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An intensive aging study for the forward resistive plate chambers (RPCs) was performed by
using a 200 mCi 137 Cs gamma-ray source. For the systematic aging study, four double-gap RPCs,
40 × 40 cm2 , were manufactured and tested for cosmic muons and the gamma rays irradiated
from the source. The aging of the RPC gap is expected to be proportional to the integrated
avalanche charge per unit area of the RPC. In this paper, a few diagnostic methods to observe
aging phenomena are discussed, and the test result for a gamma irradiation of 150 days are
presented. The integrated avalanche charge per unit area induced by the gamma rays in the RPC
gap was 0.23 C/cm2 /gap on average, which is equivalent to approximately 12 years of Compact
Muon Solenoid (CMS) RPC operation.
PACS numbers: 29.40.Cs
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particles. Resistive plate chambers (RPCs), the trigger
detectors to select meaningful muons, play a key role in
the CMS/LHC experiment. The forward RPCs to be
placed on both endcap sides of the CMS detector cover
particle triggers in a pseudo-rapidity range from 0.92 to
2.1, as shown in Figure 1.
Compared to the detectors in the barrel region of the
CMS, the detectors in the endcap regions (RPCs for

I. INTRODUCTION
The Compact Muon Solenoid (CMS) detector, a quadrant of which is shown in Figure 1 [1], in the Large
Hadron Collider(LHC) experiment was designed to optimize detecting muons for exploring Higgs and SUSY
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Fig. 1. A quadrant of the CMS detector. The forward
region RPCs cover the trigger of particles in a η range lying
between 0.92 and 2.1.

the trigger and cathode strip chambers for the tracking) should be operated under a relatively high radiation
background. The major sources of the background at the
endcap region of the CMS are neutrons and gamma rays
induced by the proton beam’s interactions with the beam
pipe.
The rates of background particles being induced in the
forward RPCs was simulated using the GEANT-based
Monte-Carlo method. Figure 2 shows the simulated particle rates per unit area of the RPCs in each endcap
region as functions of the distance r from the cylindrical
axis of the CMS detector. As shown in Figure 2, the expected particle rates per unit area of the RPCs in RPC
endcap station 1 for 1.6 < η < 2.1 (the RPCs placed closest to the beam interaction point and denoted as RE1/1)
ranged from 100 to 400 Hz/cm2 . The estimated particle
rates induced in the RPCs for η < 1.6 (labelled RE∗/2
and RE∗/3, where ‘∗’ represents the RE Station numbers 1, 2, 3 or 4) ranged from 10 to 30 Hz/cm2 . A relatively large systematic error will inevitably arise from
the uncertainty in the estimates of the particle fluxes induced by the beam interactions [1]. Nevertheless, the
simulation results are in a good agreement with those
performed by the CMS Forward RPC group [2] and the
CMS Barrel RPC group [3].
As discussed in the previous studies [4,5], a significant
reduction in the RPC noises was achieved by treating the
forward RPCs with linseed oil. The typical noise rate for
the oil-treated RPCs is less than 5 Hz/cm2 while the rate
for the plain RPCs (made of plain bakelite) is as much
as ∼50 to Hz/cm2 . A remarkable benefit obtained from
the reduced RPC noises is a significant diminution in
the probability for false muon triggers [6]. The linseedoil treatment for the CMS RPCs to be placed in the
range of η < 1.6 can, therefore, dramatically improve
the trigger condition for the muon system combining the
barrel and the forward detectors.
However, when the failure of the RPCs in the previous BaBar experiment is recalled, a serious anxiety about

Fig. 2. Rates of background particles induced in the Forward RPCs, as simulated by using the GEANT-based MonteCarlo method. For each RE region, the particle rates per unit
area of the RPCs are shown as a function of the distance r
from the cylindrical axis of the CMS detector.

the linseed-oiled RPCs for the CMS RPCs will arise, i.e.,
whether the initial RPC characteristics, such as the efficiency, the noise rate, and the rate capability, will persist
over long-term CMS operation. An aging test was, therefore, carefully planned to simulate effects equivalent to
those caused by 10 years of RPC operation in the environment of the endcap region’s detectors of the CMS.
The expected total avalanche charge will be, at least, 0.2
C/cm2 /gap as a result of a 10-year operation of the CMS
when a maximum rate of 50 Hz/cm2 is assumed.
In this paper, we report the long-term test results for
the forward RPCs subjected to a 200 mCi 137 Cs gammaray irradiation. Since the intensity of the gamma-ray
source is not large enough to use for a test of realsized CMS RPCs, four small double gap RPCs with a
size of 40 × 40 cm2 were manufactured and tested at a
distance of roughly 30 cm from the gamma-ray source.
The RPCs were operated in the avalanche mode with
a gamma-induced rate of roughly 0.8 kHz/cm2 /gap, on
average. During the irradiation, the amount of the induced charge inside the RPC gaps was approximately 1.6
mC/cm2 /gap/day.

II. RESULTS
The typical data to observe for the aging effects on
the RPC characteristics are the operating current, the
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resistivity, the strip cluster size, and the noise rate. The
operating currents of the RPCs with and without the
gamma rays were closely monitored during the test. The
gamma irradiation and the cosmic muon test were alternatively performed. The RPCs in the aging test were
operated with a typical gas mixture for the avalanche
mode; C2 H2 F4 /i-C4 H10 = 96.5/3.5 at a flow rate of ∼1 l
per RPC. After the first 50 days of the test, water vapor
of ∼0.4 % was added to the gas mixture to suppress the
rapid increase in the resistivity of the RPCs.
The general feature of the gamma-irradiation method
for the RPC aging test is discussed in Section II. 1. In
this article, it is assumed that the primary effect of aging is proportional to the integrated avalanche charge.
However, other aging effects could be also introduced
by long-term operation of the RPCs with a fluoride-rich
chamber gas. The former would account for the degradation of the oiled surfaces of the RPC bakelite plates while
the latter could bring changes in the bulk resistivity and
in the surface quality. The method to estimate the bulk
resistivity of the RPC bakelite is discussed in Section II.
2. The aging of the RPC performance, appearing in the
TDC data of the cosmic muons, is discussed in Section
II. 3.

1. Integration of the Avalanche Charge

Four RPCs were packed together and were installed
approximately 30 cm away from the source. The current
drawn in each RPCs was closely monitored during the
gamma-ray irradiation. The typical current induced by
the gamma rays in each RPC ranged from 40 to 60 µA.
The detection rate of the gamma rays per unit area of
the RPC gap, operated in the avalanche mode, ranged
from 1.4 to 1.8 kHz/cm2 /RPC. Since the ohmic current
and the current attributed to the intrinsic noises were
relatively negligible, the mean avalanche charge induced
by a gamma ray was approximately the RPC current
divided by the detection rate. The gamma-ray induced
current drawn in each RPC was measured twice per day
to estimate the integrated avalanche charge. Figure 3
shows the gamma-ray induced currents of the four RPCs,
as measured for a total of 150 days of irradiation. The
dark areas indicate breaks in the irradiation to perform
cosmic muon tests or to allow for other experiments using
the gamma-ray source.
The integrated avalanche charges per unit area and
per gap for 150 days of gamma irradiation induced in
the four RPCs are summarized in Table 1.
RPC1 was least irradiated due to it being in the farmost position and the absorption of the gamma-ray flux
by the three RPCs positioned at its front. In the previous
section, it was assumed that the average charge induced
by background particles such as gammas and neutrons
was ∼25 pC, and the rate on the forward RPCs in the
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Fig. 3. Gamma-ray induced currents of the four RPCs, as
measured for a total of 150 days of irradiation. The dark areas
indicate breaks in the irradiation to perform cosmic muon
tests or to allow for other experiments using the gamma-ray
source.
Table 1. Integrated avalanche charge per unit area and per
gap induced in four RPCs for 150 days of gamma irradiation.
Detectors
RPC1
RPC2
RPC3
RPC4

Integrated avalanche charges
205.0
243.1
255.2
233.0

mC/cm2
mC/cm2
mC/cm2
mC/cm2

CMS experiment was 50 Hz/cm2 . The estimated integrated avalanche charge per unit area of the RPC gap
is 0.2 C/cm2 /gap as the result of a continuous 10-year
operation of the CMS. Therefore, the values in Table 1
are equivalent to the amount drawn by a RPC operation
of roughly 12 years.

2. Estimated Resistivities

The long-term applications of a fluoride-rich chamber
gas and of the radiation-induced avalanche charge will
cause a gradual change in the chemical composition of
the bakelite plates [7]. As a result, an increase in the
bulk resistivity of the bakelite plate is inevitable, and finally will result in a degradation of the rate capability of
the RPCs [8]. However, it was empirically found that the
addition of the water vapor to the chamber gas could retard the development of the problem and could enable us
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Fig. 4. Diagram for the voltage drops across a RPC gap:
Vo and Vg are the applied high voltage and the voltage drop
across the actual gap, respectively.

Fig. 6. Resistivities of the four RPCs, as measured during
an 11-month aging test. The boxes indicate the periods when
water vapor was applied to the chamber gas.

cal of the effective resistance for the operating current
passing through the two resistive plates. Figure 6 shows
the bulk resistivities of the four RPCs, as measured for
the 11 months of the aging test. The resistivity values
were normalized to the resistivities at 20 ◦ C with the
temperature-dependent coefficient α = 0.12/◦ C [9]; i.e.,
◦
ρ20 = ρT × eα(T −20 C) ,

Fig. 5. Currents drawn in the four RPCs as a function of
the high voltage. The parameter P 2 in each panel represents
the slope of the linear-fit function.

to control the variation of the resistivity within a range in
which the required rate capability of the detectors could
be sustained.
The bulk resistivity of the bakelite plates in the RPC
can be estimated by measuring the operation current induced by high-rate gamma rays as a function of the applied high voltage. The high voltage applied to a RPC
gap is V0 = Vg + 2·Iρd/A, where Vg , ρ, I and A are
the actual voltage across the 2 mm-thick gap, the bulk
resistivity of the bakelite, the current, and the active
area of the RPC gap, respectively (Figure 4). As the
operational condition of the RPCs approaches the limit
of its rate capability, the voltage drops occurring across
the two resistive plates of the gap dominate the increase
in the applied high voltage. The actual high voltage
of the gap becomes insensitive to the applied high voltage [8]. Figure 5 shows the gamma-ray induced currents
drawn in the four RPCs as functions of the high voltage.
The slope in each current curve represents the recipro-

(1)

where ρ20 and ρT are the resistivities at 20 and T ◦ C,
respectively.
After the first 50 days, water vapor of ∼0.4 % was
added to the gas mixture to avoid the rapid increase in
the resistivity of the bakelite plates in the RPCs. The
regions marked by boxes in Figure 6 indicate the periods
of applying the water vapor to the gas mixture. There
were several breaks in the irradiation to allow data acquisitions with cosmic muons or to utilize the irradiation
source for other experiments. During the test of the first
30 ∼ 40 days, as shown in Figure 6, the increase in the
resistivity of the bakelite plates was relatively small for
all the RPCs in spite of their being operated without
the water vapor. As a result of the alternative applications of the water vapor, we realized that water vapor
can compensate for the rapid increases in the resistivity
by providing moisture to the bakelite plates. The global
trend of the resistivities was, however, still ascending in
spite of the application of the water vapor. Compared to
the result of the LHC-b case [8] whose RPCs, operated
with a dry gas at the beginning of the test, have experienced a steep increase in the resistivity by more than
a factor of 30 within a year, we can conclude that the
water vapor can, at least, retard the rapid changes in the
electrical properties of the bakelite. As a consequence of
the test, the resistivity of the bakelite for the RPCs was
kept below 1011 Ωcm.
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3. TDC Analysis Results

The gradual changes in the chemical properties of
the bakelite, which could be caused by the fluoride-rich
chamber gas, might also affect the surface quality. A
degradation in the RPC performance, as a result of longterm operation, was also observed in the RPC data measured by using two time-to-digital converters (TDCs). A
total of 5 sets of cosmic muon TDC data were obtained
during roughly 11 months of the aging test. The efficiencies for muons and the noise rates as functions of high
voltage were expected to be sensitive to a degradation in
the RPC performance.
Three plastic scintillators were used for the reference
trigger detectors to provide the reference times for the
cosmic muons. Two 32-channel front-end-electronics
providing LVDS(low voltage digital signal)-type output
pulses were used to digitize the pulses from the four
RPCs. The front-end-electronics boards (FEBs) manufactured in Italy were dedicated for the RPCs of the
CMS experiment. Two LVDS-ECL converters were used
to convert the LVDS output pulses of the FEBs to ECL
signals to allow the use of ECL-input LeCroy 2277 multihit TDCs. A common-START mode was adopted to perform the TDC data acquisition.
The high voltages in each TDC data set were corrected
for the pressure and the temperature. The reference values for the pressure and the temperature were set to
1013 hPa and 293 K, respectively. The efficiencies of the
RPCs were evaluated by using the TDC data coincident
with the trigger within a 25 ns time window. Two data
sets, one for the efficiencies and the other for the cluster
sizes, for the cosmic muons, as measured in August 2004
(the 3rd measurement) and April 2005 (the 5th measure-

Fig. 7. Muon efficiencies (circles, left scale) and cluster
sizes (triangles, right scale) of the RPCs, as functions of the
high voltage. The data were obtained in August 2004.
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ment), are shown in Figures 7 and 8, respectively. In
contrast to the cosmic muon data measured in August
2004, a degradation was observed in the efficiencies for
RPC1, RPC2, and RPC3 in the data measured in April
2005. The efficiencies for the degraded RPCs gradually
increased from 0.8 to 0.95 as the high voltage was increased from 9.0 to 9.5 kV, which did not happen in
the previous four measurements. The degradation of the
efficiencies presumably occurred due to the operation of
the RPCs at relatively low temperatures ranging from 10
to 15 ◦ C during the winter period from December 2004
to February 2005. In spite of application of the water

Fig. 8. Muon efficiencies (circles, left scale) and cluster
sizes (triangles, right scale) of the RPCs, as functions of the
high voltage. The data were obtained in April 2005.

Fig. 9. Muon efficiencies (circles, left scale) and noise rates
(triangles, right scale) of the RPCs, as functions of the high
voltage. The data were obtained in August 2004.
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Fig. 10. Muon efficiencies (circles, left scale) and noise
rates (triangles, right scale) of the RPCs, as functions of the
high voltage. The data were obtained in April 2005.

vapor, the operation of the RPCs at low temperatures
could introduce some deformations of the gas gaps in
the RPCs. If Figures 7 and 8 are compared, a reduction
in the mean strip cluster sizes was also clearly observed.
However, the degradation of the efficiencies does not
seem to be attributed to the degradation of the surface
quality of the resistive plates. Figures 9 and 10 shows
the muon efficiencies and the noise rates as functions of
the high voltage, as measured in August 2004 and April
2005, respectively. If the two sets, which were measured
roughly at the same temperature, are compared, no significant change was observed for all RPCs. The increases
in the resistivities of the resistive plates of the RPCs account for the small reductions in the noise rates.
As we discussed in the previous section, the actual high
voltage across the 2 mm-thick gap is insensitive to the
applied high voltage because the particle detection rates
of the RPCs approach the limits of their rate capability.
Therefore, the mean value of the avalanche charges remains relatively insensitive to an increase in the applied
high voltage. The mean avalanche charges < Qe > induced inside the RPCs by the 0.661 MeV gamma rays
is approximately the same as the RPC current divided
by the detection rate. The pickup charge < qe > induced on the RPC signal strips, which is equivalent to
the detectable RPC charge, can be evaluated as
< qe >=

k
< Qe > ,
ηd

(2)

where η is the effective Townsend coefficient, and
k=

²r d/s
,
²r d/s + 2

(3)

with ²r and s being the relative dielectric constant and
the thickness of the resistive plate, respectively. Here, d

Fig. 11. Mean avalanche charges induced by gamma rays,
as functions of the high voltage. The data were taken in
January 2005.

Fig. 12. Detection rates of the gamma rays as functions of
the high voltage. The data were obtained in January 2005.

is the thickness of the gap.
As shown in Figure 11, the mean values of avalanche
charges induced by the gamma rays in the RPCs gradually increase as the applied high voltage is increased,
which is in contrast to the typical fast exponential growth
of avalanche multiplication [10, 11]. Therefore, the detection rate of the gamma rays keeps increasing with
the applied high voltage (Figure 12) until the detection
sensitivity reaches the maximum value (the quantum efficiency to yield the Compton electron inside the RPC
gaps). Figure 13 shows the strip cluster sizes of the RPCs
as a function of the applied high voltage. As shown in
Figure 13, the mean strip cluster sizes of the large-flux
particles also reflects the saturation of the avalanche multiplication due to the finite rate capability of the RPCs.
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bakelite plates for the CMS Forward RPCs, whose expected particle rates are higher than those of any other
RPCs used in the LHC experiments. The resistivities of
the RPC bakelites were sustained below a value of 1011
Ωcm for a total of approximately 11 months of the test
period by virtue of the water vapor. However, the supply of the water vapor could not completely compensate
for the increase in the resistivity caused by the previous
operation without the water vapor. Therefore, a continuous supply of the water vapor is necessary to avoid
a rapid increase in the resistivity of the bakelite or the
possibility of deformation of the bakelite RPCs. Proper
procedures for the maintenance and the operation of the
forward RPCs should be carefully organized to sustain
the initial RPC performance for more than 10 years of
CMS operation.
Fig. 13. Strip cluster sizes of the gamma rays as functions
of high voltage. The data were obtained in January 2005.

The intrinsic operational property, which is related to
the particle detection rate capability, can be widely used
in diagnosing the RPCs in the aging study.

III. CONCLUSIONS
A degradation of the RPC performance due to the
deterioration of the surface quality of the oiled resistive
plates was not clearly observed, although that had been
considered to be the most probable cause for aging of the
RPCs made of bakelite. The integrated avalanche charge
per unit area of the RPC gaps due to the gamma rays was
roughly 0.23 C/cm2 /gap on average, which is equivalent
to roughly 12 years of CMS operation. However, the
degradation of the muon efficiencies was, presumably,
attributed to the deformation of the RPC gaps. It might
be avoided if the RPCs are properly operated at room
temperature (20 ∼ 25 ◦ C) and if there is a continuous
supply of water vapor.
The continuous supply of the water vapor was indispensable for sustaining the appropriate resistivity of the
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