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a b s t r a c t

We show how the high charged-particle flux (1–20 kHz/cm2) expected over the 150 m2 large time-of-

flight wall of the future Compressed Baryonic Matter experiment (CBM) at FAIR can be realistically

handled with Multi-gap Resistive Plate Chambers (MRPCs). This crucial 100-fold increase of the

chamber rate capability, as compared to that of standard MRPCs presently employed in experiments

resorting to sub-100 ps timing, has been achieved thanks to the development of a new type of low-

resistive doped glass. Following the encouraging results previously obtained with small counters, two

types of modules (active area: �150 cm2) have been built at Tsinghua University with the new

material. The measurements conveyed in this work, obtained with a quasi- minimum ionizing electron

beam (gbZ3), prove their suitability as the building blocks of the present hadron-identification

concept of the CBM experiment. Namely, they provide a time resolution better than 80 ps and an

efficiency above 90% at a particle flux well in excess of 20 kHz/cm2 (up to 35–60 kHz/cm2), being at the

core of a modular concept that is easily scalable. Recent measurements of the electrical and mechanical

properties of this new material, together with its long-term behavior, are shortly summarized.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

Multi-gap Resistive Plate Chambers (MRPCs), first developed in
1996 [1], are spark-protected gaseous detectors with good time
resolution, high efficiency and relatively low cost. During the last
decade, thanks to the progress made in timing MRPCs [2–4],
large-area time-of-flight systems have become widespread in
modern nuclear and particle physics experiments, such as ALICE
[5–7], STAR [8–10], FOPI [11,12], HADES [13,14], etc. Recent R&D
efforts revealed that intrinsic detector resolutions down to 20 ps
are possible under certain conditions [15]. Presently, the main
drawback of these timing MRPCs is their limited capability to
handle a (�minimum ionizing) charged particle flux exceeding
some hundreds of Hz/cm2, a fact that stems from the usage of
conventional soda-lime float glass plates with a bulk resistivity in
the range 1012–1013 O cm. Hence, the insulation technique that
endows the counter with its unique spark-quenching character-
istics at very high uniform fields is ultimately responsible for the
ll rights reserved.
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),
charge build-up process that effectively limits the operating field
at high particle flux.

The next generation Compressed Baryonic Matter experiment
(CBM) at the future Facility for Antiproton and Ion Research
(FAIR) in Darmstadt, Germany, is planned to be built with a
time-of-flight system based on MRPCs. The aim is to obtain good
hadron identification in fixed-target heavy ion collisions at
projectile energies up to E¼25 GeV/A (for details see Ref. [17]
and references therein). The challenge is to keep a high efficiency
(above 90%) and a good time of flight resolution (better than
80 ps) at a particle flux up to 20 kHz/cm2, which is not accessible
to conventional float-glass MRPCs ([17], for instance). Thus, the
task of finding materials capable of replacing float glass for timing
applications but providing a much less resistive return path to the
released charge has been the subject of intense R&D efforts in the
recent years: notably, as shown in Ref. [16–25], the development
of various types of semi-conductive glass, ceramics as well as the
so called warm glass technology. The usage of semi-conductive
glass, in particular, dates back to the Pestov counter (for an
overview see Ref. [26] and references therein). Recently, at
Tsinghua University, we have managed to develop a stable
production line of a promising new type of doped glass. Following
the encouraging results obtained with small-area MRPC proto-
types based on this material [24], two MRPC modules were
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produced in order to suit the current design of the CBM–TOF wall.
The counters have been thoroughly characterized with a 30 MeV
electron beam at the Electron Linac with high Brilliance and low
Emittance facility (ELBE) [25,27] at Helmholtz-Zentrum Dresden-
Rossendorf (HZDR).

The present report is organized as follows: Section 2 describes
the mechanical properties of the new low-resistive glass together
with a short explanation of its electrical properties; Section 3
presents the two counters developed for the CBM–TOF wall;
Section 4 describes the ELBE facility and the experimental setup;
Section 5 presents the counters performance as a function of high
voltage and particle flux; and Section 6 is devoted to a compre-
hensive comparison between present results and results pre-
viously obtained with a hadron beam uniformly irradiating the
chamber. Finally, Section 7 summarizes our conclusions and
outlook.
Fig. 1. Bulk resistivity of the low-resistive doped glass developed at Tsinghua

University as a function of the position along a randomly selected sample

(the dimensions of the plate are 20 cm�30 cm�0.11 cm). Temperature was

around 25 1C.

1 Less often named soda-lime or window glass technology.
2. Low-resistive glass

This new glass, developed for high charged particle flux applica-
tions, is characterized by an ohmic behavior and stability with
transported charge, properties that rely on a balanced admixture
of oxides of transition elements [24]. It has a black color and it is
opaque to visible light, as commonly attributed to glass exhibiting a
form of electron conductivity. Its final conductivity turns out to be
very sensitive to both the initial chemical composition of the raw
material and to the glass melting procedure. Different compositions
and related production procedures have been studied, yielding a
tunable bulk resistivity in the range of 1010–1011 O cm. Fig. 1 shows
the measured bulk resistivity as a function of the position along a
30 cm-long glass plate, for a randomly selected sample. The mea-
surements were done in a constant-temperature dry box where the
temperature and the humidity could be controlled. At room tem-
perature (25 1C) and a relative humidity of �30%, the resistivity is
seen to change within a mild 30% variation around an average value
of r¼1.5�1010 O cm. Deviations with respect to the results given
in Ref. [24] stay within less than a factor of two and can be
attributed mainly to sample-to-sample variations. The material
exhibits a highly ohmic behavior up to 1 kV and follows Arrhenius
law as a function of temperature, r¼ rT0

10ðT0�TÞ=DT [24]. Strikingly,
it shows one (potentially usable) order of magnitude resistance
decrease every 281 (i.e., DT¼28 1C), very close to the behavior
previously reported for float glass [18,19]. Its dielectric constant in
the GHz-range, measured both with capacitive and transmission line
techniques, shows a value of er(1 GHz)¼7.5–9.5, just moderately
higher than the one measured for float glass (er(1 GHz)¼670.5).
Its loss-tangent tan d(1 GHz)¼0.035 is also comparable to the one
measured for float glass tan d(1 GHz)¼0.02570.05, [28]. Arguing
along the lines of Ref. [28], neither we expected nor we observed
any limitation for CBM counters coming from these modest devia-
tions with respect to the values of float glass, either from the point
of view of signal induction, transmission or cross-talk.

More importantly, this new low-resistive glass shows a large
stability against electrical stress: under static conditions its
breakdown field is above 1 kV/mm (a comfortable lower bound)
and its resistivity increases within an acceptable factor of 2 for a
density of transported charge as large as 1 C/cm2 (over 34 days),
a value close to the expected CBM live-time [17]. We have
recently started ageing tests under dynamic conditions, i.e.,
directly on a (externally irradiated) RPC, and observed no dis-
cernible ageing effects up to 0.05 C/cm2 (300 h). This figure, still
much lower than the anticipated CBM live-time, does already
exceed the operating live-times of so far existing timing MRPC
walls. Details have been published elsewhere [29].
As compared to the well-established float glass technology,1

however, low-resistive glass production is in a less mature stage
of development. Similar to the former, the technique of melting and
annealing is very important in order to produce glass with high
quality. But, contrary to float glass, the required surface quality of
the low-resistive glass can be only achieved after a post-processing
polishing process. The roughness of the electrode introduces local
field variations which may deteriorate the efficiency and time
resolution, [21,30]. It is believed that surface properties also deter-
mine the dark current and photon feedback levels [31]. Since a high
surface quality is required by a high quality glass, surface measure-
ments might be a key part of a protocol designed for the quality
control of the glass mass production in order to consistently produce
reliable glass. Here we report on the surface roughness of the glass
plates, as determined by a MicroXAM 3D surface profiler that can
measure the surface profile and the roughness of highly polished
optical elements and rough surfaces, such as steel, paper, plastics,
and ceramics. A 3-D scan image is shown in Fig. 2. The surface
roughness can be expressed by a list of numbers following different
definitions [32]. Three of the most commonly used definitions are
shown under an evaluation scale of about 857 mm�638 mm:
average roughness (1.06 nm), peak–peak roughness (10.6 nm) and
ten-point-height roughness (9.42 nm). For reference, the numbers
for a float glass sample analyzed through the same procedure are
0.608/8.17/6.22.
3. Development of real-size modules

In the current CBM conceptual design, the whole TOF wall is
arranged in four ‘rate regions’ [17]. In the inner region of the wall
(region 1), pad readout MRPCs based on low-resistive glass can be
efficiently used to cope with the high particle flux (up to 20 kHz/
cm2) at an optimal segmentation (4–6 cm2/pad), while strip-
readout MRPCs represent a natural choice for the outer region
(0.5–8 kHz/cm2) where the system occupancy and flux are orders
of lower magnitude.

Recently, our effort is to realistically adapt the MRPC geometry
to suit the conceptual design of the TOF wall, as of Ref. [17].
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For region 1, the simulated particle flux ranges from 8 kHz/cm2 to
25 kHz/cm2 and the particle density, obtained for the most
stringent central Au–Au collisions at 25 GeV/A, reaches a max-
imum value of about 0.01/cm2. Hence, a small-pad MRPC (PMRPC),
that could constitute the core of a future super-module, has been
developed (Fig. 3-up). The counter has 10 gas gaps and consists of
two (mirrored) stacks of plates made of 0.7 mm-thick low-resistive
glass with a resistivity of about 2�1010 O cm. It has 6�2 pads
of size 2 cm�2 cm each, with an interval between pads of 2 mm
(occupancy o5%). The gas gap is 0.22 mm, defined by nylon
monofilaments. The high voltage electrodes are covered with
colloidal graphite spray, yielding a typical surface resistivity of
about 2 MO/sq.

In view of their much lower occupancy rate regions 2, 3 and 4 of
the TOF wall are currently foreseen to be assembled with multi-
strip counters. The structure of the strip-readout MRPC proposed
here is depicted in Fig. 4. As for the pad counter, it can be
considered as a super-imposed structure of two 5-gap MRPCs
mirrored with respect to one of the electrodes, that allows to
easily provide the same (negative here) HV to ‘both’ chambers. The
positive HV is applied to the outer electrodes. As compared to the
pad-design, the strip-counter has slightly larger gaps of 0.25 mm
aimed at partially compensating for the lower signal levels char-
acterized by the strip designs. The readout strips have 24 cm length
Fig. 2. 3-D image of the surface of the low-resistive glass: Sa (average roughness), S

roughness), Sku (surface-kurtosis roughness) and Ssk (surface-skewness roughness) are

Fig. 3. Pad-readout MRPC, featuring
and 2.2 cm width. The intervals between the strips are 3 mm, in
which grounded guard strips connected with vias have been
patterned, for crosstalk minimization. A possible layout based on
this type of modules was described in some detail in Ref. [33].

In both modules, similarly to the 10-gap counter in Ref. [24],
signals induced with both polarities are sent in differential fashion
to the front end electronics (FEE) used for the STAR TOF prototype
‘TOFr’ [34] in RHIC Run 3. This FEE is described in Ref. [35].

The working gas is a mixture of 85% C2H2F4, 5% iso-C4H10 and
10% SF6 at nearly atmospheric pressure.
4. Beam test at ELBE

4.1. The ELBE electron beam

The ELBE facility at Helmholtz-Zentrum Dresden-Rossendorf,
Dresden, Germany, consists of a 250 keV thermionic electron gun
providing a pulsed electron beam. It is followed by a two-stage
superconducting linear accelerator (Linac) consisting of four
cavities, each allowing for an energy gain of 10 MeV. The accel-
erator produces a quasi-continuous electron beam with a tunable
micro-pulse repetition rate of 26 MHz/2Nmp (Nmp¼1, 2, y,8) and
q (root-mean-square roughness), Sy (peak-peak roughness), Sz (ten-point-height

used to evaluate the surface roughness.

a 10-gap 6�2-pad structure.
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a corresponding bunch duration of less than 5 ps. A description of
the experimental facilities at ELBE is given in Ref. [27].

While in early measurements with timing RPCs at ELBE a
scattering setup was used [36], recently, a single-electron mode
has been developed by attenuating the beam current down to
attoamperes, thus allowing detector testing directly in-beam. This
mode has been used to demonstrate the rate capability of
ceramic-based MRPCs [37]. The measurements presented in this
paper were obtained with an electron beam with a micro-pulse
repetition rate of 6.5 MHz and a kinetic energy of 30 MeV.
At these energies, electrons have an energy loss similar to that
of minimum ionizing particles [38]. A very short bunch duration
makes it possible to use the radio frequency (RF) signal of ELBE as
the time reference for TOF measurements, thus no start counter is
required.
Fig. 5. Schematic view of the RPC test setup. The beam trigger was defined by the

coincidence S1^S2^S3^S4^RF. Together with the MRPC, a small scintillation counter

S5 (finger) was mounted at a step-motor driver to measure the beam size. Counter

S9/S10 is a 4 cm-thick scintillator used for monitoring the single-electron distribu-

tion of the bunches.
4.2. Experimental setup

The experimental setup was already used in previous studies
[22,37] and a simplified scheme is shown in Fig. 5. All detectors
were aligned with the help of a stationary laser system. The MRPC
was embedded in a scintillator chain aimed at selecting straight
electron tracks. The MRPC and scintillator S5 were both placed
on a moving platform, which allows 50 cm movement both in
the vertical and horizontal directions via remote control. Thus,
a two-dimensional position scan was feasible during irradiation.
A trigger condition was required in the form of S1^S2^S3^S4^RF (3 of
the used scintillators have a double-end readout denoted by even
and odd numbers, correspondingly, see Fig. 5).

The time-of-flight is defined through the text as the time
difference between the MRPC and RF signals. The RF and RPC
discriminated signals are fed into a time-to-digital converter
(TDC, V1290N) with a least-significant bit (LSB) of 24.5 ps, which
yielded an overall resolution of 35 ps/channel (measured from the
time difference between a signal split into two different chan-
nels). Due to the short 5 ps-bunch we assume hereafter that the
resolution of the reference time is dominated by the TDC resolu-
tion alone, that will be subtracted in quadrature; thus, strictly
speaking, the RPC time resolutions given in this work represent
upper bounds provided we have no direct handle on the intrinsic
RF signal jitter. Since opto-couplers were used to transmit the
signal from the RF cavities up to a transducer that was placed
at nearly 2 m distance from the TDC, we do not expect sizeable
effects that might arise from loss of signal quality of the
(reference) RF signal during transmission.

Following calibration in conditions of d-impulse excitation, it
was estimated that the signal charge was pre-amplified by a factor
of 80 in the front-end electronics and by a further factor of 10 in an
auxiliary amplifier module. The amplified charge signal was then
fed into a 25 fC/channel charge-to-digital converter (QDC, CAEN
Fig. 4. Strip-readout MRPC, featuri
V965) and integrated over a 50 ns gate. The data acquisition was
operated on a GSI multi-branch system (MBS) [39].

4.3. Determination of the particle flux and beam profile

The beam-profile was determined during the experiment by
replacing the MRPC under study by a 5 mm-diameter finger-
scintillator S5 that scanned the electron beam vertically and
horizontally in self-trigger mode. A high Gaussian beam of width
sscint¼1.1 cm (hor)�1.5 cm (vert) was found under these condi-
tions (shown as a continuous line in Fig. 6(a) and (b)) and the
single-electron peak could be clearly seen on the scintillator
charge distributions. This implies that the experimental situation
corresponds to a single-electron per bunch operating mode, as
desired.

In view of the narrow beam and the expected large multiple
scattering of low-energy electrons, we performed an independent
determination of the beam-profile by using the RPC time-
difference from the two ends of the strip counter. For that, the
signal propagation velocity was previously obtained by fitting the
centroid distribution at different RPC positions, yielding a signal
propagation velocity of v¼185 mm/ps. The results are shown in
Fig. 6(a), showing a broader distribution with sx,RPC¼1.8 cm (hor)
under RPC self-triggered conditions, while a narrower width of
1.4 cm (hor) was determined under standard trigger conditions
S1^S2^S3^S4^RF, possibly due to the confining effect of the scintillator
chain. These two observations give support to the fact that the
observed sx,RPC¼1.8 cm width has little contribution coming from
the RPC time resolution (that was previously measured for similar
countersþFEE to be less than sx,RPC¼0.8 cm). By assuming that the
broader distribution observed over the RPC comes from multiple
scattering, and that the broadening effect is common to the vertical
and horizontal directions, a rough estimate of the beam-width at
ng a 10-gap 3-strip structure.



Fig. 6. Beam profiles obtained with the finger scintillator S5 and with the strip MRPC. (a) Along the strip direction (x), that is parallel to the floor: determined by S5

(continuous line), by the MRPC under the external scintillator trigger (dotted/crosses) and by the MRPC itself in self-trigger (dashed/circles). (b) S5 profile perpendicular (y)

to the floor (continuous) and extrapolated profile at the RPC (dashed), by assuming multiple scattering. (c) 2-D beam profile determined by S5 under an electron rate of

5.4 kHz. (d) 2-D beam profile determined by the MRPC at the same counting rate and location.

2 Exposure of films is periodically done S1/S2 upstream for experiments at

ELBE. The fact that the beam ‘fits’ inside S1/S2 was checked in present measure-

ments by comparing the self-trigger rates determined from the strip RPC and

S1/S2, showing an agreement better than 10% at low rates.
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the RPC position can be made as sRPC¼1.8 cm (hor)�2.0 cm (vert)
(over-estimated by less than 10% in each dimension if the finite
RPC resolution is taken into consideration). The implications of the
different beam sizes characterized through sscint and sRPC are
subject of scrutiny in Section 6.

As shown, the beam-profile utilized in this experiment is fairly
narrow, and there is indeed some historic controversy on whether
the results obtained under this non-uniform situation can be
safely extrapolated to the uniform situation [40,41], that is
usually of higher practical interest. A natural interpretation for
this discrepancy is based on charge diffusion over the resistive
plates, but it is not evident that it can have an impact at the cm-
scale [19,21,42], that is of interest here. In the following we will
assume that charge diffusion is not relevant in the present
situation and will follow the analysis procedure sketched in Ref.
[33]. Hence, in order to deal with the non-uniformity of the beam,
we resort to the average flux f, defined as the expectation value
of the local flux fðx,yÞ weighted with its corresponding prob-
ability distribution function, pðx,yÞpfðx,yÞ:

f ¼
ZZ

AOI
fðx,yÞpðx,yÞ dx dy

¼

Z x2

x2

Z y2

y1

r

2psxsy
e�ððx

2=2s2
x Þþ ðy

2=2s2
y ÞÞ

a
2psxsy

e�ððx
2=2s2

x Þþ ðy
2=2s2

y ÞÞ dx dy

ð1Þ

where

AOI :
x1oxox2

y1oyoy2

(

The normalization factor a is of the order of 1 for the typical
integration bounds considered here, to which we refer hereafter
as the ‘area of interest (AOI)’. The AOI is chosen depending on the
region considered for obtaining a certain observable (efficiency,
resolution, etc). For the efficiency estimate, the AOI is chosen as
the whole effective area of the counter; while for the resolution
estimate, the AOI is chosen as the area of one readout cell. The
beam rate r is obtained from the first scintillator upstream S1/S2

that is known to be large enough to practically contain the entire
beam spot at its location.2 Within the range that is of interest in
this work, the S1/S2 rates showed a linear response with the
luminosity, better than 10%.

Importantly, as demonstrated in Ref. [33], if the charge diffu-
sion over the electrodes can be neglected, the average flux defined
through Eq. (1) represents a most convenient choice: namely,
it allows to directly relate the detector performance under non-
uniform irradiation (subscript n–u) to the one foreseeable in
a situation where the flux (f) would be uniform (subscript u)
over the entire counter, through the equivalence

eðn�uÞðfÞ � eðuÞðfÞ � eðuÞðfÞ; stðn�uÞðfÞ � stðuÞðfÞ � stðuÞðfÞ

This fact makes the interpretation of the present results
straightforward and independent from the actual beam shape.
A short compilation of these results can be found in (Appendix A).
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At this point, the beam profile used for the analysis is the one
determined with the finger scintillator S5, following the choice made
in previous studies with ceramic-based RPCs [37], and allowing for
easier cross-comparisons. It has to be noted that for infinite integra-
tion bounds (large AOI) and perfectly Gaussian profiles, Eq. (1) yields

f ¼
r

4psxsy
: ð2Þ

In practical terms, the choice of an ‘effectively irradiated area’
An
¼4psxsy allows relating the particle rate with the average flux,

under Eqs. (1) and (2). Different choices of the effective area naturally
translate into different estimates of the flux. Thus, in the present
experimental situation a systematic uncertainty exists, of the order of

fscint

fRPC

¼
An

RPC

An

scint

ffi
sx,RPC � sy,RPC

sx,scint � sy,scint
¼ 2:3

(�1.9 if accounting for the finite RPC resolution), slightly dependent
on the chosen AOI. We will come back to this relevant issue in
Section 6.

4.4. Data analysis

The data analysis has been performed following the algorithms in
Ref. [24]. The efficiency is defined as the number of RPC events with
valid time signal in at least one cell (either strip or pad) and both its
two readout ends (in the strip-readout case) divided by the number
of triggered events. In the particular case of the pad counter, since its
area does not fully contain the beam in the vertical direction, an
auxiliary thin scintillator (S6) was used to reduce the trigger area in
Fig. 7. Typical T–Q correction and time distribution of the pad-readout counter (PMRPC

distribution after slewing correction.
order to obtain the scaling factor for the efficiency (�1/0.85).
Regarding the time resolution, due to the multi-cell environment,
there are several ways of obtaining the time resolution by differently
weighting the time registered by all fired cells (average, weighted
average, fastest, to mention some). We chose here a direct method
based on taking the time from the cell with the highest charge (or the
two-end average time in the case of the strip counter). In this way we
avoid any differential analysis as a function of strip-multiplicity,
which would require otherwise a separate communication. We select
the cell best centered with respect to the beam-profile and define the
AOI at its bounds. So, a ‘cell resolution’ is given. Obtaining the time
resolution over the whole counter by applying this procedure to each
cell is a tedious, albeit straightforward, technical matter, that is of
relevance in the final system, but that we have not included in this
analysis, for simplicity.

Finally, very soft cuts were performed on the scintillator
charges, in order to select electrons with similar energy deposits.
This has little or no effect on the RPC performance. Fig. 7 shows
the typical time-charge slewing correction and the time distribu-
tion of the pad MRPC. The average particle flux is 28(17) kHz/cm2

as obtained from the S5 scintillator (RPC).
5. Experimental results

5.1. HV scan

MRPCs were conditioned under high voltage for a few hours
in order to reach a stable, low dark-rate working regime. The
). Up: raw T–Q correlation and time distribution. Bottom: T–Q correlation and time



Fig. 9. Time resolution for each pad at 2 typical particle fluxes (5, 25 kHz/cm2).

The beam profile (represented by a shadowed oval) has been chosen for all these

measurements to be centered with respect to the pad under study (by remotely

moving the platform on which the RPC was sitting). The AOI used to estimate the

quoted average flux, f , is illustrated with dashed lines. Except for the pad scan

(whose numerical results are shown in figure), the actual relative alignment

beam-chamber for all measurements of the pad response presented in this work is

the one sketched in the figure (and similarly for the strip counter). The AOI for the

flux determination in the efficiency study is taken to be the full active size of the

detector itself.
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electronics threshold was set at 30 mV (for d-impulse excitation
it translates to qth¼30 fC). The dark rate of the strip module
(SMRPC) was about 3.5 Hz/cm2 at 109 kV/cm, while that of the
pad module (PMRPC) was around 10 Hz/cm2 at 110 kV/cm. Both
counters showed dark currents below 0.13 nA/cm2. It has to be
noted that, despite the approximate 10-fold increase of the dark
rate as compared to that of float glass (�1 Hz/cm2) it remains a
factor �1000 below the typical working flux of future high-rate
applications. For this glass, as for float glass, the origin of the dark
rate (in marked excess with respect to that expected from natural
background radiation) is poorly understood at the moment.

In order to find the optimum working voltage of the counters, the
efficiency and time resolution were scanned as a function of the
applied voltage for a ‘low’ flux of f � 2�5 kHz=cm2. The results are
summarized in Fig. 8. The counters exhibit a comfortable operating
‘plateau’, simultaneously providing efficiency above 95% and time
resolution below 65 ps over as much as 600 V variation in HV. Such
a plateau allows for a convenient (and sufficient, for the intended
application) 10% tolerance against gas density fluctuations due to
uncontrolled environmental conditions (arising mainly through
pressure variations that modify the reduced field E/P). The intrinsic
RPC resolution can be obtained after subtracting the contributions of
the FEE and TDC as obtained from pulser measurements. A crude
estimate of the resolution down to sRPC�50 ps is obtained from this
approximate procedure.

Although a precise position scan is hardly accessible to a low-
energy electron beam, we performed a generic study of the depen-
dence of the RPC performance with position within our (limited)
trigger conditions, obtaining a statistical spread of 71.573.5 ps at
25 kHz/cm2 when combining the performance of all 12 pads as
measured in separate runs (Fig. 9). Pad-efficiency is more sensitive to
beam-detector misalignment and geometrical inefficiency, however
the counter efficiency was observed to be well within a 2% variation
when the trigger was centered with respect to any of the four central
pads. We note that the effective area An over which the rate is spread
(Eq. (2)), extends well beyond the pad boundaries (pad area¼
2.2 cm�2.2 cm¼4.84 cm2, An

¼4p(1.1 cm�1.5 cm)¼20 cm2) and
therefore the present conditions represent, for low rates, a reasonable
first-order approximation to the counter performance under the final
uniform use-case, as far as the effect of signal loss arising at the cell
boundaries is concerned. Counter non-uniformities, beyond this
intrinsic limitation of multi-cell readouts that stems from the shape
of the induction profile, can be shown to be small through the
aforementioned pad scan and results admit a direct extrapolation to
the strip counter, due to the similar architecture.
Fig. 8. Efficiency and time resolution as a function of high voltage (HV). Left: HV scan

Right: HV scan for the strip-readout module (SMRPC) at an average electron flux of 5.
Last, the pad counter showed an anomalously high cluster size
(average number of cells fired per primary electron) of 1.4 at
typical working fields (for a relative position beam-chamber as
shown in Fig. 9). This was traced (through a dedicated oscillogram
study) to 5 ns-period oscillations in the signal base-line, therefore
having in all likelihood an electronic origin (signal transit time in
the pad is around 100 ps). Despite the cluster size resulting from
this oscillating cross-talk is still inferior or comparable to other
proposals for the CBM experiment, we intend to minimize it by
improving the quality of the connection from the counter to the
electronics in near future. Electronics (ASIC-based) and connec-
tions will be different in the final system (see Ref. [17] and
references therein).

5.2. Rate scan

In order to study the rate capability of the MRPC modules,
the counters were tested as a function of the electron flux. The
average flux is defined by Eq. (1), with the beam profile estimated
from the finger scintillator S5. For efficiency estimates we take as
the AOI the whole active region of the counters, while for the time
and charge distributions we restrict the AOI to the cell best
centered with respect to the beam profile.

The evolution of the prompt charge distribution for the most
central cells can be seen in Fig. 10 for both MRPCs. The pad and
for the pad-readout module (PMRPC) at an average electron flux of 1.9 kHz/cm2.

4 kHz/cm2.



Fig. 11. Measured efficiencies for different runs as a function of the average

particle flux determined with reference scintillators. Open symbols are obtained

through an indirect analysis that is described in the text.

J. Wang et al. / Nuclear Instruments and Methods in Physics Research A 713 (2013) 40–51 47
strip MRPCs were operating under electrical fields of 109 kV/cm
and 103 kV/cm (6.0 kV and 6.45 kV in Fig. 8), respectively. For the
strip MRPC, the charge is obtained from the sum of its two ends.
It can be seen that, with the increase of the electron flux, the
average charge for both counters decreases and the spectrum
shifts down to low charges as expected. Limited by the beam time
schedule, we could not take data files at high particle flux for the
strip counter operated at an optimal field of 108 kV/cm (6.75 kV
in Fig. 8-right) and performed the study at just 6.45 kV. This
departure from the center of the efficiency plateau toward its left
end (sitting at 6.2 kV for a 5% efficiency drop; Fig. 8-right) made
the strip counter in this work unrealistically sensitive to the
dynamic voltage drop arising at high flux (that shows an approx-
imate linear behavior with j: see for instance Eq. (4) or Ref. [17]
for a detailed account).

The high-flux behavior of the efficiency and time resolution for
the two modules are shown in Figs. 11 and 12. As said, due to the
limited beam time, not all combinations in parameter space could
be investigated and the data files for the open symbols in Fig. 11
(at increased field) were absent. Accordingly, it is impossible
to obtain the time resolution or efficiency for these runs. Never-
theless, the detector current and rates were recorded so we can
provide an estimate of the efficiency through it, based on a simple
DC model. A natural consequence of this physical image is that
both the efficiency and charge distributions depend on the
effective field in the gap after correcting for the dynamic DC
voltage drop at the resistive plates. Hence, the efficiency depends
strongly on the average charge (i.e., the gain), and the latter can
be estimated from the current. Taking the data during the HV
scans as a reference, we extrapolate the efficiency for the given
total charge in a crude way. Although this procedure cannot
replace a direct measurement, it is good enough to obtain a
reasonable expectation. The DC model and the definition of the
total charge will be described in the following section. It can be
seen in Figs. 11 and 12 that the maximum tolerable particle flux
approaches the 100 kHz/cm2 land-mark for these counters based
on low-resistive glass, reminiscent of the behavior observed for
ceramic counters under similar conditions [37].

From the indirect analysis (open symbols), it can be seen that
the strip counter under an electric field around 108 kV/cm (circles)
is expected to show a higher efficiency at high particle flux, which
suggests that the counter performances could still be improved by
optimizing the working voltage.
Fig. 10. Charge distribution at different flux over one readout cell. The field
6. Discussion

As described in Section 4.3, the beam-profile was determined
independently through a finger-scintillator (S5) and the MRPC itself.
An obvious discrepancy between the two estimates can be observed
(Fig. 6). By using the simple multiple scattering formula from
Ref. [43], we obtain a width of sx¼sy¼1 cm, for a point-like
30 MeV electron beam at S1/S2, considering its thickness (0.5 cm,
PVT) and lever arm (23 cm distance between S1/S2 and the RPC).
This is fairly consistent with the values measured by the finger
sicintillator S5 placed at the RPC position (sx¼1.1 cm, sy¼1.5 cm).
To interpret the influence of RPC (sx¼1.8 cm, sy¼2.0 cm) with
simple formulas is more difficult, since the RPC itself is active.
Taking the formulas at face value, the observed spread would
require having an additional 1.5 cm Al-equivalent material budget
with an increased lever arm by around 6 cm. These numbers exceed
by some 50% a naive expectation from the known materials and
dimensions of the chamber but can be considered reasonable,
is 103 kV/cm for the strip counter and 109 kV/cm for the pad counter.
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in view of the limited scope of the analytical formulas. Since the
position resolution from the RPC alone is at 0.8 cm level, it is
plausible that this additional spread is mainly caused by multiple
scattering in the RPC.

As previously noted, there is indeed some controversy on
whether the results obtained under non-uniform conditions can
be extrapolated to an uniform situation, a natural interpretation
for this discrepancy being the diffusion of the avalanche charge
over the resistive plates. The phenomenon is expected to occur,
although at a scale significantly smaller than the cm-scale that
is of interest here. However, even if charge diffusion could be
neglected, there is still some degree of sophistication needed in
order to properly interpret the results in light of the uniform
situation, and an operative approach to the problem has been
recently described in [33]. In order to properly address the case
we split the discussion in two parts.

6.1. Rate capability and locality

If charge diffusion is of importance, it can be expected that the
local detector behavior will be little dependent on the local value
Fig. 12. Measured time resolutions for the cell with highest statistics (centered

with respect to the beam) as a function of the average particle flux determined

with reference scintillators.

Fig. 13. Left: fast charge as a function of the RPC position for different rates. Right: same

text. (We have re-studied our earlier data and confirmed that a number of errors resul

working conditions, as given in [24]. A figure qtot �2–2.5 pC at the typical operating p
of the particle flux. As an example, if it is (unrealistically)
assumed that charge diffusion over the surface of the resistive
plate is an instantaneous process, the total charge released would
uniformly distribute over the complete detector, of area A. The
effective particle flux would be f¼r/A, usually much smaller than
the plausible estimate f¼r/An (from Eq. (2)) for any practical non-
uniform situation. As a result, the observable response of the
counter (efficiency, time resolution) would be uniform every-
where, and would correspond to the response to a particle flux
artificially reduced by An/A; rate capability would be over-
estimated precisely by this factor. Conversely, if the RPC response
would show a strong local behavior, charge diffusion might be
excluded, at least qualitatively.

In order to study the locality of the RPC response it is most
convenient to study the detector gain as a function of its position,
and to see whether it is related to the value of the incoming local
flux or not. This is strictly not possible for an RPC in the present
situation because: (i) RPC electronics usually senses the fast/
prompt charge, not the gain and (ii) there is no external position-
sensitive detector in the present setup. An alternative approach is
sketched as follows.

First, the avalanche fast charge, qfast, is obtained from the QDC
(after calibration) as a function of the position along the RPC strip
counter, determined with the RPC itself, at a reference electrical
field of 103 kV/cm (Fig. 13-left). It is indeed possible to approxi-
mately translate the fast charge to total charge by assuming that
they are functionally related in a way that is independent from
the particular voltage and particle flux. So a calibration curve
qfast–qtot can be obtained from the low-flux HV-scans of Fig. 8, for
which the current was monitored, by using

qtot ¼
1

2

I

r
ð3Þ

This relation holds for mirrored RPCs (with up–down symme-
try, like the ones studied here) with r being the particle rate.
Fig. 13-right shows the total charge (qtot) of the counter, in
response to an electron that hits the RPC in a certain position,
obtained by this procedure. In this step (qfast–qtot calibration) we
are arguing along the lines of the DC model, but this assumption
is not instrumental for the evaluation of the locality of the RPC
response that follows. The reason for the choice of qtot is that,
being related to the gas gain through the average number of
primary electrons released per gap m¼qtot/n0 �5�106 it readily
allows for interpretation of the final result based on the conven-
tional DC model, as will be shown.
figure, for the total charge after applying the extrapolation procedure described in

ted in a previous under-estimation of the average charge down to 1 pC for typical

oint is more adequate for our architectures.)
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We have two independent estimates of the profile of the imping-
ing beam (from RPC and S5), that scale roughly proportionally with
the beam luminosity at every position as shown in Fig. 14-up. A third
case, the profile obtained under trigger conditions, is also shown for
illustration. The total charge as a function of the local value of the flux
for each of the three different ansatz is shown in Fig. 14-down. In the
case of the RPC-profile ansatz, an universal behavior is observed
(Fig. 14b(1)), while the scintillator-profile (Fig. 14b(3)) clearly shows
strong deviations. Under trigger conditions (Fig. 14b(2)), for which the
charge has indeed been obtained, the agreement is not good. More-
over, the best agreement in Fig.14b(1) requires taking into considera-
tion small instabilities of the beam that affect its width at the 10%
scale, differing from run to run.

A last hint of the correctness of the scaling observed in
Fig. 14b(1) might be obtained by resorting to the DC model under
the lineal qtot vs. E approximation (Ref. [19], for instance). For the case
of multi-gap, the average field in the gap can be then expressed as

Egap ¼ Ethþ
ðE�EthÞ

ð1þafrdn=gÞ
ð4Þ

with

dn
¼ dðNþ1Þ=N ð5Þ

being Egap the average field in the gap, f the particle flux, r the bulk
resistivity of the glass plate, g the thickness of the gap and N the
number of the glass plates between positive and negative HV
electrodes. Eth and a are the parameters characterizing the qtot(E)
relation at zero flux as qtot,0 ¼ aðE�EthÞ. dn is defined as the average
Fig. 14. Compilation of the counter behavior for the strip MRPC, under different assump

(a1) the RPC itself. (a2) the RPC under an external scintillator trigger given by S1^S2

correspondingly, total charge as a function of the local flux as obtained by resorting to

resistivity as the only free parameter is overlaid in (b1).
glass thickness per gap in the case of a multi-gap structure. The total
charge at finite flux can be obtained as

qtot ¼
aðE�EthÞ

1þafrdn=g
ð6Þ

In Eq. (6), the only free parameter is the bulk resistivity r and
all the others can be obtained from the experimental data. So it is
possible to apply the DC model to the data points in Fig. 14b(1)
in order to extract a value for the resistivity. The model is shown
as the continuous line, with a best fit value of r¼ 2:6� 1010 O cm,
compatible with the value directly measured in Fig. 1 when
extrapolated to 19 1C.

The above observations leave little room for charge diffusion or
other non-local effect to be important at the cm-scale for the type
of glass used in these counters. We have to admit, however, that
there is a limitation insofar as we do not have a good independent
estimate of the beam shape, other than that by the RPC itself.
It seems to us that the most plausible interpretation of the present
situation is that there is indeed multiple-scattering in the RPC,
and that, once taking into account the additional broadening, the
counter properties depend merely on the local situation.

6.2. Comparison with earlier results for the case of uniform

irradiation

It has been shown in Ref. [33] that, under the assumption
of locality, a direct extrapolation to the rate capability expected
in the uniform case can be performed by simply resorting for
tions on the beam profile. Up: local flux as a function of position determined from

^S3^S4^RF, (a3) a finger scintillator S5 at the RPC position (RPC removed). Down:

the profiles obtained in (a1), (a2) and (a3). A fit to the DC model leaving the glass



Fig. 15. Compilation of the main results in this work after normalization to 100%

efficiency (less than 5% correction). The down triangles show the GSI-SIS data (uniform

beam) while the remaining data sets are extracted from the present analysis.
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representation to the average flux, f, defined over the same AOI
over which the observation is studied. Therefore, if the above
interpretation based on the additional broadening due to
multiple-scattering of the impinging electrons on the RPC struc-
ture is correct, the rate capability reported in Section 4.3 is over-
estimated by a factor around fscint=fRPCffi1:9.3

In Fig. 15 we compare the counter performance as a function
of the particle flux (down-scaled by using the beam profile
estimated with the RPC itself, circles in Fig. 6(a)) with our earlier
results obtained under a uniform beam [24]. Efficiency from that
work has been renormalized to 100% (less than 5% correction) in
order to allow for easier comparison.

In all, the present rate capability for the pad counter is higher
by a factor �2 than the one obtained in Ref. [24] for a uniform
beam, extending up to 35 kHz/cm2 (defined as the particle flux for
which an efficiency of 90% and a time resolution below 80 ps can
be simultaneously achieved). This result can be considered to be
in a good agreement, in view of the intrinsic systematic bias of
this type of measurement (due to the absence of temperature
control, different working HV and gas mixture). We suspect
indeed that the better performance can be partly attributed to a
better selection of glass, but we have no direct evidence whatso-
ever. The quality assurance procedure was much softer 2 years
ago than it is at the moment.

Results for a different architecture based on this type of glass, also
obtained with pencil beams, indicate that good working conditions
up to 100 kHz/cm2 might be indeed achievable [44]. However, since
no account is given in that work on the flux determination, we
suggest however to take those results with caution.
7. Conclusion

The requirements of the inner-most region of the CBM–TOF
wall, namely, 80 ps time of flight resolution at 90% efficiency
for a particle flux as high as 20 kHz/cm2, have been fulfilled by
resorting to real-size pad MRPC modules based on the newly
developed Chinese doped glass. Moreover, the pad counter pro-
totype can run with a tolerable performance degradation up to
35–60 kHz/cm2. A low-granularity 3-strip RPC shows a rate
capability up to 15–25 kHz/cm2, sufficient for the coverage of
the region for which it has been envisaged. The uncertainty in the
quoted flux-ranges is related to the uncertainty in the beam
profile due to the observed additional broadening of the electron
beam because of multiple scattering in the RPC itself.

As a summary, the developed real-size prototypes (with pad
and strip readout) are able to operate within the technical
specifications of future time of flight wall of the Compressed
Baryonic Matter experiment at FAIR, for a flux at least twice as
high as the one expected in the most extreme physical scenario.
A reasonable safety margin for operation is thus provided. At the
moment we are working on scaling the strip module to a larger
size, which should largely simplify the coverage of the final
system. An optimization of its working voltage will be pursued,
that we expect will allow for a yet improved behavior as a
function of the particle flux. Results will be published elsewhere.
3 In detail, this is true for infinite AOI, that fits well to the efficiency

determination. For the time resolution the AOI is restricted to a cell and the

correction is slightly smaller by some 10%, differing between the pad and strip

counter.
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Appendix A. Uniform vs. non-uniform irradiation in a purely
local scenario

We compile here without proof the main results derived in
Ref. [33] with notation slightly modified in order to make them
more comprehensive. It is assumed in the following equation that
a given detector property (f) depends on position, characterized
by sub-indexes i, j, with the usual definition:

f ij �
1

2
f ðxi�Dx=2,yj�Dx=2Þþ f ðxiþDx=2,yjþDx=2Þ
h i

A distribution of normalized weights can be introduced, based
on the local value of the flux fij as

pij ¼
fijDxDy

r
,
XAOI

i,j

pij ¼ 1

where AOI stands for the area of interest (over which a certain
detector property is evaluated) and r is the total particle rate. It is
shown in Ref. [33] that the efficiency and time response variance
over the AOI are well approximated by the following formulas:

e9AOI ¼
XAOI

i,j

pijeij ¼ e9AOI

vart9AOI ¼

PAOI
i,j pijeijvart, ijPAOI

i,j pijeij

¼
vart � e9AOI

e9AOI
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The flux averaged over the AOI can be at this point tentatively
defined as

f9AOI ¼
XAOI

i,j

pijfij

(its continuous form, given by Eq. (1), has been used through the
text). If the assumption is made that a certain detector property is
nearly-linearly changing with flux (as regularly observed in
practice)

eij ¼ e0ð1�kefijÞ ðA:1Þ

Multiplying by weight pij and summing over the AOI leads to

XAOI

i,j

eijpij ¼
XAOI

i,j

e0ðpij�kefijpijÞ

and finally to

e9AOI ¼ e0ð1�kef9AOIÞ ðA:2Þ

that remarkably retains the functional behavior of Eq. (A.1).
Similarly for the detector variance, but with approximate char-
acter, it can be obtained

vart9AOIffivart, 0ð1þ2ktf9AOIÞ ðA:3Þ

st9AOIffist, 0ð1þktf9AOIÞ ðA:4Þ

The Taylor expansion of Eq. (A.3) given in Eq. (A.4) is extre-
mely accurate due to the slow character of the square root
function: an increase up to 100% with respect to the value vart,0

at zero flux in Eq. (A.3) yields less than a 10% error in Eq. (A.4).
Actually, despite measured trends may not be perfectly linear
functions (A.2)–(A.4), it was shown in Ref. [33] that the following
relations represent excellent approximations to the behavior of
measured data

e9AOI � e9AOIðf9AOIÞ ðA:5Þ

st9AOI � st9AOIðf9AOIÞ ðA:6Þ

that is, the behavior of efficiency and time resolution as a function
of the average particle flux is independent from the actual beam
shape: therefore, it does not depend on the distribution of weight
pij and in it will be the same for the case of uniform irradiation
(where f9AOI ¼fij for all i, j) as for any general non-uniform
situation. An operational analysis rule can be extracted as follows:
in order to estimate a detector property under non-uniform high

irradiation conditions it is convenient to study the detector property
as a function of the average flux, both (property and flux) evaluated

over the same AOI. Upon application of this rule, the result coincides

with the one expected under uniform irradiation, allowing for easier

interpretation. Any AOI can be chosen, although for efficiency
estimates it is convenient that it is larger than the trigger region.
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