFTB can run parasitically to the SLAC Linear Collider (45 GeV
in each beam) and produce electron beams in the range of 1-25 GeV.
The beam size is small, on the order of 1 mm, and the rate is very low,
approximately 120 Hz. No attempt was made to alter the transverse po-
gition of the beam, so the detectors in the experiment were consistently
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Fig. 3. Charge response of the RPC for cosmic rays. The amount of after-pulsing
increases with voltage, but can be reduced by shortening the integration time. The
charge calibration in the plots is only approximate.

illuminated in the same spot.

The nominal rate of 120 Hz for the electron beam in the FFTB is set
by the frequency of the et e~ bunch pairs in the linac. Within a single
pair, the et and e~ bunches are separated by only 60 ns. The rate in
the FFTB can be further reduced by setting the upstream collimators
and magnets. Even at an overall low beam rate, it is possible to have
electrons separated by only 60 ns (from a photon emitted by both the
primary e* and e~ in a bunch pair).

The experimental set-up, shown in Figure 4, consisted of upstream
scintillator counters, steel plates to generate an electromagnetic shower,
and a series of detectors to sample the shower. The upstream scintillator
counters were used to trigger on the beam, and reject off momentum
particles and coincident beam background.

Three steel plates, 2 cm thick and spaced 2 cm apart, were used to
generate the showers. The steel spacing was chosen to approximate the
average density of the MINOS detector.

A streamer tube array was attached to the last steel plate and was
immediately followed by the RPC and two scintillator counters. The
RPC should not have significantly altered the shower incident on the
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Fig. 4. Experimental set-up at the FFTB.

scintillator, since it was only about 0.1 radiation lengths compared to
approximately 3.4 radiation lengths for the steel.

The RPC read-out strips were built on a separate board and were
placed against the chamber during the tests. The read-out consisted of
10 strips that were 14 cm long. The central six strips had a pitch of 1 ¢m,
while the outer strips had a pitch of 2 em. Each strip was connected to
an ADC channel of a LeCroy 1449W. No amplification was used (under
some voltage settings attenuators were required to prevent the charge
integrator on the ADC from saturating). The strips covered the same
area as the scintillator of the counters placed behind the RPC.

5. Data

The gas used for the test beam was mixed with a different apparatus
but was nominally the same as that used for the cosmic-ray test: 60%
argon, 39% isobutane, 1% SFg. All the data were collected in one run
over a 17-hour period. Since the amount of run-time was limited and
there was no time to look at the data during the run period, a more
conservative integration gate of 40 ns was used for most of the data.

Data were taken on the high voltage plateau (7300 V), where the
chamber is fully efficient for single particles, and well below plateau
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(6700 V), where it was only partially efficient. For each voltage setting
the appropriate time delay was set so that the start of the integration
gate coincided with the beginning of the spark signal from the RPC.
Three beam energies were selected: 5, 12, and 20 GeV. Most of the data
were taken with beam rates around 2-3 Hz with a few runs at 8 Hz.

6. Shower energy measurements

The RPC and scintillator counters were read out simultaneously.
For a beam energy of 20 GeV, the pedestal subtracted ADC counts of
the scintillator and the sum of the counts from all of the RPC strips
are shown in Figure 5. The RPC voltage was set at 7300 V and the
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Fig. 5. Pedestal subtracted ADC counts for scintillators and RPC for 20 GeV incident
electrons on 6 cm of steel.

integration gate was 40 ns. The high gain of the RPC was achieved
without external amplification. The observed range of energies are due
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to fluctuations in the electromagnetic shower.

The intrinsic resolution of the scintillator can be seen by comparing
the signals from the two counters. Figure 5.c shows the ratio of the re-
sponse of the {wo scintillator counters. Figure 5.d shows the ratio of the
RPC response to the scintillator counters. The RPC has larger intrinsic
fluctuations than the scintillator, but still yields a narrow response. The
tail in Figure 5.d is presumably due to the RPC after-pulsing. A shorter
integration titne would reduce this tail further.

Figure 6 shows the scatter-plot and corresponding profile histogram
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Fig. 6. RPC versus scintillator response. The second plot is a profile histogram of
the first plot. The error bars indicate the statistical error of the mean value.

comparing the scintillator and RPC response for the 20 GeV beam en-
ergy. The RPC response was linear over a wide range of shower energies.
At very low energy the response is quadratic (this was also observed for
streamer tube measurements in this test beam).

Similar results were obtained at lower RPC voltages. At 6700 V the
RPC is only 47% efficient for single particles; however, it still detects
showers with high efficiency. As expected, the effects of after-pulsing
were reduced and the gain was much lower. Figure 7 shows the response
function for the RPC at both 6700 V and 7300 V.

We also noted that the event rate affected the RPC gain. Data
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were taken at two different beam rates (1.7 Hz and 8 Hz) at a selected
beam energy of 5 GeV. The higher rate was created by slightly opening
the collimators. An increase in the rate by a factor of 5 resulted in a
reduction in the gain by about 1.5. Presumably the increased event rate
results in a lower effective voltage on the RPC at it attempts to recharge.

7. Conclusions

Test beam data show good linear response and energy resolution for
the charge collected from a narrow-gap RPC operating in spark mode in
an electromagnetic shower. No external amplification of the RPC signals
is necessary. After-pulsing, even with a relatively long integration cgate,
does not significantly impair the calorimetric response, but the event rate
can significantly affect the gain.

The calorimetric response of the RPC is well matched to the needs
of the MINOS experiment and RPC technology provides an alternative
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to limited streamer tubes in sampling calorimeters.
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PERFORMANCE OF THE BaBar RPC’s IN A
COSMIC RAY TEST
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ABSTRACT

The IFR group has instrumented the Iron Flux Return of the BABAR detec-
tor with 800 Resistive Plate Chamber detectors. This note describes the
acceptance tests made in Frascati with cosmic rays, and shows performance
parameters, efficiency, and time resolution, obtained by means of these tests.

1. Introduction

The BABAR Experiment at PEP-II is under construction at the Stan-
ford Linear Accelerator Center (SLAC). The IFR group has instru-
mented the Iron Flux Return of the solenoid of the BABAR Detector
with Resistive Plate Chambers. More information on the physics pro-
gram to be studied with BABAR will be found in [1], and the overall

*coauthors: A. Palano INFN Bari, Dipartimento di Fisica, via Amendola 1733,
I-70126 Bari, Italy ; A. Buzzo, R. Contri, G. Crosetti, M. Lo Vetere, M. Maari’,
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allo, F. Fabozzi, C. Gatto, L. Lista, P. Paolucci, D. Piccolo, C. Sciacca U.Napoli,
Dipartimento di Fisica, Mostre d’Oltremare, pad.19, I-80125 Napoli, Haly ;
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structure of the IFR subdetector is described in [2].

2. The RPC’s in BABAR

Resistive Plate Chambers represent a well-known and widely used
tecnique in high-energy physics experiment [3]. The particular variation
of this technique employed in BABAR is the one-gap detector shown in
Fig.1: the active volume is a 2 mm gap enclosed between 2 Bakelite
sheets, also 2 mm thick. The Bakelite sheets are kept apart by plastic
spacers/insulators, arranged in a 10 ¢cm by 10 cm regular lattice. The
external Bakelite surfaces are graphite-painted, and covered with 100 ym
thick mylar, cut around the HV connection. The non-flammable and
environmentally-acceptable gas mixture to be employed in BABAR is the
3-component Ar : Freon 134A : Isobutane 48:48:4.

= — Aluminum
X strips

: ) g .~ Insulator
e —— S ——— ——'Graphilc

§2mm

2 mmn

Fig. 1. The RPC’s for the BABAR experiment at PEP-II.

The external readout electrodes, on both sides, are shaped as two
arrays of X and Y-strips, and are made machining two sheets of 100 pm
mylar covered with a 60 pm layer of Aluminum: 33 knives, held by
a rotating bar, scrape the Aluminum over a width of 2 mm, for any
desired length, producing a layer of 32 readout strips. This layer, and a
continuous Al ground plane, are then glued -on opposite sides of a ~ 5
mm thick foam panel. This particular thickness gives adequate stiffness
to the readout panel, and at the same time insures a ~ 33Q impedance
for the readout line, to match the impedance of the twisted-pair cables.

About 800 RPC’s have been built and installed in the detector: they
have various shapes (most rectangular and trapezoids) and dimensions
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ranging from 2 to 7 m2. Before installation, they are assembled in groups
of 2 or 3, to form a chamber filling a slot in the Iron. The BABAR barrel
has been instrumented with 19 layers of RPC’s, and both endcaps with
18 layers, covering ~ 95% of 4.

3. The Cosmic Ray Setup in LNF

After construction at the factory in Colli, Italy, the RPC’s are shipped
to the INFN {facility in Frascati, where they are tested for gas leaks, and
one side of pickup external electrodes is glued on. Then, they are re-
packed in the same steel boxes already used for the trip to Frascati for
the final shipment to SLAC. The finished boxes are placed between two
trigger planes, also made with RPC’s, and tested with cosmic rays. The
separation between the two (~ 2 m? wide) trigger planes is 150 cm.

3.1. Plateau Runs

The first type of test performed in Frascati is a HV scan, usually in
steps of 100 V, from 6 kV up to 9 kV. For every HV setting the DAQ
records three numbers for each RPC:

e The current drawn.

e The rate of singles, obtained counting the number of hits for a
given number of random triggers, divided by the gate length.

e The number of hits for a given number of coincidence triggers.

The number of triggered hits as a function of HV is then linearly
interpolated to obtain values of the HV for which 10%, 50%, and 90%
efficiencies are reached. Rate of singles and drawn current for the HV
point closest to the 90% efficiency point are also stored, as well as the
highest efficiency value measured during the test.

All previous efficiencies are adversely affected both by noise and/or
cosmic ray showers, and also by geometric trigger effects.

3.2. Tracking Runs

A second type of test is then run, in which the strips on the trigger
modules are individually read out; only events with one strip cluster
on the trigger planes are selected, the particle trajectory is calculated,
and the efficiency of RPC’s can be more correctly measured, as well as
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surface-mapped if enough statistics is available. These runs typically
last one night and ~ 100,000 events are stored on tape.

4. Results from Test Setup

4.1. Homogeneity of Detectors

Some curves from the HV scans have been plotted in Figs.2 and 3,
for 5 randomly chosen modules: the efficiency, the rate of singles, and
the current drawn. In Fig.2(left) one can see that plateau curves for
several different RPC’s superpose nicely on each other: the points for
10% and 90% efficiency are the same, as well as the efficiency plateau.
Moreover, comparing both sides of Fig.2 it is evident that the rates of
singles flatten as expected between 7.5 and 8 kV, where the “knee” of
the efficiency curve starts to form.
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Fig. 2. Counts for 10,000 triggers(left) and single rates(right) vs. HV.

On Fig.3 is shown the increment of the dark current for the same
RPC’s in Fig.2: typically, normal RPCs draw between 4 pA at 6 kV and
less than 20 pA at 9 kV.

In Fig.4 typical currents at 90% efficiency are histogrammed: the
distribution is broadly centered around 9 pA, and the small peak at 18
uA is caused by saturation of the ADC reading the current. The current
drawn shows some dependency on ambient temperature.

Another check of the similarity of parameters for all plateau curves
may be obtained plotting the distributions of points at 90% efficiency,
shown in Fig.5(left), and of the difference in HV between the point at
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90% and the one at 10%, which gives an indication of the steepness of
the plateau curve, in Fig.5(right).

Fig. 5(left) shows a distribution centered around 7.6 kV, with a o
of ~ 100 V. Plotting the correlation of this same quantity vs. module
ID (i.e. vs. time) one obtains Fig.6: the greatest part of the 100V ¢
above is due to long-term systematic effects in the experimental setup,
either in temperature or in the composition of the gas mixture. In the
test setup these effects have been monitored, but not corrected for; in
BABAR appropriate adjustments will be made.

One may note a greater scatter of the points for 90% efficiency af-
fecting the endcap RPC'’s, from #3500 on: this is because (in the Plateau
Runs) trigger geometric effects were not corrected for, and they are more
sizable for RP(C’s with trapezoid shapes.

The width of the AV distribution in Fig.5(right) has very little im-
pact on the performance of the detectors: one can see from its correlation
with the plateau efficiency, shown in Fig.7, that RPC’s which reach the
plateau at a higher HV are nevertheless just as efficient as the others; on
the other end, equalizing the operating points of all RPC’s in the IFR
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may require increasing somewhat the number of HV channels.

The distribution of rate of singles as a function of time, in Fig.8,
shows an increment, due to increase in the size of the RPC’s over the
construction period of ~ 1 year.

4.2. Efficiency from Plateau Runs

A distribution of plateau efficiencies for barrel RPC’s is shown in
Fig.9, vs. module ID: the average efficiency is of ~ 96.5%, and has been
very stable all along the tests. Again, it must be emphasized that this
efficiency measurement is biased because the data have not been selected
in any way, except than for the trigger requirement.

4.3. Efficiency from Tracking Runs

Much better control over systematics is obtained during the Tracking
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Runs, in which measures are taken to reject spurious events due to
cosmic ray showers, and cuts on the track position are made to ensure
that particles cross active regions of all detectors. The result of this
study is shown in Fig.10(left), integrated over a typical chamber, and
Fig.10(right) plotted against the expected impact point. -

The curve in the first picture is approximately gaussian, with an
average value of (97.2+0.3)%, but is apparent from the right-hand side
that this is an average over the whole RPC, including the regions where
the plastic spacers line up, very apparent as dips in the efficiency hap-
pening every 10 cm.

If these regions are cut, one obtains the limit efficiency of (98.2+0.1)%
shown in Fig.11.



98 T

o Jﬁ_@mm,gﬁ# i
N
94 - —1——{
92 ]
a0 b——+ L

0 100 200 300 400 500

o .

Fig. 9. Efficiency from Plateau Runs vs. Module ID.

1.1
] 2 7
> ©1.05 |
O -
20 hrad |
“o
[% M ) &D& 0¢° %&)&#’#
G
15 0.95 + LAt AN %
10[ 0.9
st HJ 0.85
o, o ettt
b Tosos 0% 0% 0.8 51050 30 40 50 60 70 80 60

Hit Position (cm)

Fig. 10. Efficiency from Tracking Runs, integrated(left) and plotted along chamber
edge(right).

4.4. Timing Performance

The intrinsically fast response of RPC’s makes then ideally suited
for timing measurements: in BABAR they will be used not only as an
imaging device for u/m separation and K identification, but also as a
penetrating muon trigger, the readout electronics implementing a FAST-
OR of 16 channels [4].

Consequently, a study of time resolution has been made as part of our
routine tests, plotting the time difference between hits in adjacent layers,
measured frorn a common START. The results are shown in Fig.12(left):
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the peak has been fitted as the sum of two gaussians, the narrow one
having o = (1.86+0.02)ns. Taking into account a factor /2 because the
difference of two measurements is plotted, one ends up with a corrected
time resolution of (1.31 & 0.02)ns.

Furthermore, this time resolution is expected to scale with the charge
in the spark, i.e. with the applied HV; Fig.12 (right) shows that this is
indeed the case.
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Fig. 12. Time resolution (ns)(left) and its dependency on HV(right).

4.5. Dependency on Bakelite Resistivity

One item of concern has been whether to expect dependency of the
behaviour of the RPC’s on the resistivity of the Bakelite sheets employed
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in the construction: Figs.13 and 14 show that this is not the case: the
“noise” parameters like current drawn and rate of singles (Fig.13) do
not vary with resistivity values, over a range of 1 to 6 x 10'1Qxcm.
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Fig. 13. “noise” parameters vs. average Bakelite resistivity (10''Qxcm)

Likewise, the three main parameters determining the shape of the
plateau curve, AV(90%-10%), the midpoint at 50%, and the efficiency
from Plateau Runs, this last one shown in Fig.14, are not affected by
resistivity variations.
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Fig. 14. Efficiency plateau vs. average Bakelite resistivity (10''Qxcm).

5. Conclusions

The IFR group has very satisfactorily terminated construction and
ingtallation of a 47 muon and neutral hadron detector in the flux re-
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turn of the BABAR detector. First results from cosmic ray runs of the
assembled detector are expected in Spring 98.
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ABSTRACT

In the first part of this paper we present the performance of 2 mm and 3 mm
gap glass RPC operating in streamer mode. The data show a minimum in the
time resolution as a function of the Isobutane/R134A ratio. In the second part
we discuss the induced pulse amplitude and shape as a function of detector
parameters, by comparing direct measurements with the results of a dedicated
simulation program.

1. INTRODUCTION

In this paper we present the results obtained in testing the glass
electrode RPC known as Glass Spark Counter (GSC) (G. Bencivenni
et. al. 1994). The advantage of using float glass as electrode material
consists of its homogeneity and its excellent surface quality, thus making
possible the realization of noiseless detectors without the need of sur-
face treatement. Several tests have already shown the capability of the
GSC to work in streamer mode (C. Gustavino et. al. 1996) by using
a gas mixture of ~ 2 Ar, ~ % Isobutane and a few percent of freon
R13B1. In our test we replace the no longer allowed R13B1 (CF;Br)

*coauthors: Mario De Vincenzi Untversity of Rome RomaTre and I.N.F.N. Roma ;
Carlo Gustavino, Stanislav MikeyevL.N.G.S. Assergi (AQ) ; Nikita Ogievetsky Cog-
itech (New York).
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Figure 1: Skeich of a Glass Spark Counter (GSC).

with R134A (CyH,Fy) which is an ecological and non-flammable gas.
The time resolution obtained with 2 and 3 mm gap GSC'’s operating in
streamer mode with R134A-based gas mixtures, is presented here.

To further improve the GSC design and to better understand the in-
duction mechanisms on pick-up, we have also studied the induced pulse
amplitude and shape as a function of the detector parameters, by com-
paring test measurements with the results of a dedicated simulation pro-
gram. The excellent agreement between real data and simulation results
demonstrates the capability of the program to predict the behaviour of
a detector, whose response can than be predicted and tailored to the
experimental requirements.

2. GSC MODULE

The GSC module is shown in fig.1. A detailed description can be
found in (C. Gustavino et. al. 1996). It consists of a pair of float glass
electrodes 1 m long, 8 cm wide and 1.85 mm thick. The glass resistivity
is p~10'2Q-cm. The 2 mm and 3 mm gap is obtained by using "E”
shaped spacers ensuring a gap tolerance of a few tens of microns. The
high voltage is applied to the glass by mean of a water-based graphite
coating, with a surface resistivity o in the range of 300+ 600K Q/square.
The glass electrodes are inserted into a PVC envelope, thus ensuring gas
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the test.

containment.

3. STUDY OF ECOLOGICAL GAS MIXTURES

The measurements presented in this section have been carried out at
the “RomaTre” University using the telescope for cosmic rays sketched
in fig.2. This telescope consists of three scintillators and of four layers
of GSC’s: two layers with 2 mm gap chambers and two layers with 3
mm gap chambers. Each GSC layer is equipped with Al strips 2.6 cm
wide and 50 cm long. One 2 mm gap layer and one 3 mm gap layer
are read out by electronic cards generating a logical FAST-OR used for
timing studies. The scintillator and the FAST-OR signals are sent to
a TDC. The analog signals from the remaining two layers of GSC’s is
directly sent to a charge integrating ADC. A 15 cm thick lead layer is
inserted between the middle and bottom scintillators in order to select
the penetrating component of cosmic rays. The trigger is generated by
the coincidence of the three scintillator signals. For each trigger both the
timing of the GSC’s and the charge collected by the strips is measured.

The behaviour and the performance of the GSC’s operating in streamer
mode have been studied using gas mixtures in which the usual freon
(R13B1) has been replaced with the non ozone-depleting gas Tetrafluo-
rethane (02H2F4).
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The measurements have been performed by using the following gas
mixtures:

e Mixture 1: (Ar=15%, Iso=4%, R134A=81%)

e Mixture 2: (Ar=15%, Iso=10%, R134A=75%)

e Mixture 3: (Ar=15%, Is0=42.5%, R134A=42.5%)
e Mixture 4: (Ar=15%, Iso=75%, R134A=10%)

Lor these mixtures the Iso/R134A ratio is 1/20, 1/7, 1/1, 7/1, respec-
tively. The mixing accuracy has been controlled with a precision of
about 1%.

For each gas mixture we have measured the efficiency (¢}, the current
and the single counting rate of the GSC'’s as a function of the high voltage
(HV). The operating HV for each set of measurements has been chosen
using the following procedure. We measured the efficiency as a function
of the high voltage and we localized the HV at which the efficiency
reaches 95% of the plateau level. Then we added 100 V to ensure that
the data were taken well inside the full efficiency region:

HV = (HV@95%€platcan + 100) Volt

During each run we monitored the room temperature and the atmo-
spheric pressure and we adjusted the HV requiring VT /p = const, where
V is high voltage, T is the mixture temperature and p is the operating
pressure.

Fig.3 shows the charge distributions for the four gas mixtures and for
the 2 mm and the 3 mm gap chambers. These distributions show clearly
two peaks. The charge of the second peak is approximately two times
the charge of the main peak, as expected for double and single streamer
pulses. The two sets of plots in fig.3 show that decreasing the amount
of R134A increases the charge of the single streamer peak from about
80 (200) pC to about 200 (800) pC for the 2 (3) mm gap GSC layer.
This is due to the quenching effect on electrons produced by R134A.
These plots show also the increase of the Isobutane fraction in the gas
mixture reduces the percentage of double streamer events. As expected,
the single streamer charge for the 3 mm gap GSC's is greater than the
charge of the 2 mm gap chambers. Fig.4 shows the mean charge and
the peak charge as a function of the gas mixtures. These plots show a
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Figure 3: Charge distribution as a function of the gas mizture used for
the two gaps tested.

quite constant value of the peak and mean charges in the central region
of the Iso/R134A ratio, while for the high value of this ratio the (peak
and mean) charge increases by a factor (2 <+ 3).

Fig.5 shows the time delay between the signals from one scintillator
and from the GSC'’s as a function of the 1so/R134A ratio. The two plots
exhibit a minimum in the central region of the Iso/R134A ratio. Fig.6
shows the time resolution of the GSC’s as a function of the Iso/R134A
ratio. The time resolution of GSC’s is defined as the standard deviation
of a gaussian curve fitted to the experimental distributions. The time
resolution of the 2 mm gap GSC is always better than the one of the
3 mm gap GSC, reflecting its faster streamer generation. These plots
show clearly a central region of the Iso/R134A ratio with a minimum
for the time resolution. At the limit values of the Iso/R134A ratio range
which we used, the time resolution down-grades. The behaviour of the
time resolution as a function of the mean value of the total charge is
shown in fig.7. The data show that the time resolution is related to
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Time delay vs mixture
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the charge of the streamer. The time resolution reaches the best value
for the 2 (3) mm gap chambers when a total charge of about 140 (350)
pC is induced by the streamer process. A time resolution worsening
occurs when the streamer charge increases, due to saturation effects.
Also, when the streamer process produces a too small amount of charge,
the GSC’s are operating in a regime where the time jitter between the

proportional signals and the saturated ones worsen the time resolution
(Cardarelli et. al. 1996).

4. GSC INDUCED SIGNAL SHAPE

The GSC performance as a function of detector parameters has been
studied by comparing a set of direct measurements with the results of
a simulation based on the SPICE program. These measurements have
been carried out at the L.N.G.S. Laboratory using a 20 - 20 em? GSC
inserted in a scintillator telescope selecting cosmic ray muons in an area
of 3-3¢cm?. The detector parameters are: g = 2mm, d' = 1.85mm, ¢, =
5,p ~ 1012Q em, o ~ 300kQ/square, where g is the gap; d' is the thick-
ness of the electrodes; ¢, is the relative dielectric constant; p is the
electrode volume resistivity; o is the graphite surface resistivity (see
fig.8). A printed circuit board (main pick-up) with copper on both faces
has been used to make 8 strips, each 1 cm wide and 15 cm long, faced
to the cathode plate. The signals induced on the strips are sent to a
digital oscilloscope. The pick-up faced to the anode (opposite pick-up)
is a 15x15 c¢m? printed circuit board with copper on both faces. The
opposite pick-up is referred to the ground through a 50 resistor. We
define d; to be the distance between the main pick-up plane and the
external surface of the cathode and d, to be the distance between the
opposite pick-up plane and the detector anode (see figure 8).

The simulation treats the detector as a lattice of appropriate resistors
and capacitors. The streamer is simulated with a short circuit, through
a time variable resistor, between the electrodes. The simulation input
parameters are the following:

e Gap value g
e Electrode thickness d’
e Electrode dielectric constant e,

e Electrode volume resistivity p
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Figure 8: Graphical definition of the parameters used for the induced
pulse shape study.

e Graphite surface resistivity o

e Distance between the main pick-up and the cathode d;

Distance between the opposite pick-up and the cathode d;

Strip width and pitch

Strip position with respect to the streamer location
e Lattice size and granularity

Fig.9 shows the mean induced pulse amplitude on the main read-out
plane as a functions of d = dy + d;. The data are well fitted by the
formula: g
B V°g+2d'/e,+d1+d2 (1)
Our data confirm that the pulse amplitude depends on d alone and not on
dy and d, separately. For instance, the 3 independent measurements for
d=4mm (i.e. dy = 4mm and d; = O0mm, dy = dy = 2mm, d; = 0mm,
d2 = 4mm) give the same pulse amplitude. The equation (1) is valid only
if the graphite surface resistivity ensures full transparency for transient
signals.
Fig. 10 shows the oscillogram of the signals induced by one streamer
on consecutive strips for d; = d; = 0.2mm. Fig. 11 shows the corre-
sponding simnlated pulses generated by the program. The central/side
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Figure 11: Simulated induced signals on the strips (d1 =dy = 0.2mm).
The curves have to be compared with the oscillogram of figure 10.
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strip amplitude ratio is very large (about 10), in spite of the modest
(10mm) strip width. The high multiplicity observed by some authors
(see for example these proceedings) is hence not due to the direct induc-
tion on strips but most likely to the broadening of the pulses traveling
on long strip elements, which depends on the strip length and on the
graphite resistivity value.

Fig. 12 shows the signals induced on the strips for d; = 4 mm
and d; = 0.2 mm; fig. 13 shows the corresponding pulses generated
by the simulation. The simulation reproduces all the interesting be-
haviour of the induced pulses. In particular, the simulated central/side
strip amplitude ratio is in good agreement with the measured one. Fur-
thermore, the pulse tails due to the graphite resistivity value are nicely
reproduced, and can be explained as well: the signal from the central
strip has an exponential negative tail after the positive pulse. In fact,
the transient streamer current charges up the graphite-strip capacitance,
giving a positive pulse. The negative tail is due to the capacitance dis-
charge through the graphite, with a time constant proportional to the
resistivity and to the graphite-strip capacitance. On the contrary, on
the side strip, the tail following the initial pulse is positive. In this case,
the positive tail is due to the extra charge coming from the discharge
(through the graphite) of the central strip.

A quite unexpected pulse induction behaviour on the strips, first
found by means of the simulation program and then observed with the
direct measurement is shown in fig.14 and fig.15 for d; = 0.2mm and
d; = 4mm. As in the previous cases, the signal on the central strip
is positive because the induced charge decreases as the electrons drift
towards the anode, with a resulting positive pulse. On the contrary,
this particular pick-up configuration implies an initial negligible induced
charge on the side strips. However, as the electrons move away from the
cathode and thus from the central strip, a small charge is induced also
on the side strips, with resulting negative pulses.

5. CONCLUSION

We have performed an extensive study of the behaviour of the 2 mm
gap and the 3 mm gap GSC’s using non ozone depleting gas mixtures.
Experimental data show that the 2 mm gap time resolution is always
better than the 3 mm gap time resolution. Both 2 mm gap and the
3 mm gap GSC’s work properly and reach high efficiency with all the
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Figure 13: Simulated induced signals on the strips (di = 4mm,ds =
0.2mm) The curves have to be compared with the oscillogram of figure
12,
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Figure 15: Simulated induced signals on the strips (d; = 0.2mm,d; =
4mm). The curves have to be compared with the oscillogram of figure 14.
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gas mixture we used, while a good time resolution performance strongly
depends on the choice of the gas mixture. The data show clearly that
there is a minimum in the plot of the time resolution as a function of the
Iso/R134A ratio or, equivalently, for intermediate value of the induced
streamer charge.

The comparison of the measurements with our simulation program
confirm the capability of the program to accurately predict the detector
response. The simulation program we developed is therefore a useful
tool to tailor detector parameters as a function of the experimental re-
quirements.
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DATA ACQUISITION SYSTEM FOR THE
RPC DETECTOR OF BABAR EXPERIMENT
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ABSTRACT

Resistive Plate Chamber (RPC) has been chosen as active detector to equip the
Instrumented Flux Return (IFR) of the BABAR experiment. The new design
of the Front-End electronics realizes a compromise between the large number
of channels (50,000) and the cost of the project. The different components will
be described and the results of the first prototypes presented.
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1. Introduction

The BABAR detector has been designed to study the CP violation
asymmetries in the decays of B® mesons. The experiment will be carried
out at the PEP-II accelerator at Stanford Linear Accelerator Center
(SLAC).

The physics program is very rich and includes also the determination
of the CKM matrix elements, the BY rare decays and the Charm and
Tau physics [1]. The construction of the experiment and of the beam
are in advanced phase and the first collisions are foreseen in Summer
1999.

The muon detector makes use of the Flux Return of the Solenoid equipped
with Resistive Plate Chambers (RPC).

The IFR group has built and installed in the detector more than 800
chambers. Before the shipment to SLAC all the chambers was tested
in the INFN laboratory in Frascati for gas leaks, and HV. The mea-
surement of HV plateau and of various efficiencies[2] were done during
a cosmic rays test.

The Data Acquisition system (DAQ) is one of the key part of any
high energy experiment, it must guarantee the collection of the events
selected by the trigger system. It must also provide calibration, moni-
toring and debugging facilities. The architecture chosen by BABAR is
fully pipelined in both the trigger and the data flow paths. As a result
the system is nearly deadtime free at background levels up to ten times
the rate give by machine simulation.

2. The IFR Data Acquisition System

The IFR Data Acquisition system must satisfy the requirements of
the general system and, at the same time, try to realize the compromise
between the large number of strips (~ 50, 000) used to read the RPC, and
the cost of the electronic. Since the Front-End electronics is installed
very close to the detector, not easily accessible, the read-out design
must be also very reliable. To achieve this goal and to fulfill the BABAR
requirement on the DAQ speed, a mixed parallel-serial readout has been
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chosen.

A high speed clock (59.5M H z) will be used to synchronize the flow
of data and to control, reset and throttling of data.

The [FR DAQ system, shown in Fig[1], can be divided in three parts:
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— |
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Fig. 1. IFR Data Acquisition System

e The Front End Cards (FEC) discriminate the strip signals and
store the data during the trigger latency. Most of them are in-
stalled, together with the RPC, inside the iron slabs. A smali part
of them, when not enough space is avaliable, are hosted in special
minicrate located outside the iron.

o The intermediate step is the readout crate, eight of them are dis-
tributed around the detector. In this crate there are three kinds of
IFR boards, the FIFO board (IFB) where the digital strips data
are kept until the DAQ is ready to read them. The TDC board
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(ITB) is connected to the Fast-OR output of the 16 channels of
the FEC. This signal is sent to multihit TDC and used to measure
the time of RPC hits. The third board, Calibration board (ICB),
is used to send test signal to the FEC input stage to check the
threshold and their status.

A dedicated Crate Controller (ICC) is used to connect the crate
to the Electronic House via the optical link. Inside the crate a
custom point-to-point backplane (PDB) is installed, all these elec-
tronic boards have been designed to operate at the BABAR sytem
frequency of 59.5M H z.

e The last part of the [IFR DAQ system is the Readout Module
(ROM). This is the standard BABAR DAQ board used by all the
detectors and located in the electronic house. It is connected to the
crate through an high speed data link (Gdink) used to transmit
data on optical fiber.

In this report the different components of the IFR, DAQ system will be

described and the results of the first prototype will be presented. In
table[1] the total number of IFR DAQ board is shown:

Table 1. IFR DAQ boards

DAQ Crate | 8
ICC 8
IFB 56
ICB 20
ITB 36

3. The Front End Card (FEC)

The RPC is a low noise detector with a good signal to noise ratio,
producing fast ( rise time 2-4 ns) and hefty signals { of the order of
300mV). These characteristics allow the use of cheap electronics with
a fixed threshold. FEC input stage ( see block diagram in Fig[2]) is
connected directly to the strips and operates continuously, each strip
acts as a transmission line with a discriminator at the end.

The FEC takes into account also the trigger latency of 11.5 & .5us,
the digital signal is fed into a dual bank of monostables which enables
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the data collection only during the trigger time window of l1us. This
method produces also a strong reduction of the detector noise.

On the occurrence of the trigger, a Shift/Load signal and a sequence of
16 clock pulses are sent by the IFB to the FEC. The Shift/Load signal
loads the pattern into a shift register and the clock pulse shifts the 16
strips data out of the board. The FIFO board reads 64 FEC’s in parallel.
To test the functionality of the front end it is possible to inject a pulse
into the input stage of the transistor simulating an hit on all the 16
channels.

4. The Point-to-Point Distribution Board (PDB)

The design of this backplane requested a special care to guarantee
the delivery of signals and clock at 59.5H z within the requirements of

355



the BABAR DAQ system. The ”stripline” technology (Fig[3]), with 9
layers, was chosen after a successful test on a prototype board, all lines
have controlled impedance (50€2).

The Point-to-point Distribution board is a 21 slot backplane for stan-
dard 6U Eurocard crate, 17 of them are used by the readout boards,
4 are reserved to power IFR trigger boards. Signals are located on J2
connector, row A and C are for signals, row B is for power and ground.
The first position is for the ICC. Each board is connected to the ICC
via 3 lines for single-ended signals, data-in, data-out and the clock, all
lines have the same length ( 14.8” +.1”) to minimize the skew between

them. Line terminations on the PDB can be chosen to be resistive or
AC coupled.

PDB Structure
<< STRIPLINE >>

ayer |
~ Ground plane

line width=0.012"

(0.305 )

. Layer2
Din plane

Layer 3
T VTT (-2V)

Layer 4
CLK planc

Layer 5

vetronite thickness VEE (-SV)

0.016" ( 0.,406mm)

Layer 6
T sensoes

layer 7
VCC (+5V)

Layer 8
Dout plane

fayer 9
=TT VDD (#12V)

Copper lines thickness =35 um
Figerglas FR4 - Dieletric constant = 4,5
Typical propagation defay = 2,16 n</ft

Fig. 3. Point-to-Point Distribution Board
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5. The IFR Crate Controller (ICC)

The ICC must guarantee clock and the data delivery to the 16 boards
with a jitter less than +0.5ns. Unfortunately the use of high perfor-
mance clock drivers does not guarantee free trouble operation. Only
careful board layout and consideration of system noise issue can guar-
antee reliable clock distribution.

The block diagram of the ICC is shown in Fig[4]. The FINISAR transceiver
is the physical interface with the optical link. It is a low cost and high
reliability data link up to 1.5Gbits/s for application less than a kilome-
ter in length.

The HP chips (HDMP-12, HDMP-14) are used to serialize/deserialize
the data, thev also perform clock and data recovery, frame synchroniza-
tion, error recovery and link state monitor.

The clock, received at the exit of the HDMP-1014 receiver, is reshaped
in a PLL and then distributed to the 16 boards after been synchronized
with the data. The same clock, delayed to wait the data coming from
IFR boards, is used to send back data to the ROM.

In the ICC a microntroller (MC68HCX32CEFU) monitors the status of
the FINISAR modules and reads the temperature inside the crate. The
chips provides an external connection with the CAN bus driver, this
technology has been chosen by the experiment to communicate the slow
control data.

8. The IFR FIFO Board (IFB)

The IFB (Fig[5]) reads data from 64 FEC’s, store data until DAQ
is ready for the event readout.

After receiving a L1T command (Trigger), the IFB starts a serial data
transfer from the FEC’s (by means of Shift/Load and Clock signals).
Incoming data are stored in the IFB FIFO’s dimensioned to allocate up
to 56 complete event fragments ( each fragment consists of 1024 bits
correspondig to as many strips).

On the arrival of RDE command (Read Event) data are extracted from
the FIFO and sent to the ROM. According to the BABAR protocol,
two more global commands must be decoded by the boards: the SYNC
command used to resynchronize the Time Stamp of the board, and the
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CLEAR command resetting the FIFO pointers.

For debugging purpose two specific commands have been implemented
to write 64 bits test pattern (WRF) in the FIFO and to read them back
(RDF).

7. The IFR Calibration Board (ICB)

The Calibration board (Fig[6]) will be used to monitor and debug
the FEC’s. Each board has 96 output channels; the signal generated can
be programmed both in shape and amplitnde using a specific command
(Write Control Register, WCR). Positive or negative polarity can be
chosen using the same command.

A further specific command (Write Pattern Register, WPR), con-
taining a 96 bit mask, selects the FEC’s to be pulsed.
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Whenever a Calibration Strobe command (CAS) arrives, the ICB injects
a test pulse in the Front-End electronics. The BABAR DAQ system as-
sures a L1T command following at exact 11.5us the CAS one. In this
way the Trigger latency is preserved and the front-end electronics can
be read as during normal data taking.

8. The IFR TDC Board

The TDC board will exploit the excellent time resolution of the
RPC’s to determine the bunch crossing time of the beam.
The TDC chips, designed at CERN ([3]) as general purpose converter,
can operate in many different configurations. These chips have a large
memory able to store the ungated input of the FEC’s until the trigger
arrives. The data selected according the trigger latency and its time
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window, are copied in the external large FIFO until the DAQ asks for
them. A powerful programmable device (XILINX 4006) will take care
of decoding the protocol global and subsystem commands. In order to
deliver the system clock to the TDC chips with a jitter lower than 200ps
and a duty cycle between 45% and 55%, the signal will be re-shaped
in the PLL just after being received. The TDC configuration will be
loaded (and checked) with specific command by writing (and reading)
configuration registers. The block diagram is shown in Fig[7].

9. Results from Prototype Tests

A test bench shown in Fig[8] has been arranged and used to test
the prototypes of readout boards. The same setup will be utilized to
validate the final production. It consists of 4 minicrates with 16 FECs
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each, one crate with 1 ICC, 4 IFB and 1 ICB. The data are read into the
ROM via 40m optical fibre and stored in UNIX station. A second ICC
is used close to the ROM, as personality board, to allow the connection
with the optical link.

During normal test the calibration sigral is sent from the ICB to the
FEC’s, after a trigger latency of 11.5us, the FEC’s are read and data
is sent into the IFB. The RDE command enables the transport of the
data from the IFB to the ROM.

With this test it is possible to check the correct performaces of all the
boards and their synchronization with the system frequency of 59.5M H .
Last point verified is the correct operation of the G_link in the IFR DAQ
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environment.

10. Coneclusions

The prototypes of all the [IFR board needed for the data acquisition
system are built. Each board has been tested in stand-alone mode to
check its compatibility to the BABAR DAQ system.

In a complete test of IFR DAQ system all boards have shown no prob-

lems and the procedure to test the final production is found.

IFR DAQ electronics set-up
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Fig. 8. DAQ IFR test bench.
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ABSTRACT

We describe the trigger system of the ALICE dimuon spectrometer, based on
RPC detectors. The background rate is at least one order of magnitude less
in ALICE than in LHC p-p experiments due to the lower luminosity in ion
running. Hence we study the possibility to operate the RPCs either in streamer
or proportional mode. We report a study done with cosmic rays concerning
gas mixtures for streamer mode. The aim is to minimize the streamer charge
for a better flux capability of the RPC and a smaller cluster size, as needed
for ALICE. We also give the results of a beam test at SPS where the RPC was
placed in the vicinity of a hadron absorber, simulating the operation conditions
in ALICE.

1. Physics Motivations

The suppression of the production rate of the J/¥ and T resonances
by Debye screening effect [1] will be a signature of the Quark Gluon
Plasma (QGP) formation in heavy ion collisions at LHC. In order to
study this issue in the dimuon decay channel, the ALICE collabora-
tion, devoted to heavy ion at LHC, decided recently to upgrade the

*for the ALICE Collaboration
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central part of the detector by adding a muon spectrometer at forward
angles [2]. This spectrometer measures the complete spectrum of heavy
quark vector mesons i.e. J/¥, ¥/, T, T!, T” via their muonic decay in
p-p and ion-ion collisions. An independent normalization is obtained
by measuring open charm and beauty production which are not affected
by final state interactions and are not sensitive to the nature of the
medium (i.e. confined or deconfined). The observables which determine
the general conditions of the collision such as the centrality are provided
by the central detectors [3] of ALICE.

2. Spectrometer Overview [2]

The main elements of the dimuon spectrometer are shown in Fig 1.
The angular acceptance goes from 2° to 9° (2.5< 1 <4.0). It consists of
a front absorber of low Z material starting 90 cm from the vertex, a large
dipole magnet with a 3 T.m. field integral and 10 planes TC1-TC10 of
high granularity tracking chambers. At the end of the spectrometer,
two stations MC1-MC2 of RPCs protected by a 1.2 m iron wall (muon
absorber in Fig 1) are used for muon identification and triggering. The
spectrometer is shielded throughout its length by a dense absorber (small
angle absorber in Fig 1) which surrounds the beam pipe.

R L

/’ ENNONY Bk weer N\ -

Fig. 1. Spectrometer overview

3. Description of the Trigger System [2]

The trigger is based on a cut in the muon transverse momentum
(so-called LVL1 trigger) using the dipole deflection, taking advantage of

366



the high p; of the muons from resonances. A subsequent cut (LVL2) on
the dimuon mass can be done. |

The dimuon signal from resonances must be sorted out from the
large multiplicity of background muons from pion, kaon and charm de-
cay and soft background (mainly electrons leaking out from the beam
shield and the iron wall). The heaviest system at LHC is Pb-Pb at
v/3 =5.5 TeV /nucleon where 4000-8000 charged particles (mainly pions
and kaons) per umit of rapidity are produced in a central collison. In
such events, a mean number of 12 background muons and 40 prompt
soft background hits (per gas plane) are expected on the trigger. Hence,
the set-up requires a high level of segmentation.

3.1. Trigger Set-up

Two trigger stations MC1 and MC2 are located at 16 and 17 m from
the interaction point. They cover an area of about 6 x 6 m? with a 0.6 x
0.6 m? opening in the centre to accomodate the beam pipe and shielding
(Fig 2).

22254

.

LOWER
FRAML

16000 50

Fig. 2. Trigger set-up

Each station consists of two planes of single-gap RPCs [4] and each
plane is read out on both sides of the gas gap via orthogonal strips (z-y
readout). A total of about 30k strips are needed to account for the high
multiplicity in Pb—Pb collisions. We require a 3/4 majority coincidence
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both in z and y to reject soft background hits. In the bending plane of
the dipole (z, vertical), the strip width increases from 1 to 3 cm almost
linearly with the radial distance from the beam axis and so does at first
order the magnetic deviation. With this set-up, we obtain a deviation
of about +4 strips for a p;=1 GeV/c muon, whatever its location on the
trigger. In the non-bending plane y, the strip width is 2 and 3 cm (inner
and outer part of the trigger respectively) and we ask the track to point
back to the interaction point.

3.2. Trigger Electronics

The information from the trigger chambers is treated by a dedicated
trigger electronics (LVL1 electronics) to perform the cut on the single
muon transverse momentum. To do that the LVL1 electronics defines
“roads” between MC1 and MC2 which width corresponds to a given p;
cut (a narrow “road” corresponds to a high p; cut and a small magnetic
deviation and vice-versa). The “road” description is loaded in memories
of the trigger chips. Two p; cuts are foreseen : p; > 1 GeV/c for the
“J/¥ trigger” and p; > 2-3 GeV/c for the “T trigger” at low rate.

The trigger chips give a decision on valid “roads” including the sign
of the deviation for each p; threshold. The information of all the LVL1
circuits (~ 1000 circuits) is finally collected and two valid “roads” of
unlike sign essentially are required to build the final dimuon trigger.
These operations must be done in less than 600 ns. The LVL1 rates
should not exceed 1 kHz. We aim to read out all the spectrometer plus
ITS information when a LVL1 decision occurs, though some scaling is
possible in case the rates are too high.

A subsequent cut on the dimuon mass can be done by fast process-
ing within 100 us (called LVL2 trigger). The LVL2 rate allows to read
out the full ALICE barrel detectors in coincidence with the muon spec-
trometer which opens some interesting physics perspectives especially in
Pb-Pb collisions.

3.3. Trigger efficiency and rates

The trigger efficiency has been calculated with an almost complete
simulation of the set-up, including the trigger detector segmentation and
the treatment of the information by the LVL1 electronics.

The trigger efficiency as a function of p;, for perfect (“Reference”)

368



and segmented trigger plane (“Chambers + Strips”) is represented in
Fig 3 for two selected p; cuts (left part : p; ~ 1 GeV/c, right part : p; ~
2.3 GeV/c) at 50 % efficiency.

Pt = Y GeV/c ¢cut Pt = 2.3 GeV/c cut

Reference Reference

Efticiency
Etficiency

0.8 -

0.2

0 1 2 3 4 5 OD ) 2 3 4 5

Pt of muons (GeV/c) Pt of muons (GeV/c)

Fig. 3. LVL1 trigger efficiency versus muon p: (two p; cuts)

For the same p; cuts, the trigger efficiencies are given in Table 1
for the resonances (J/¥, T), for background (pion and kaon decay into
muon), charm and beauty decay [5]. The effects of the detector do not
exceed a few percent.

Table 1. LVL1 trigger efficiency for signal and background
| | Efficiency : p, = 1 GeV/c || Efficiency : p; ~ 2.3 GeV/c |

J/v 75% (detection)

T 92% (detection)
Backgr. (sngle p) 85% (rejection) 97% (rejection)
Charm (sngle p) 71% (rejection) 95% (rejection)
Beauty (sngle u) 74% (rejection)

The LVL1 trigger rates are deduced from these efficiency calculations
and shown in Table 2. The trigger rates are about 1 kHz in Pb-Pb and
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Ca—Ca running. The trigger chamber segmentation is sensitive in case
of Pb—Pb collisions and induces for instance about 30 % increase of the
LVL1 rates for the p; = 1 GeV/c cut. We give also in Table 2 the
expected detection rate of resonances J/¥ and T after all cuts.

Table 2. LVL1 trigger rates (minimum bias)
| [P6-Pb [CaCal pp |

L (cm~2s77) 10%7 10%° 103!
Min. Bias (Hz) 8000 310° 108
Unlike sign p—p rate at LVL1
Pt > 1GeV/c | Tot (Hz) | 900 | 1200 20
1/T (Hz) 1 2 1
pt > 2.3 GeV/c | Tot (Hz) 200 50 1
T (Hz) 0.01 0.03 0.01

4. Gas mixtures for streamer mode

From FLUKA simulations [6], we estimate that the maximum rate
on the ALICE trigger chambers reaches 50 Hz/cm? in Ca—~Ca running
(10 Hz/cm? in Pb-Pb and p-p), close to the beam shielding. Most of
this background is created by soft charged particles leaking out from
the beam shielding and the iron wall. The simulation accuracy has
been cross-checked during two running periods at SPS in 1996 and 1997
(see Ref. [7] and last section). We have found that the experimental
background yields close to a thick hadron absorber are reproduced within
50 % by the simulation. Hence, our requirement concerning the flux
capability of the trigger detector is fixed to 100 Hz/cm? at present.
This value is certainly the last limit of the operation in streamer mode
with low resistivity RPCs (keeping also in mind that we will have at
LHC a continuous irradiation on the whole surface of the chambers).
Nonetheless, in the first part of our R&D program, we have started to
investigate gas mixtures for strearner mode which lower the pulse charge
at maximum in order to optimize the rate capability of the RPCs.

4.1. Cosmic ray test set-up

We use a 50x50 cm? RPC with strips 3 cm wide terminated on a
50 2 resistor at one end and connected to the front-end electronics (FEE)
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at the other end. The trigger consists of a coincidence of 3 scintillators
which matches the geometrical acceptance of one strip of the RPC (so-
called “central strip”). The efficiency is defined as the ratio No/N; with :

e N; : coincidence counting rate of the scintillators

e Nj : coincidence of scintillators and chamber (taking actually the
logical OR of 5 strips centered around the “central strip”)

We also record the “neighbour efficiency”, removing the “central
strip” when counting N : small values of the neighbour “efficiency” are
obviously correlated with a small cluster size (number of fired adjacent
strips) which is an important parameter for the RPC operation at LHC.

4.2. Selected gas mizture

We have tested gas mixtures of Ar, Isobutane, Forane (CoHyF4),
SF6 and CO2 in various combination percentage.
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Fig. 4. RPC efficiency for the gas mixture Ar 49% Isob 7% Forane 40% SFs 4%

An example of efficiency curve is shown in Fig 4. On the same
plot the “neighbour efficiency” is represented as well as the RPC single
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counting rate (right scale). The discriminator thresholds in the FEE
were set at 35 mV.

Some results are given in Table 3. The value of the running high
voltage (HV) in Table 3 is chosen about 400 V above the “knee” of
the efficiency curve and corresponds to a RPC efficiency close to 100%
(apart from geometrical inefficiency).

The mixture Ar 49% , Isobutane 7% , Forane 40% , SFg¢ 4% gives
the best results i.e. good efficiency, low “neighbour efficiency”, small
charge, small rise time and very stable pulses.

Table 3. Parameters of various gas mixtures

neighbour charge amplitude | time resol
Gas mixture H.V. | efficiency (pC) (mV) (ns)
Ar 49% Isob 7% || 9500 11% 48 £25 113 £44 <2
SF6 4% For 40%
Ar/Tsob 80720 || 7300 | 13 % 70 £40 | 144 £51 <32
SF6 4%
Ar/Isob 70/20 6700 46 % 330 £160 | 393 £173
For 10%

Two other gas mixtures usual for streamer mode are listed for com-
parison in Table 3. The mixture without Forane (line 2 of Table 3) gives
quite good results too but the pulses exhibit a lot of secondary peaks.
The characteristics of the mixture without SF6 (line 3 of Table 3) are
quite different, showing the necessity of the addition of a small percent-
age of a very electro-negative gas like SF6 to reduce the pulse charge.

We have also found that addition of CO2 leads to rather unstable
gas mixtures.

5. RPC operating in the vicinity of a hadron absorber

In ALICE, energetic hadrons (~100 MeV) emitted during the ion
collision intercept the beam shielding and develop hadronic showers. The
charged particles leaking out from this thick absorber are responsible for
most of the background on the trigger.

In Aug-Sept 97 we have performed an experiment at CERN/SPS
where a hadron beam of 120 GeV/c momentum was dumped in a thick
lead absorber (100 cm long in the beam direction and 60x60 cm?® of
section) which simulates the ALICE beam shielding. A RPC (50x50
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cm?) was placed on the side of the lead absorber, orthogonally to the

beam, at 60 cm from the beam entry face. The lateral thickness of lead

between the beam axis and the the RPC was varied between 20-40 cm.
The goal of the experiment was twofold :

o Cross-check the simulation absolute yields of hits with the actual
detector ones

e Operate the RPC in such “unusual” conditions : the simulations
indicate for instance that the incident angle of the particles on the
detector is peaked at 50°

The RPC was operated in streamer mode with the gas mixture de-
scribed in line 1 of Table 3.
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Fig. 5. Upper part : background hit radial distribution (see text)
Lower part : comparison of maximum yields to simulation results

The general behaviour of the RPC during the test was quite sat-
isfying. We show in the upper part of Fig 5 the background radial
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distribution measured with the RPC for a lateral Pb thickness of 40 cm.
The experimental distribution starts at about 55 cm because the first
strip of the RPC is 15 cm away from the absorber due to the mechanical
support. In the lower part of Fig 5 we compare the experimental and
simulated maximum yields, close to the absorber, for three values of the
lateral Pb thickness. The simulation slighly underestimates the absolute
yields but the radial decrease (not shown on the figure) is well repro-
duced. The simulation was actually performed with GEANT+FLUKA,
including the MICAP interface for the treatment of low energy neutrons.
FLUKA simulations are in progress.

Finally we show the experimental cluster size distribution in Fig 6,
for 2 cm wide strips. We get a mean value of 1.4 strips fired which is
quite satisfactory.

Mean 1.386
RMS 5817

Strip width 2¢m

102_—

1 2 3 4 9 6 7 8 9 10
Cluster size

Fig. 6. Experimental cluster size distribution

During this test we have also exposed the RPC directly to the beam.
In these conditions, the cluster size was about 1.2 strips. The rate
capability that we have achieved is not relevant since the resistivity of
the RPC was not optimized.
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Similar tests are planned in 98 in streamer and proportional mode
with low resistivity RPCs.
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ABSTRACT

This document contains new simulation results concerning the performance
of the CMS muon trigger based on the Resistive Plate Chambers. Full time
response of the system has been simulated taking into account the time of
flight of muons, the signal propagation time along the read-out strips and the
timing properties of the detectors. Trigger efficiency has been evaluated as a
function of the time resolution and average efficiency of the RPCs.

1. Introduction

The performance of the CMS muon trigger system [1,2] based on
the Resistive Plate Chambers (RPCs) [3,4] will heavily depend on the
efficiency and timing properties of these detectors. The latter, in parti-
cular, will play an extremely delicate role in the trigger algorithm since
individual hits have to be correctly assigned to 25 ns spaced bunch cross-
ings. This requirement obviously imposes demanding conditions on the
time resolution of RPCs. Furthermore, since the trigger needs informa-

*coauthors: M. Abbrescia, A. Colaleo, G. Iaselli, G. Lamanna, M. Maggi, B.
Marangelli, S. Natali, S. Nuzzo, G. Pugliese, A. Ranieri, F. Romano Dipartimento
Interateneo di Fisica and Sezione INFN, Bars, Italy ; S. Altieri, V. Arena, G. Bonomi,
G. Gianini, M. Merlo, S. P. Ratti, C. Riccardi, L. Viola, P. Vitulo Dipartimento di
Fisica Nucleare e Teorica and Sezione INFN, Pavia, Haly.
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tion from several chambers it is also necessary to synchronize the signals
in order to relate them to the same bunch crossing. For these reasons
a realistic evaluation of the trigger performance requires the complete
simulation of the time response of the system in addition to that of the
trigger algorithm.

2. The RPC trigger for CMS

2.1. The basic principle

The RPC based muon trigger for CMS relies on the 4 T strong
solenoidal magnetic field of the apparatus (about 1.8 T in the iron return
yoke). Assuming cylindrical coordinates with the z axis along the beam
line, muon tracks are bent in the 7y plane so that one can measure the
muon transverse momentum (p;) from the bending of the track.

Four logical RPC planes are used for triggering both in the barrel
and in the endcap region. The planes are located in the muon stations
MB1-4 (barrel) and ME1-4 (endcaps). Muons with 4 < ps < 7 GeV/c in
the barrel are not able to reach the outer muon stations MB3 and MB4,
therefore, to allow the trigger action to take place also on these muons,
an additional plane is inserted in each of the two inner stations MB1 and
MB2. The trigger basic principle is shown in Fig. 1. A muon travelling
through the apparatus produces hits on the RPC read-out strips and in
this way it generates a pattern of hits that carries the information about
the bending. The estimation of the p; can be accomplished by means of
trigger processors that compare the observed patterns with predefined
valid ones, each corresponding to a certain p; value. In the barrel there
are additional low p,; processors which deal with signals coming from the
four inner planes.

In the absence of energy loss and multiple scattering there would be
a one to one correspondence between the muon transverse momentum
and the produced hit pattern. In reality, due to the two mentioned phe-
nomena, a given pattern could be associated to p, values in a certain
range; for this reason each valid pattern is assigned a maximal p; value.
Because of large multiple scattering and energy losses the track shapes
of low momentum muons are subject to large fluctuations that lead to
a rapid increase in the number of patterns to be loaded in each trig-
ger processor. On the other hand tracks are more bent at low momenta,
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Figure 1: The basic principle of the RPC muon trigger.

therefore the number of valid patterns is reduced by OR-ing logically the
strips by 2, 4 or 8, depending on the momentum. The sets of valid pat-
terns are presently obtained from simulation, but they will be corrected
later when real reconstructed muon tracks will be available. Details
about the procedure followed to find the sets of valid patterns and the
associated p; values can be found in [5].

2.2. The segmentation

The RPC trigger system is foreseen for the pseudorapidity region
|7 < 2.1, but at present there are some possibilities of upgrading it to
In| < 2.4. In the barrel the muon stations are grouped in 5 wheels. The
RPC planes in stations MB1, MB3 and MB4 and the upper plane in
MB2 consist of 2 chambers while the lower plane in MB2 is made up
of 3 chambers® In the endcaps the muon stations have a trapezoidal
geometry and the RPC strips run radially. The number of chambers
varies from station to station.

The logical segmentation differs from the physical one. Each trigger
processor is related to a segment which is the basic logical unit of the
trigger and is defined by 8 strips in a reference RPC plane. In the barrel
the reference plane is the inner one in MB2, while in the endcaps it is
the one in ME2. Since every strip covers 5/16% and, in the reference
planes, about 0.1 in 7, a segment covers An ~ 0.1 pseudorapidity units
and Ap = 2.5%. Segments are grouped into 39 rings also called towers

“It must be noted that the simulation study has been performed with the old geometry
for the RPC system in which 3 chambers make up an RPC plane in every barrel muon
station.
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(-19, .., 0, .., 19) whose 5 limits are reported in Tab.1.

2.3. The signal synchronization

At LHC the time separation between two successive bunch crossings
will be 25 ns. In order to achieve correct bunch crossing assignment
the signals coming from the four RPC planes in a given segment need
to be synchronized so that the trigger processor can deal with signals
related to the same bunch crossing. The synchronization task will be
performed by the so called synchronization blocks which will be located
close to the RPC front-end electronics. Each block is presently assumed
to serve twelve adjacent strips of a chamber. After being discriminated
and shaped the signals from one of these groups of strips will be suitably
shifted in time to match the LHC clock and in this way they will get
the bunch crossing number before being sent to the trigger processor
through an optical link. Seen in another way, the signals related to a
certain bunch crossing will be correctly assigned if they reach the blocks
in specific time windows. The following contributions must be taken into
account to determine the time shift (or opening time of the window) to
apply to each group of strips:

Time of flight of muons from the vertex to the strips.

Response time of RPCs and jitter due to their intrinsic time reso-
lution.

Signal propagation time along the strips.

‘Delay and jitter due to the front-end electronics.

Possibly, lengths of cables used to transport the signals.

The last contribution can be directly controlled whereas the others
are the sources of the spread in the distribution of the arrival times of
the signals. The width of the time window cannot be longer than 25 ns
to allow unambiguous bunch crossing assignment. One would actually
like to keep it as narrow as possible to reduce random background, but
at the same time it has to be wide enough to avoid missing signals.

3. The underlying simulation

The simulation study has been carried out with the GEANT based
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CMSIM 103 program implementing geometry version 14 for the appa-
ratus. The CMS layout obtained with this version is shown in Fig. 2
where the RPC planes chosen for the high p; trigger algorithm are also
reported. As it was previously pointed out, the low p; algorithm is based
on the 4 inner planes of the barrel and is limited to towers -6, ..,6.

The simulation software for the RPC system has been extensively
described elsewhere [6]. Here only the main features will be recalled.
RPCs are grouped in rolls. Every barrel muon station is divided along
z in 3 identical RPCs, therefore a roll can be defined as a CMS slice
containing the chambers which are located at the same z coordinate.
In the endcaps a muon station is divided in RPCs assuming cylindrical
geometry and fixing the inner and outer radii of the chambers. An end-
cap roll is a cylinder containing all the RPCs which are located between
these radii. Rolls are numbered from -23 to 23 (-7, ..,7 in the barrel);
their boundaries (only for rolls 0, ..,20) can be seen in Fig. 2 where they
are represented by the thin dotted lines, vertical in the barrel and hori-
zontal in the endcap. RPCs are simply represented by two 2.8 cm thick
bakelite plates separated by a 2 mm thick gas layer which is the active
volume of the detector. The dead space due to the spacers and to the
surrounding 2.5 cm wide seal is not implemented in the present detector
geometry. The RPC strips are also implemented in a rather simplified
way. They are characterized by the ¢ coordinate assuming the exact
5/160 single strip coverage that leads to a total number of 1152 strips in
a given RPC roll and plane type. Their lenght is determined by the roll
they belong to: it is always equal to 83 c¢cm in the barrel while it varies
from 13 cm (roll 23) up to 100 crm (roll 8) in the endcaps.

In this simulation study the response of an RPC was assumed to
take place 20 ns after the passage of a charged particle through the
detector with a gaussian distributed jitter which also accounts for the
contribution from the front-end electronics. In the following the r.m.s.
of the jitter distribution will be referred to as the time resolution of the
RPCs. The value chosen as the average response time of the RPC is only
an approximate one since it also depends on the high voltage at which
the detector is operated. No cluster size effects have been simulated; this
means that the passage of a charged particle through an RPC causes only
one strip to give rise to a signal. The signal propagation speed along
the strips was fixed at 0.66¢ and the front-end electronics was placed at
the strip end with larger |z| in the barrel and larger r in the endcaps.
This choice allows minimizing the uncertainty on the arrival time of the

381



N (] (=] e ] el w
o 2 v N ® M~
- - - [ - §
Tl T T T T TN\T | T T T ! T T T T T T 1 T ~~
\ {\\ | (‘ \ SE
< 17 £
- N
- i
™ \'_:\ \ \\ . .\ N \ \ \ j - k ) v
AL AL AL R 0
NN NN \ \ 7
P NN 3 i i
= AN ARG
N

|
800

\\ N, \
AN W N N WL I U U R S R

: LR 3
\q' 0 \\f”’\\:\ S N e\l : AN \ \‘\l\‘

N\
N\

08.78

0.47 0.63

0.28

0.09

IR SNt | VRN N N

s B & 8
wo) ¥

Figure 2: CMS geometry implemented in the GEANT based CMSIM
program. The logical RPC planes chosen for the high p; trigger algo-
rithm are indicated for each tower.
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signals. No benefit can however be gained from any of the two possible
choices in the chambers of the central roll.

Half a million muons of both signs were generated altogether. The
events were divided in 50 data samples distinguished by the sign and p;
range of the muons as reported in Tab.2. The adopted scale approxi-
mately reflects the expected p; distribution of the muons produced at
the vertex [5]. The muons, which are flat distributed both in n and ¢,
were generated in the region 0 < ¢ < 27 and ~0.25 < < 2.4. The
choice of the n interval was motivated by the simmetry of the apparatus,
which allows considering only one of its halves, and by the necessity to
fully include the RPCs belonging to the central roll.

4. Results of the simulation

The study was performed essentially in two steps. The generated
events were initially used to obtain all the time distributions relative to
the groups of 12 adjacent strips. Each distribution allowed the deter-
mination of the average time elapsed between the muon production at
the vertex and the arrival of the signals from the corresponding group
of strips.

In the second stage the events were used again to calculate the trig-
ger efficiency in different  and p; ranges and for several values of the
cut on the transverse momentum (p§**). The trigger efficiency has been
calculated as a function of the average efficiency (egpc) and time resolu-
tion (cgrpc) of the RPCs. This was done by passing to the simulation of
the trigger algorithm only those hits which actually gave rise to a signal
according to the assumption for egpc. Furthermore the signal was also
required to fall within a time window whose middle point coincides with
the previously obtained mean value of the time distribution relative to
the group to which the strip carrying the signal belongs. The width of
the time windows was set equal to 20 ns.

4.1. Time distributions

The time distributions of some representative groups of 12 strips in
every RPC plane of the central roll (0) are shown in Fig. 3. In this case
orpc Was set equal to 0 hence the spread is only due to the variation
in time of flight and to the propagation time along the strips. Since
the latter contribution is flat distributed with width equal to about 4 ns
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tower index | 7 interval
0 -0.09 - 0.09
1 0.09. - 0.28
2 0.28 - 0.47
3 0.47 - 0.63
4 0.63 - 0.78
5 0.78 - 0.92
6 0.92 - 1.04
7 1.04 - 1.14
8 1.14 - 1.22
9 1.22-1.30
10 1.30 - 1.40
11 1.40 - 1.50
12 1.50 - 1.60
13 1.60 - 1.75
14 1.75 - 1.87
15 1.87 - 1.99
16 1.99 - 2.10
17 2.10 - 2.20
18 2.20 - 2.30
19 2.30 - 2.40

Table 1: 7 tower limits.

p: index

p; interval (GeV/c)
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0.- 1.
1.-1.2
1.2-1.5
1.5- 2.
2.-25
2.5 - 3.
3.-35
3.5-4.
4. -5,
5. - 6.
6. -7
7. - 8.
8. - 10.
10. - 12.
12. - 14.
14. - 17.
17. - 20.
20. - 25.
25. - 30.
30. - 35.
35. - 40.
40. - 50.
50. - 70.
70. - 100.
100. - o0

Table 2: p division.
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and the obtained distributions are always contained in 10 ns, one can
conclude that the spread due only to the variation in time of flight is
entirely limited within 6 ns, at least in the considered roll.

The time distributions shown in Fig. 4 are instead obtained by set-
ting orpc = 3 ns and refer to rolls 0, 5 and 9. They are relative to
the RPC planes in station MB(E)1 (inner plane in MB1) and MB(E)4.
The two distributions at the top can be compared with the correspond-
ing ones in Fig. 3. From inspection of the r.m.s. values, it i1s evident
that the RPC time resolution dominates on the other contributions ev-
erywhere. In particular, the distributions show that the contribution
of the variation in time of flight and of the strip length to the time
spread of rolls other than the central one remains within the limits indi-
cated in Fig. 3. Since the various contributions to the time spread add
up quadratically, one can conclude that the RPC time resolution is the
dominant one provided it is greater than 3 ns. This result is particularly
important in view of the new geometry for the barrel which is character-
ized by chambers with longer strips. The increased length of the strips
should therefore not affect significantly the performance of the trigger
systemn.

4.2. Efficiency curves

The trigger efficiency is shown in Figs. 5 and 6 for two different
combinations of ogpc and erpc: 3 ns, 100 % and 5 ns, 95 % respectively.
In both figures the efficiency is shown for the following p§*! values: 5 ,
14 , 40 and 100 GeV/c. Each bin of the histograms refers to a specific
pi range and tower (see Tabs. 1 and 2) and is filled with the fraction
of the muons which were generated in that bin and were asssigned a p;
greater than the p{* by the trigger algorithm. These histograms can
be compared with those reported in previous works [7] which anyway
did not include any simulation of the time response of the apparatus
and assumed full efficiency for the RPCs. While the plots in Fig. 5
do not show any relevant difference with the mentioned results, it is
evident a degradation of the trigger efficiency in the histograms of Fig. 6.
The worsening affects especially towers 0, .., 9, 13 and 14. The RPC
system does not show full geometrical acceptance in these towers [7] and
particularly in 1, ..,9; this implies that the algorithm often has to deal
with hits from only three out of four logical planes and, since it needs
a minimum of three planes with hits to “find” a muon, the additional
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loss of some hits can cause more dramatic effects in these towers rather
than in the others.

The specific dependence of the trigger efficiency on orpc and erpc
is better shown in Fig. 7 in which the values of the fixed parameters
are egpc = 100% and orpc = 3 ns respectively. The plots refer to
50 < p; < 70 GeV /c muons in three different towers: 0, 5 (which exhibits
the lowest acceptance and efficiency) and 16. The applied p§** value is
5 GeV/c. As far as the time resolution is concerned it is evident that
the trigger efficiency starts falling down at orpc = 4 ns. This result
can be safely extended to all the other towers and p; ranges since, as
previously remarked, the other contributions to the time spread can be
neglected for values of ogpc greater than 3 ns. Towers 0 and 5 are
clearly more sensitive than tower 16 to a worsening of the RPC time
resolution. On the other hand the dependence on the RPC efficiency
seems to be quite smooth in the investigated range Also in this case
towers 0 and 5 exhibit a steeper fall with respect to tower 16, however,
the reduction of the trigger efficiency over the considered egppc range
remains, in both towers, close to 10%.

Finally in Fig. 8 it is shown the effect of shifting by a given off-set
all the opening times of the windows in which signals are accepted. The
trigger efficiency is shown for 50 < py < 70 GeV /c muons in tower 0, the
P being 5 GeV/c. The assumed values for egpc and ogppc are 100%
and 3 ns respectively. The resulting efficiency plateau is about 8 ns wide.
This can give an idea of the precision with which the synchronization
must be achieved.

5. Conclusions

The results of this study show that in order to avoid efficiency losses
of the trigger greater than 5% of the value attainable with ideal de-
tectors, RPCs are required to have an intrinsic time resolution not ex-
ceeding 4 ns and an efficiency greater than 95%. It must be underlined
that the conclusions concerning the time resolution which have been pre-
sented in this paper apply to the particular value (20 ns) assumed for
the width of the time windows in which signals are accepted. Smaller
values will consequently impose stricter conditions on the timing per-
formance of the RPCs and vice versa. In any case it has been shown
that the trigger efficiency is significantly more sensitive to a degradation
of the performance of the detectors in those regions where the system
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shows poorer geometrical acceptance. This is the case of almost the
entire barrel region and part of the endcap ones.

However it must be remarked that this study has to be considered
a first step toward a truly realistic simulation of the RPC trigger sys-
tem. Such a simulation should necessarily include the hits due to the
background which are a major issue especially in the endcap regions. In
addition, one also has to take into account the cluster size of the RPCs
which will surely play a fundamental role in the actual capability of the
trigger to estimate the muon transverse momentum. Finally, a complete
realistic simulation of the trigger system should necessarily require a
more detailed geometrical description of the RPC.
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Figure 4: Distributions of the signal arrival times for some representative
groups of 12 adjacent strips in three rolls of CMS. The distributions
refers to groups belonging to the RPC planes in MB(E)1 (inner plane in
MB1) and MB(E)4. They have been obtained assuming ogpc = 3 us.
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Figure 5: Trigger efficiency for some representative pf“¢ values. Each
bin of the histograms refers to a certain tower and p; range (see Tabs.
1 and 2). It has been assumed egpc = 100 % and orpc = 3 ns.
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Figlurehf‘i‘l: “Trigger efficiency for some representative p5* values. Each
bin of the histograms refers to a certain tower and p; range (see Tabs.
1 and 2). It has been assumed egpc = 95 % and orpc = 5 ns.
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value is 5 GeV/c. The value of the fixed parameter is egpc = 100%
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Figure 8: Efficiency plateau of the trigger. The points have been ob-
tained after shifting all the opening times of the windows in which signals
are accepted by the time off-set indicated on the x axis. The trigger ef-
ficiency is relative to muons generated in tower 0 with 50 < p; < 70
GeV/c and subject to a pf¥t value of 5 GeV/c.
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