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Abstract In this paper, we describe a series of performance tests for the RPC prototypes of the BESIII muon

detector. A new type of bakelite plate is made and the resistivity of samples is measured at different tempera-

tures. Eight RPC prototypes are built and their performance as a function of the bakelite resistivity is studied.

The rate capability of these chambers in the streamer mode is also studied by using a 3"Cs y source. The

results show that RPCs made of the new type of bakelite fulfill the requirements of the BESIII muon detector.
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1 Introduction

The BESIII muon system has chosen Resistive
Plate Chambers (RPCs)™? as its active detector
for obvious reasons: low cost, good performance and
suitable for industrial mass production. However, the
experiences reported by some running RPC systems

[3—5]
, espe-

such as BaBar and Belle in recent years
cially the serious efficiency degradation in the oiled
bakelite RPCs of BaBar muon chambers, have stimu-
lated our R&D for developing a RPC using different
materials. A new type of bakelite plate has been
developed without linseed oiled coating, and the per-
formance of the RPC using such materials is similar
to or even better than those made of oiled bakelite or
glass, as reported in Ref. [6]. In this paper, we report
a detailed study of their performance as a function of

bakelite properties.
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2 Bakelite resistivity measurement

The resistivity is an important parameter of the
bakelite plate with a major impact on the RPC per-
formance. Six bakelite templates were made with a
cross section of 12cmx12cm and their resistivity was

measured in a temperature range from 16°C to 29°C.
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Fig. 1.
surement device.

A schematic view of the resistivity mea-

The measurement device is shown in Fig. 1. The

humidity was maintained by placing the measurement
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device inside a sealed iron box. The resistivity of in-
sulative materials as a function of the temperature

can be given by the following empirical formula:
pt:pO'eKt ) (1)
ie.

Inp,=Inp,+ Kt , (2)
where, p, is the resistivity at t°C, p, is the resistivity
at 0°C, K is the slope. Fig. 2(a) shows the measure-
ment results of all the six bakelite templates with a
fit to Eq. (2). The fit result of K and Inp, can be

expressed as
K=a+fnp, , (3)

where, o and [ are constants. Fig. 2(b) shows the fit

results with
a=0.33£0.21, [B=-0.0164+0.0064.

In addiction, from Eq. (2) and Eq. (3), we also have:

_atflup @)
1+5t
hence,
P20 = pt'eK(207t) = pt -e[atil[;ltpt] (20*0 , (5)

where, 0 < ¢t < —1/3. From Eq. (5) the bakelite re-
sistivity at 20°C can be derived from data at various

temperatures.
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Fig. 2. (a) Inp, of the bakelite template as a
function of temperature. The lines are the fit-
ting curves with Eq. (2); (b) Fitted parame-
ters K and Inpo showing a linear inverse rela-
tion.

3 Resistivity influence

3.1 Test setup

To judge the performance of a RPC running in
the streamer mode, there are three most important
indices: detection efficiency, single counting rate and
dark current. The test results shown below are aver-
aged over twelve continuous test runs. The test sta-
tion is a traditional scintillator “telescope” system,
as described in Ref. [6]. Eight chambers were trained
more than three months before the test. Their aver-

aged resistivity was listed in Table 1.

Table 1. Four groups of chambers with differ-
ent resistivity.

group No. pv/(Q-cm)
A 1 2.45x1010
2 7.33x101°

B 3 2.41x1011
4 4.12x1011

c 5 3.91x1012
6 9.58x1012

D 7 1.13x1013
8 1.36x10%3

Note: All data normalized to 20°C

All  chambers
100cmx25cm. The relative permittivity of bakelite

are of the same dimension:
plates is from 2 to 6, the thickness of the graphite
coating is 35+5bum and its surface resistivity is from
0.2MQ /o to 0.6M€Q/o. The thickness of the gas gap
and the bakelite plates are all 2mm. Eight chambers
were aerated in series and the gas mixture used is
Argon/F134a/Isobutane (50/42/8). The test setup

is shown in Fig. 3.

test system frame

GAS|[HV ] 1
i
T £ [
: ; I
glavi| Il |
! 1
RPC / 1 |PC
, pc]
fu m
: Hand-1 !
I t el 1
e N Flnd-1— !
1 Hand-L |
! and-—| I
— —fand-— |
" scimtillator 1 1 } |
1
DRI | o

Fig. 3. Setup for RPC performance test. The
“telescope” consists of three scintillators, and
eight RPC prototypes are stacked in a column.
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The induced signal is collected by readout strips,
with each strip terminated by an 100€) resistor to
The threshold of
discriminators was set at 100mV. A DAQ program
based on the Linux OS and ROOT framework was
developed.

match its intrinsic impedance.

The temperature and relative humi-

dity, recorded by a slow control systemm

27+1.5°C and 45+15% respectively.

, vary in

3.2 Detection efficiency

A cosmic-muon is triggered by a three-fold coinci-
dence of scintillators and the ratio of RPC fired events
over that of the total cosmic-muon trigger gives the

efficiency, which can be parameterized as

_ effplateau
eff(x)—ao‘Fm» (6)

where ef folatean is the efficiency at the plateau, z is
the high voltage, HV;yy is the high voltage at 50%
efficiency, ay and K are fitting parameters.

The measured average efficiency as a function of
applied high voltage is shown in Fig. 4, from which
we can see the resistivity effects on the efficiency.
They are distinguishable and dispersive. Although
the efficiency slopes differ from each other and HV 549
spreads from 6.5kV to 7.2kV, all the efficiency shoul-
ders are below 8kV, which is the planned operating
high voltage of the BESIII muon detector. At 8kV,
the plateau efficiencies of all chambers are higher than
95%.
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Fig. 4. The average efficiency of eight RPC pro-
totypes as a function of high voltage. The lines
are the fitting curves with Eq. (6).

3.3 Single counting rate

The single counting rate is the number of induced
signals exceeding threshold per second per square cen-

timeter, which is mainly due to the noise, closely re-

lated to the surface smoothness of the bakelite. Typ-
ically it follows a linear relation with the applied high

voltage and can be parameterized as

R(IE) :Krate(xiH‘/thrs)y I>H‘/thrs ) (7)

where x is the high voltage, HV . is the high voltage
threshold for streamer to take place, K, ... is a fitting
parameter.

As shown in Fig. 5, the single counting rate in-
creases rapidly as the chamber resistivity decreases,
and grows approximative linearly with the high
voltage(<12kV). For high resistivity chambers( >
2 x 10''Q-cm), the single counting rate rises much
slower. At 8kV, the single counting rate of all high

resistivity chambers is lower than 0.4Hz-cm™2.
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Fig. 5.
function of high voltage. The lines are the fit-

The average single counting rate as a

ting curves with Eq. (7).

3.4 Dark current

The dark current originates primarily from the
DC leakage current and the streamer charge in the
gas gap. Similar to the result of single counting rate,
dark current also shows a reverse relation with resis-

tivity. The dark current can be parameterized as

Lok (:E) — aOeKdark(w*HVthrs)’

X 2 H‘/thrs 9 (8)

where x is the high voltage, HV 1, is the high volt-
age threshold for streamer to take place, K. and
ao are the fitting parameters.

We can see in Fig. 6 that the dark current in-
creases exponentially for low resistivity chambers,
while linearly for the high resistivity chambers( >
4.12 x 10" Q-cm). At 8kV, the dark current of all

high resistivity chambers is lower than 10puA-m~2.
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Fig. 6. The average dark current as a function
of high voltage. The lines are the fitting curves
with Eq. (8).

3.5 Resistivity control

The primary goal of this test is to find out a
suitable resistivity range for the BESIII RPC mass

production. As can be seen in Fig. 7, eff

plateau
decreases linearly and K, ..., Kqax decrease expo-
nentially as the logarithm of the resistivity. That
means low resistivity is preferred for obtaining high
ef f platean @nd high resistivity is preferred for obtain-
ing lower K., and Ky,, coefficients. Hence, a com-
promise has been made to find an optimal resistiv-
ity range based on these three parameters. For the
BESIII muon detector, the resistivity is chosen to

be within 2.0x10*'Q-cm to 2.0x10'2Q-cm range, as
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Fig. 7. The fitted parameters of eff j.tcans

Krate and Kgark as a function of logarithm of
the chamber’s resistivity at 20°C.

(a) ef f plateaus the solid line is a linear fit;

(b) Krate; (¢) Kaark; the solid curves are the
exponential fitting curves.

indicated in Fig. 7.

4 Rate capability

4.1 Test setup

In order to simulate the actual operating environ-
ment and study the rate capability of our streamer
mode RPCs, a 12mCi 37Cs is chosen as the irradia-
tion background[s] and three chambers selected from
the above prototypes are tested in succession at the
BEPC beam facility[gl. The test setup is illustrated
in Fig. 8, with beams of e*, e™, p and 7t at the energy
of 800MeV. The electrons and positrons can be iden-
tified online by a Cerenkov counter, and proton and
pion can be identified offline by the Time-of-Flight
spectrum, as described in Ref. [8]. The *"Cs source
was placed in front of RPC with an inclination angle
of 45° with respect to the beam direction. The radi-
ation intensity can be tuned by adjusting the central
distance between '37Cs and the RPC. One scintilla-
tor was located at the back of RPC, in coincidence
with the beam trigger to measure the efficiency. The
charge of signals is measured by an ADC through a

linear Fan-in/Fan-out.

fan in/out ~ delay ADC
. 2| Pd
1_)7CS =)
Q S
A ©
-y | ___beam

6 fold beam trigger

Fig. 8. The test setup for RPC rate capability.

4.2 Efficiency

Fig. 9 shows the efficiency of the tested chambers
at a high voltage of 8kV as a function of the back-
ground y radiation intensity in a beam of 800MeV for
(a) mixed beam, (b) single pion, (c) single proton.

For low resistivity chambers, there is only 15% ef-
ficiency loss at 1000Hz-cm~2 and the efficiency is still
more than 80%. But for high resistivity chambers,
the efficiency loss is too large to be acceptable. On
the other hand, the efficiency of single pions and sin-

gle protons are less than that of the mixed beam due



4 HOoRE W B 5 B W B (HEP & NP)

W31 %

probably to the positron backgrounds in the mixed
beam, which tends to be absorbed rather than acti-
vating ionization. The BESIII muon detector requires
the efficiency loss due to irradiation background be
less than 10%. Therefore the background rate should
be limited to less than 100Hz-cm~2 which is actually
much higher than the case at BESIII running condi-

tion, as reported in Ref. [2].
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Fig. 9.
ent resistivity affected by y radiation.

Efficiency loss of chambers with differ-

4.3 Charge

How the irradiation influences the induced signal
charge for a RPC is interesting since it may relate to
the chamber efficiency and the aging effects.

The induced charge is read out by a 5cmx5cm
copper pad and splitted by a Fan-in/Fan-out, and
collected finally by a LeCroy 2249A ADC. The signal
hence is attenuated by 5% and delayed by 100ns. The
mean charge of RPC1 as a function of high voltage at
different radiation intensities is shown in Fig. 10(a),

which can be parameterized as

Qmean (I) = QIH[K(I - H‘/thrs)}y X 2 H‘/thrs ) (9)

where z is the high voltage, HV,},, is the threshold
high voltage for streamer operation, K and a are the
fitting parameters.

The fitting parameter K, related to the in-

duced charge suppression due to background radia-

tion intensity'”, is shown in Fig. 10(b). Its huge
reduction may be one of the reasons that cause the
efficiency degradation for a RPC in a strong 7y radia-
tion environment. However, after a total of 1.14x 108
photons-cm~2 dose radiation for each chamber, no ir-
retrievable damage or aging effect due to hard radia-

tion is observed.
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Fig. 10. The mean charge of RPC1 as a func-

tion of high voltage at different radiation in-
tensities. The lines in (a) are the fitting curves
with Eq. (9); (b) Fitted parameter K vs.
background irradiation intensity.

5 Conclusion

We made several RPCs with new surface treated
bakelite and tested them in our lab as well as in a
beam at BEPC. The test results of the bakelite re-
sistivity as a function of temperature agree with the
The plateau efficiency of RPC

is inversely proportional to the chamber resistivity,

empirical formula.

while both single counting rate and dark current in-
crease rapidly with the decrease of resistivity. For
the chambers within the selected resistivity range
from 2.0x10"Q-cm to 2.0x10'?Q-cm, the efficiency
is higher than 95%, single counting rate is less than
0.4Hz-cm~2, and dark current is lower than 10pA-m=2
at 8kV. The beam test results show that low resisti-
vity chambers have better rate capability. For a rate

up to 100Hz-cm~2, the efficiency loss of the chambers
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is less than 10% at 8kV. All the test results described
above show that the new type of bakelite RPC meets
the requirement of the BESIII muon detector.

The authors greatly acknowledge the test beam

group of EPC, Prof. Wang Yi-fang, Prof. Lu Chang-
guo, Prof. Lu Jun-guang, and Prof. Chen Yuan-bo
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