A model for RPC detectorsoperating at high rate
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Abstract

We present a simple model to describe the behavior of Resistive Plate Chambers (RPC)
exposed to a high particle flux. We show that the RPC current, I, saturates at large flux
values and we explain why the dependence of | on the applied voltage \4 is essentially
linear. We show that in the saturated regime the current is controlled by the value of the
bulk electrode resitivity, p, which is directly related to the performance of the detector at
high particle rates. Measuring the | —\p curve under these conditions offers a simple and
direct method to obtain p and to monitor its possible variations.
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1 Introduction

Introduced around 1980, Resistive Plate Chambers (RPC) [1] have recently gained
widespread acceptance in High Energy Physics experiments. They have excellent
timing performances, and their relatively simple and cheap construction plus the
possibility of being tailored to any shape, makes them attractive in particular for
large area detectors. Several forthcoming cosmic ray, neutrino and LHC experi-
ments have incorporated these detectors into their designs.

A major drawback of the RPC has been in the past the limited capability to with-
stand rates larger than afew Hz/ cm?. This limitation was partially overcome by
operating them in avalanche mode [2—4], allowing to increase the rate capability up
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to some kHz/ cm? [5-8]. Once the operating mode is chosen, the most important
parameter affecting the rate capability is the volume resistivity of the RPC elec-
trodes. Materials like glasses, with typical resistivities around 101 Qcm or more,
result in small rate capabilities. Bakelite electrodes, which can be produced with
resistivities as low as 10° Qcm, are used in detectors working at high rate.

Sincetherate capability isdirectly affected by any modification of the RPC resistiv-
ity, it isvery important to be able to measure this parameter in order to monitor any
possible change. In this paper we present amodel to describe the behaviour of RPC
detectors under high irradiation flux. This model allows the measurement of the
resistivity of RPC electrodes in a simple and non destructive way; we discuss here
the results obtained in a series of tests performed at the Gamma Irradiation Facilty
at CERN, in the framework of the aging studies for the LHCb muon chambers[9].

2 Themodd
2.1 Operating principle of the RPC

When acharged particle ionizesthe gas of the RPC, an avalanche isformed by mul-
tiplication in the gas if the electric field is sufficiently high. The avalanche charge
g, isrelated to the ionization charge g, viathe gain: g = Ggi. G depends strongly
on the electric field, showing a threshold behavior. When the potential Vg across
the electrodes defining the gas volume (the gas gap) is below some voltage VT, G
tends rapidly to unity; when Vggy > V7 it increases rapidly with voltage. The value
of V1 depends on the gap width, the gas composition, and the gas temperature and
pressure. In the avalanche mode of operation G ~ 108 — 10. Space-charge effects
can limit the growth of the avalance charge to a saturation value increasing linearly
WithVgap: g o< Vggp — V7. This effect ismore evident in gas mixtures containing Sk,
where streamer formation is suppressed [10], asin our case.

The current drawn by a detector exposed to a particle flux @ (particles/s) is:
| =0g=dGCq;

For neutral particles one must take into account their detection efficiency, basically
the probability of releasing one or more electrons in the gas. In the case of pho-
tons emitted from radioactive sources this efficiency has values between 103 and
1072 [6].

In agiven detector the electric field, hence the gain and the current, are uniquely de-
termined by Vggp. Thisquantity isnot directly measurable, since the voltage dropin-
side highly resistive el ectrodes can be quiteimportant if the current flowing through
the RPC islarge enough. If the detector is connected to an external voltage Vo and



draws a steady current I, being exposed to a uniform flux density of particles, the
average gap potentia is given by Ohm’s law:

whereR isthetotal resistance of the electrodes. For atypical RPC the bulk resistiv-
ity p isthe dominant contribution to R. In that case, for flat electrodes of thickness
d and areaS, R =2p(d/S).

Fig. 1 shows the avalanche charge measured in an RPC exposed to a very low
flux of particles, as a function of V. In this case the voltage drop is negligible
and Vggp ~ Vo. On the same plot we have superimposed the current, to show the
expected proportionality with the charge. It is seen that the charge and the current
grow linearly with Vggp, an indication of the saturation effect.

The | —Vggp curve can be modeled by a linear function with a sharp threshold Vt
(6 isthe unit step function)

(2) | (Vgap) = @ 6(Vgap — V1) (Vgap — V1)

folded with a gaussian distribution of Vt:
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whereV isthe average value of V1 and o1 itsrms spread, and a isanormalization
factor proportional to the particle flux 2. For Vgap > V1 this function becomes
simply | =a(Vgap— V7). Afit of Eq. (3) to the datais presented in Fig. 2, showing
an excellent agreement. The relative spread ot /Vt is typicaly 3% to 4% in the
detectors tested. The fact that it varies, abeit dightly, from detector to detector,
suggests that geometric effects (e.g. non-uniform gap width) could also contribute
to the spread.

2.2 High-flux conditions

We consider now a detector exposed to a large and uniform particle flux. From
Fig. 1 atypical value for the avalanche charge could be 15 pC. Assuming 2 mm
thick electrodes with 101Qcm resistivity, we can compute from Eq. (1) that Vgap
starts being displaced appreciably from Vg (say more than 100 V) for particle flux
densities of 170 Hz/ cm?.

2 It is worth recalling that a possible dark current contribution to | should be subtracted
out when interpreting the data.



When the flux increases Vg, shifts more and more towardsVr . Inthe limit @ — oo
the avalanche charge becomes very small to keep the current finite, i.e. we must
have Vgap — V7 to “turn off” the RPC. In this limit we can derive from Eq. (1) the
value of the current:

~ VMo—Vr

© | = o =~

Therefore, under high flux conditions, the current will depend linearly on the ap-
plied voltage Vo, via the electrode resistance R. The properties of the gas mixture
and the gap width only enter viaVr and do not affect the slope of the | — Vg curve.
From the measurement of the | —Vy characteristic curve in high radiation condi-
tions one can extract R and can easily monitor its variations. We stress here that
the linearity of EQ. (4) is based only on the general assumption of the presence of
a sharp threshold effect in the avalanche evolution. In particular, it has no relation
with the linear dependence of the avalanche charge on Vgg (Fig. 1), and also holds
in aregime of non saturated avalanche.

Eq. (4) can be generalized for arbitrary flux values. using Eq. (1) and Eq. (2), one
hasfor Vo > Vr:

() | aR Vo— VT _ X Vo— VT :Vo—VT
1+aR R 1+X R Rest

It will be noticed that the parameter X = aR controls the deviations from the sim-
ple proportionality between the current and the flux. Since a o< @, this causes the
current to saturate at 1o for large values of the flux. The saturation is most readily
achieved for detectors of large resistance, where the internal voltage drop IR may
attain values of hundreds of volts at relatively small flux.

By includingin Eq. (5) the spread in V1 we obtain the equivalent of Eq. (3) with the
substitutions Vgap — Vo and a — R~ X /(1+X). This formulawill be used in the
rest of the paper to describe the I — Vg curve, and in particular to extract Re from
its slope.

To computethetrueresistance, R =R¢X /(1 + X), thevalueof X isalso necessary.
If X isknown a priori to be large, the correction can be neglected. Otherwise, X
must be obtained by fitting the current (or Reff) at different values of the flux. It
is important to underline that, if X is large, a simple estimate can be sufficient:
the correction introduces in fact only a very small uncertainty on R. So the method
works better under high-flux conditions and for large resistance values, sincein this
cae X > 1L

This model also makes a definite prediction about the dependence of the current
on the temperature via Eq. (5), giving a simple way to correct experimental data
for temperature effects. In the case of RPCs with bakelite electrodes the domi-
nant effect on I comes from the exponential dependence of the resistivity on the



temperature. The corrections due to V1 variations are expected to be negligiblein
comparison.

3 Comparison with data

3.1 Experimental setup

Thetests described in the following have been performed at the Gamma I rradiation
Facility (GIF) at CERN. The GIF isatest area where particle detectors are exposed
to an adjustable photon flux from an intense radioactive source. The active element
is137Cs(30.2y half-life) which emits 662 keV photonswith a85% branching ratio.
The activity was measured to be 740 GBq on 5 March 1997. A high-energy particle
beam from the SPS accel erator traversesthetest area, so that various measurements
can be performed on detectors in presence of the high background flux of photons
from the source. In our case the source was also used to perform an accelerated
aging test of the detectors. Beyond a precisely shaped collimator, the source incor-
porates a thin lens-shaped lead filter that renders the outcoming flux uniform on a
vertical plane. A system of remotely controlled filters allow to vary the photon rate
by four orders of magnitude. A complete description of the GIF isgivenin [11].

In our tests two equal RPC detectors were operated in the GIF area. The detectors
(50 x 50 cm? with a2 mm gas gap) were built using bakelite plates (2 mm thick) of
nominal resistivity ~ 101° Qcm, and treated internally with linseed oil. The plates
were supported by aperipheral polycarbonate frame, and by round spacers arranged
in a square grid of 10 cm side. Externally the plates were painted with graphite in
order to provide the conductive surfaces where the high voltage was applied.

Both detectors were operated with the same gas mixture, normally 95% CoH2F4,
4% i — C4H10 and 1% SFg. The gas mixture was adjusted by mass flowmeters,
controlled by a PC. High-voltage Vo, current and temperature were continuously
monitored and recorded during all the test period (more than one year).

The test setup is schematically shown in Fig. 3. Normally during the aging test
one detector (A) was placed in position 1, very close to the source and almost
continuously exposed to radiation, whereas the second (B) was placed far from the
source (position 2), to serve as areference.

Position 3 was used to perform efficiency measurements with the particle beam. In
this case the signals from the RPCs were read out on 3 cm wide strips using fast
electronics. A telescope of scintillator counters, also shown in Fig. 3, provided the
trigger and a hodoscope measured the particle position (x —y) with an accuracy
better than 1 cm. At the minimum source attenuation the measured flux density in



Position 3 was about 1 kHz/ cm?[12].

3.2  Current versus flux

In comparing the model with the data it is very important to know accurately the
relative absorption factors (Abs) of the various GIF filters. The nominal values are
correct only for the direct (662 keV) radiation. The total intensity (direct plus dif-
fused radiation) is not linear in 1/Abs but rather follows a power law (@ « AbsP).
From the ionization chamber data [11] one obtains 3 = 0.8. Since the exponent
could depend on the effective energy spectrum of the photons for the detector un-
der study, we calibrated the filters directly measuring the current of an RPC of low
resistivity (p ~ 101° Qcm), placed at about 1.4 m from the source. In that case the
current was simply proportional to the flux, since X < 1. Our measurement gave
B=0.70+0.01 (see Fig. 4).

The study of the current dependence upon flux has been performed by placing the
detectors close to the source, at about 55 cm distance (position 1, Fig. 3). Fig. 5
shows the current of RPC A, measured at several filter absorptions, for two values
of the applied voltage Vo (10000 and 10800 V) well above the threshold voltage
Vr. The nominal filter absorption of the source was varied between 1 and 10%.
Saturation is evident already at low flux values (Abs™t ~ 10~3). Fitting Eq. (5)
to the data was done using the relationship X (Abs) = X (Abs=1) Abs™%7, with
X (Abs=1) asafree parameter. We obtained X (Abs=1) = 49.8 + 8.9 with very good
agreement over almost three orders of magnitude on the flux. The corresponding
98 % saturation implies only aminor correction to the resistance value.

As expected, X was smaller at larger distances from the source, since it decreases
proportionaly to the flux. Going from ~ 55 cm to ~ 140 cm the saturation cor-
rections became as low as 75%. For that reason, the resistivity measurements were
normally taken at the minimum possible distance, about 55 cm.

3.3 Resistance measurements

Typical | —Vp curves taken for two different GIF absorption factors (Abs=1 and
Abs=10) are shown in Fig. 6 for the two detectors under test 3. A perfect linearity
isobserved. From the slopesit appears that the two detectors have dlightly different
resistivities, both around 6 - 101 Qcm. The modest increase in the current passing
from Abs=10to Abs=1 (corresponding to afactor 5 increase of the flux) isan effect
of the large saturation, about 98 % at Abs=1.

3 During this measurement, also detector B was placed close to the source, position 1 in
Fig. 3.



The values of X were obtained, as said previously, by measuring the current at a
fixed Vo value for several different photon intensities. Since X is proportional to
the resistance R, its value could change considerably, in particular according to
the temperature variations. It was however not necessary to repeat frequently the
measurements of X, since we could simply scale its value proportionally to R (or to
Resf to afirst approximation). During all the period of the test, X (measured at the
smallest absorption factor Abs=1) ranged from about 7 to more than 50.

It is interesting to use the values of R obtained by the present method to interpret
the efficiency curves of RPCs for minimum ionizing particles (MIPs). The assump-
tion that also the detection efficiency of the detector depends solely on Vggy has
already been used to extract R from efficiency curves [12-14]. Measuring the MIP
efficiency vs. Vg in presence of a large photon background rate from the GIF, we
obtained several curves (Fig. 7, left) for different absorption factors. When the ef-
ficiency is plotted vs. Vggp = Vo — IR, using the value of R = 31.6 MQ determined
by our model, the curves coal esce as expected (Fig. 7, right).

3.4 Temperature effects

Asdiscussed in Sect. 2.2 the temperature dependence of the RPC resistance should
be the same as for bakelite bulk resistivity. i.e. it should have the form:

R~ Rzo exp [Oc(ezo — 9)]

where 0 is the temperature in °C and 629 = 20 °C. Measuring directly the bulk
resistivity on three different bakelite samples we obtained oo = 0.12 + 0.01.

In Fig. 8, the measurements of the resistance of RPC A and B are shown as a
function of the temperature. An exponential fit of these data gives a temperature
coefficient (o) = 0.1264+0.008 in nice agreement with that of the bakelite itself,
thus confirming our interpretation of temperature effects.

As observed above, Eq. (5) allows to correct the RPC current measurements for
temperature effects, that are introduced through R, allowing an unambiguous nor-
malization of the current itself, for exampleat 20 °C. Thisisshownin Fig. 9, where
the effect of 24-h temperature oscillationsis almost completely corrected for.

Finaly Fig. 10 presents the corrected current (normalized at 20 °C) of RPC A as
measured during the 2001 irradiation test. Apart from some jumps, related to oc-
casional changes in the high voltage, changes in the gas composition and to the
insertion or removal of other detectors between the GIF and the RPC, a steady ex-
ponential decrease of the current is observed. This s attributed to a corresponding
increase of the detector resistivity of almost one order of magnitude, which seems
to be the main effect of RPC aging. A complete analysis of thiseffect isin progress.



4 Conclusions

We have devel oped a model to study the RPC behavior under high irradiation. The
model allows to obtain the detector resistance under operating conditions, and to
correct unambiguously the current for temperature effects.
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Fig. 1. Solid circles: avalanche charge vs. \p, measured with cosmic rays. Open circles:
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Fig. 2. RPC current vs. Vo measured with low particle flux (Vggp ~ Vo) and fitted with the
function described in the text.
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counters (S1-S3 and the Hodoscope) were used for measuring the RPC efficiency with the

particle beam.

RPC GIF test 10.1999

10
<
3
RPC T
.
X3
103 B.=0.7+0.0
®.-
10
-2 -1
10 10 1

1/Abs

Fig. 4. Current for a detector of low resistivity at fixed \p (10200 V) plotted against the
inverse of the nominal source absorption factor (see text). The behavior shows negligible

saturation. Thefit gives 3 = 0.70+ 0.01.

10



<
<
/.,/o/ﬁf*_"_"'
10 ® _o—0o—¢
Prel
o
el
”’
,7/ ® V,=10800V
* © V, = 10000V
T=24.6 °C
1 SABS=1) = 40,8489
(APbS=1) =490 0.9
-4‘ -3‘ -2‘ O -l‘
10 10 10 10 1
1/Abs

Fig. 5. RPC current measured at fixed Vp (10800 V, solid circles; 10000 V, open circles),

plotted against the inverse of the nominal source absorption (see text). The curves are the
predictions of the model.

[ Run 450 Abs =10 un 453 Abs =1 ¢

e RPCA RPC A ¢
[ oRPCB /v RPCB /
15 < 15 /
[ Ry= 115MQ [ Ry= 110MQ /
: Rg = 93 MQ i 5= 89 MQ %

10 4 10

IR N

‘ /,.// i M//%
o 7#***""’:/'/ . R R 0 [t A'r/ R
8000 9000 10000 VO W) 8000 9000

I (uA)

S
! (uA)
S
N
S

o
o

Pl

10000
Vo (V)

Fig. 6. Current vs. Vp for RPC A (solid circles) and B (open circles) for two source nominal
absorptions factors (10 left; 1 right). The effective resistances R¢ as obtained from the
slopes are al'so shown. In this case the saturation was 98 %.

11



) S=co e . S=oco
e ABS fv et e AB

= ABS=1 / = ABS=1
058 058

v ABS= / v ABS=2

~ ABS=5 ~ ABS=5
0.6

S

0.6 ﬁ
RPC A RPC A
R =31.6 MQ

0.4 / 0.4 %
0.2 / 0.2
0 0 J
8000 8500 9000 9500 10000 10500 11000 8000 8500 9000 9500 10000 10500
Vo(¥) Vgap)

Fig. 7. Efficiency for MIPsvs. Vy for RPC A (left), measured in presence of different photon
fluxes from the source (the nominal filter absorption factors are indicated). On the right the
same data are plotted vs. Vggp = Vo — IR using the value of R determined by the model.

110
90 |
70 | Y
50 [R20, = (154.6 37.:4) MQ \
30 »-=0.134.£0.036 E
o A
CEZ 16 18 20 22 24 26 28 30
x 110 S
: - 14/06/2002 ]
90 T R20, =(97.3%2.2) MY
F e el 0. =0.126+0.003 1
70 E IS
5o [ 15052002 T~ e
F R20, =(79.2+1.6) MQ e
30 | gy =012140012 ’
10 -

16 18 20 22 24 26 28 30
T(°C)

Fig. 8. Resistances of RPC A and B plotted versus temperature. The temperature coefficient
o isfitted using the exponential dependence discussed in the text.

12



40 g 40

F RPC A FPCA
30 | T 30 |
X PSR VI NA L :
20 PN W TN ON A N 20 |
10 | : T e R e =
< 0 2 4 6 8 10 12 é 0 2 4 6 8 10 12
= o
=0 RPCB =407 RPC B
30 ,\'\..‘;i : 4 N 30 |
ARy .:g\r\,;.x N YK f\/ i
20 ¢ R i 20
; . adle o8- ETNE D AT I P
10 | 10 1
0 2 4 6 8 10 12 0 2 4 6 8 10 12
time (days) time (days)

Fig. 9. Time evolution of currents for RPC A and B under GIF irradiation. Raw currents
are on the left, showing typical daily oscillations. The corrected currents at 20°C are on
the right.

o 30—
‘:i 200 lﬂ‘% " .
- : "' ",

0 50 100 150
time (days)
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front of the source.

13





