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Abstract

Ammosov V., Gapienko V., Ivanilov A., SemakA., Sviridov Yu.∗), Zaets V., Usenko E. Study of RPCs
with 1×1 cm2 Read-Out Pads Operated in the Saturated Avalanche Mode: IHEP Preprint 2007-22. –
Protvino, 2007. – p. 15, figs. 11, tables 1, refs.: 6.

Monogap glass Resistive Plate Chamber (RPC) prototypes equipped with 1×1 cm2 read-out pads
and operated in saturated avalanche mode were studied as a possible detector for a digital calorimetry.
Operating characteristics of the prototypes such as induced charges, efficiencies and fired pad multiplicities
as a functions of applied voltage were measured for different gas mixtures, gas gap widths, anode thickness,
electronics thresholds and beam incidence angles.
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Èçó÷åíèå ðåçèñòèâíûõ ïëîñêèõ êàìåð ñ ñèãíàëüíûìè ýëåìåíòàìè ðàçìåðîì 1×1 ñì2 â ðåæèìå íà-
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Èññëåäîâàíû ïðîòîòèïû îäíîçàçîðíûõ ðåçèñòèâíûõ ïëîñêèõ êàìåð (ÐÏÊ) êàê âîçìîæíûõ äå-
òåêòîðîâ äëÿ öèôðîâîé êàëîðèìåòðèè. Ïðîòîòèïû èìåëè ñòåêëÿííûå ðåçèñòèâíûå ýëåêòðîäû,
áûëè îáîðóäîâàíû ñèãíàëüíûìè ýëåìåíòàìè 1×1 ñì2 è ðàáîòàëè â ðåæèìå íàñûùåííîé ëàâèíû.
Èçìåðåíû ðàáî÷èå õàðàêòåðèñòèêè ÐÏÊ, òàêèå êàê èíäóöèðîâàííûå çàðÿäû, ýôôåêòèâíîñòè è
ìíîæåñòâåííîñòè ñðàáîòàâøèõ ïàäîâ â çàâèñèìîñòè îò ïðèëîæåííîãî íàïðÿæåíèÿ äëÿ íåñêîëüêèõ
ãàçîâûõ ñìåñåé, ðàçíûõ øèðèí ãàçîâîãî çàçîðà, òîëùèí ðåçèñòèâíîãî àíîäà, ïîðîãîâ ýëåêòðîíèêè
è óãëîâ ïàäåíèÿ ïó÷êà.
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1 Introduction

Employment of the Resistive Plate Chambers (RPC) with highly segmented read-out elec-
trodes as the active detector for the digital hadron calorimeter (DHCAL) at future linear e+e−-
collider such as ILC was proposed several years ago (see, for example, [1]). The requirements to
DHCAL and RPCs based on the considerations of physical tasks were formulated in [2, 3].

The main requirements to an RPC are as follows:
� it should be thin to �t into about 6 mm free space between DHCAL absorbers;
� should have small read-out pads of 1×1 cm2 dimensions;
� should have high (' 98%) e�ciency for charged particles;
� should have low (≤ 1.5) multiplicity, that is, number of pads �red per one throughgoing

particle [3].
Studies of these and other items were performed with small prototypes. The prototypes

operated in the saturated avalanche mode. In this paper we present the results of this work.
The characteristics, essential to evaluate the possible use of such RPC in the DHCAL, such
as e�ciency and �red pad multiplicity were measured for several gas mixtures and electronics
thresholds. The steps to optimize the prototype design in order to reduce the multiplicity were
done.

This work was done in the framework of the ECFA/DESY study for a future electron-
positron linear collider [4] which calorimetric aspects are treated in a world collaboration called
CALICE [5].

2 Prototype design and experimental set-up

Essentially, an RPC is a gaseous detector representing a stack of two resistive electrodes
placed parallel to each other at some distance (gas gap) provided by spacers. High voltage is
applied to the outer surfaces of the resistive electrodes by means of conductive substance thus
creating strong electric �eld inside gas gap. Charged particle produces ionization in gas gap.
Due to high electric �eld electron avalanche is developed. High resistivity of electrodes ensures

1



localisation of an avalanche and prevents detector from breakdown. Read-out electrodes placed
on both sides of the stack detect current pulses induced by avalanche developement.

In our prototypes, the resistive electrodes were made of commercially available glass. Glass
was chosen due to its higher surface quality as compared to bakelite and hence lower intrinsic
noise level. The resistivity of glass was about 7×1012 Ω·cm. As thin as possible (and accessible
at the moment) glass sheets were used. The cathode glass plate was 1 mm thick and the anode
one 0.67 mm thick. The gaps between glass plates were provided by the PVC buttons of 6
mm diameter glued to the glass electrodes on about (4×4) cm lattice. Small size of the lattice
was required due to rather thin glass plates and strong electrostatic forces between electrodes.
In order to optimize the RPC performance while keeping the overall detector thickness small,
several gaps of di�erent width d were tested, namely, 0.8, 1.2, 1.6 and 2.0 mm.

Self-adhesive graphite �lms of 0.12 mm thickness were glued to the outer surfaces of the
cathodes of all prototypes to provide the applied voltage distribution. The surface resistivity of
these �lms was measured to be about 10 MΩ/square. Normally the source of negative voltage
was used so the cathode had high potential up to 12 kV for the 2 mm wide gas gap. The 0.2 mm
thick mylar �lms were glued to the cathodes in all prototypes for insulation. Cathode readout
pad of about (7×7) cm2 was attached to this �lm to provide the charge measurements.

From the anode side normally also the same graphite �lm was glued to the anode glass
electrode and the mylar insulator was 0.05 mm thick.

The 16 anode pads of (1×1) cm2 dimensions were made on the 1.5 mm thick G10 printed
circuit boards forming (4×4) matrix with 0.5 mm distance between pad edges.

The gas gaps with attached read-out electrodes were inserted in the gas tight aluminum
boxes. A few soft rubber pieces between the upper read-out electrode and outer cover of the
boxes provide nesessary compressing of read-out electrodes to the gas gap stack. The overall
thickness of prototypes does not exceed the required 6 mm limit.

Two gas mixtures of C2H2F4/iC4H10/SF6, namely 93/5/2 and 90/5/5 in the �ow rate com-
position, were tested.

The prototypes were installed in the 5 GeV/c positive hadrons beam. The beam width was
about 4 cm FWHM. Five scintillation counters de�ned (2×2) cm2 trigger area covering four
central pads.

The output signal of the cathode pad was inverted, ampli�ed by 10 and sent to the QDC unit
with 0.25 pC least count for the charge measurements. Signals from sixteen anode pads were
fed through the walls of the box by twisted pairs about 10 cm long to the external LEMO-type
connectors and then connected by 40 cm long coaxial cables to the 16 channel ATL16 ampli�er-
discriminator [6], output ECL signals of which were sent to the TDC and used for the e�ciency
and multiplicity measurements. Charge was measured in 150 ns wide gate and the time window
for TDC was 350 ns wide.

Four threshold values, 0.6; 2.2; 5.0 and 10 mV at the ATL16 inputs, were tested in order
to �nd optimal operating point and to de�ne the requirements for the front�end electronics
development.

3 Experimental results
In Figures 1 to 3 the behaviour of e�ciency, multiplicity and mean charge in dependence on

the applied voltage is shown for the prototypes with 1.2; 1.6 and 2 mm wide gaps, respectively.
Data for the both mixtures are presented.
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All these prototypes showed high e�ciency (more than 98%) for all thresholds and both gas
mixtures. The exception is 1.2 mm prototype at 5 mV threshold; it reaches only 96% e�ciency.

Mean charges Q increase exponentially up to about 6 pC in operating regions for all protypes
shown. The shapes of the charge distributions are typical for the saturated avalanche mode.
Relative width of the distributions that is the ratio of the RMS deviation of the charge distribu-
tion to its mean value is higher for the more narrow gaps. Typical values of the relative width
were about 0.7 for the 1.6 mm wide gap and 1.2 for the 0.8 mm wide one in the operating point
(mean charge about 4 pC).

The mean multiplicity M also increases with the applied voltage. Increasing threshold from
0.6 to 2.2 mV reduces multiplicity signi�cantly without loss of e�ciency. For higher thresholds
the e�ect of multiplicity reduction becomes weaker and the e�ciency is decreased.

Fig. 4 presents as an example the data on correlation between the e�ciency ε and mean
multiplicity M for the prototype with 1.2 mm gap at several thresholds and for both gas mixtures.
It is seen from Fig. 4-a that, for instance, at the e�ciency of 96% the multiplicity is 1.3; 1.35
and 1.5 for thresholds 5.0; 2.2 and 0.6 mV, respectively. On the other hand there is no di�erence
in this correlation between two mixtures.

In Fig. 5 such a correlation is shown for the prototypes with gap width 1.2; 1.6 and 2.0 mm
at 2.2 mV threshold. For all prototypes, e�ciency of 98% is achieved at M = (1.3 � 1.35). No
systematical di�erence in (ε vs M) � correlation curves for prototypes with di�erent gap width
is seen within our accuracy. Thus, in these most important characteristics, all gas gaps in the
range 1.2�2.0 mm are identical.

In Fig. 6 we show the dependence of e�ciency on the mean charge for prototypes with gap
width 2.0; 1.6; 1.2 and 0.8 mm at two thresholds and for both gas mixtures. Again there is not
seen signi�cant di�erence between prototypes with 1.2; 1.6 and 2.0 mm wide gaps. For all of
them threshold mean charge (that is charge at which the e�ciency is 50%) is about (100±20) fC
at 0.6 mV voltage threshold and about 300�400 fC � for the 2.2 mV one. The e�ciency plateau
is achieved at '(1�2) pC and '(3�4) pC, respectively. For the more wide gaps the plateau starts
at slightly lower mean charges.

It is seen also that the prototype with 0.8 mm gap reaches only 90�92% e�ciency for the 0.6
mV threshold and 87% at the 2.2 mV one. It seems that these thresholds are not low enough for
this gas gap due to considerably wider charge distribution in comparison with other gaps as it
was said above.

Obviously the prototypes with di�erent gap width have di�erent HV operating regions as it
is shown in Fig. 7a. These �gure show the voltage value Vknee for 98% e�ciency for prototypes
with gap widths 1.2, 1.6 and 2.0 mm for 2.2 mV threshold and both gas mixtures. It is seen that
the operating HV increases on 0.8 kV for every 0.4 mm step in gas gap width for the mixture
with 2% of SF6 and on about 1.3 kV for the 5% of SF6 mixture.

As it is seen from Figures 1(a,b) to 3(a,b), the e�ciency curves in dependence on applied
voltage start to drop at some critical HV values in all cases. This is probably due to high resistiv-
ity of the glass, increased noise rate and increased fraction of the large avalanches or streamers.
Therefore the width of the operating region can be determined as a HV interval ∆V in which the
e�ciency is higher than the required value of 98%. This width depends on the threshold and on
the gap width. It does not depend on the SF6 fraction in gas mixture within about (100�200) V
uncertainty.
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The dependence of ∆V on the threshold for three prototypes with 1.2; 1.6 and 2.0 gap width
is shown in Fig. 7b; the data for two mixtures are avereged. It is seen from Fig. 7b that the
width of the operating region is almost the same for all three prototypes at the lowest threshold
0.6 mV. For higher thresholds ∆V is equal for the 1.6 and 2.0 mm prototypes and signi�cantly
shorter for the 1.2 mm one. There is practically no plateau for this prototype at 5 mV threshold.

At 10 mV threshold only scarce measurements were done due to low e�ciency for all proto-
types as it is clear from Fig. 7b.

The drop in e�ciency is accompanied by the slowing-down of the mean charge growth in
dependence on HV, see Fig's 2f and 3e. For even higher HV, the mean charges start to decrease.

Signi�cant di�erence was observed for the prototypes with di�erent gap width in the intrinsic
noise level. In Fig. 8 the noise rates for counters with 1.2; 1.6 and 2.0 mm wide gaps at two
threshold values are shown as a function of electrical �eld strength E; SF6 concentration was 5%.
The arrows on this �gure depict the plateau knee values of E. The noise rate in operating region
is systematically lower for the wider gaps.

For imaging calorimetery it is desirable to further decrease the hit multiplicity in order to
have, ideally, one �red pad per one through going particle. One way in this direction was
outlined in our initial studies of similar RPCs in the streamer mode [2]. It was found that
the pads multiplicity can be reduced signi�cantly by using more thin resistive anodes. Here we
carried out more systematical study of this e�ect by changing the anode insulator thickness in
the 1.2 mm gap prototype to simulate the increase of the anode thickness tA.

The results are shown in Fig. 9. These data were obtained at the 2.2 mV threshold. Numer-
ically, for 3 pC mean charge (the plateau knee at this threshold, see Fig. 6) the multiplicity M
' 1.22 if there is completely no additional material on the anode glass and the readout panel is
pressed directly to the glass outer surface (tA = 0.67 mm). On the other hand M = 1.6 for the
case when the graphite �lm and 0.45 mm thick mylar insulator are placed between the anode
glass and the pads panel (tA ' 1.24 mm). These results con�rm our previous observation. The
practical way to use this possibility of reducing hit multiplicity still has to be found.

For some FEE schemes positive input signals will be preferable. We veri�ed this variant of
the RPC read-out by inverting the applied HV and using ATL161 modi�cation of the ampli-
�er � discriminator which was suited for positive input signals. Comparison of the multiplicity
dependence on induced charges for the both cases and two thresholds are shown in Fig. 10 for
the one of 1.2 mm gap prototypes. It is seen from Fig. 10 that the use of the read-out pads on
cathode side of RPC results in higher pads multiplicity.

All the previous data were obtained for the perpendicular incidence of the beam on the
prototypes. In hadron calorimeters the active detectors should register particles in the wide
range of the incidence angles. This item was studied using 1.6 mm gap prototype and 5% SF6

mixture. The results are shown in Fig. 11. For the angles between beam direction and the normal
to the prototype plane of 00; 300 and 450, no di�erence in e�ciency and multiplicity dependence
on applied voltage is seen.

4 Conclusion

As the �rst step in evaluating the possibility of using the RPCs operated in the saturated
avalanche mode as an active detectors of the future DHCAL, several modi�cations of the monogap
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RPC prototypes with the glass sheets as resistive electrodes were tested. Prototypes had 0.8;
1.2; 1.6 and 2.0 mm wide gas gaps and were equipped with (1×1) cm2 readout pads.

The e�ciencies of prototypes with gap width in the range 1.2�2.0 mm for the gas mixtures
of TFE/isobutane/SF6 containing 2 and 5% of SF6 were measured to be above 98% for the
threshold 2 mV corresponding to about 0.35 pC induced charge. The regions of the applied
voltage in which the safe operation of the prototypes is ensured are wider for the 1.6 and 2.0 mm
wide gas gaps than for the 1.2 mm one.

The charge characteristics of the prototypes were typical for the saturated avalanche mode of
operation. In the whole operating regions the average charges do not exceed 6 pC with relatively
low tails of large charges. The relative width of the charge distribution RMSQ/Qmean is lower
for the wider gaps.

The �red pad multiplicity is of high importance when considering such RPCs as candidates
for the active detectors of an imaging DHCAL. It was found that the mean multiplicity as low
as at least 1.2 can be obtained by the proper RPC design.

It was found that the intrinsic noise rates of the RPCs in operating regions are higher for the
more narrow gaps.

Prototypes characteristics do not change for the particle incidence angle up to 450.
As a result of this study some framework can be outlined for further RPC development.
� It seems appropriate to have FEE threshold of '2 mV.
� From the electrical safety consideration lower voltage is preferable so the choice of the

TFE/iC4H10/SF6 = 93/5/2 gas mixture looks reasonable.
� The gas gap width between 1.2 and 1.6 mm should be choosen.
� The distance between the inner surface of the anode resistive electrode and the read-out

plane should be made as short as possible.
The currently obtained characteristics of the 1.2 mm and 1.6 mm wide gap prototypes for

2% SF6 fraction and 2.2 mV threshold are listed in the Table 1.

Table 1

No Item 1.2 mm gap 1.6 mm gap
1 HV working point (200 V above knee), kV 8.4 9.0
2 HV plateau width for ε ≥ 98%, kV 0.55 1.0
3 Induced charge Qmean, pC 3.5 3.0
4 RMSQ/Qmean 0.9 0.7
5 Pad multiplicity 1.45 1.45
6 Singles rate at plateau knee, Hz/cm2 0.7 0.2

For the mixture containing 5% of SF6 the required HV values are 0.8 (0.9) kV higher
(Fig. 7a), while all other characteristics do not di�er signi�cantly from the ones presented above.
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Figure 1. E�ciency (a, b), multiplicity (c, d) and mean charge (e, f) dependence on the HV for the
1.2 mm gap prototype. Left column � mixture with 2% of SF6, right � 5%. Circles �
threshold 0.6 mV, squares � 2.2 mV and triangles � 5 mV.

7



Figure 2. E�ciency (a, b), multiplicity (c, d) and mean charge (e, f) dependence on the HV for the
1.6 mm gap prototype. Left column � mixture with 2% of SF6, right � 5%. Circles �
threshold 0.6 mV, squares � 2.2 mV and triangles � 5 mV.
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Figure 3. E�ciency (a, b), multiplicity (c, d) and mean charge (e, f) dependence on the HV for the
2.0 mm gap prototype. Left column � mixture with 2% of SF6, right � 5%. Circles �
threshold 0.6 mV, squares � 2.2 mV and triangles � 5 mV.
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Figure 4. Correlation between e�ciency ε and
mean multiplicity M for prototype
with 1.2 mm wide gap. (a) � mix-
ture with 2% of SF6, (b) � 5% SF6.
Circles � threshold 0.6 mV, squares �
2.2 mV, triangles � 5 mV.

Figure 5. Correlation between e�ciency ε and mean multiplicity M for prototypes with di�erent gap
width. Threshold is 2.2 mV.
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Figure 6. E�ciency ε dependence on the mean induced charge Q for prototypes with 2.0, 1.6, 1.2 and
0.8 mm wide gaps. Circles � mixture with 2% of SF6, squares � 5%. Closed symbols �
threshold 0.6 mV, open � 2.2 mV.
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Figure 7. (a) � Applied voltage values for 98% e�ciency Vknee for prototypes with di�erent gap width
d. (b) � Dependence of the operating region width ∆V on the threshold for three prototypes.
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Figure 8. Noise rates N for prototypes with di�erent gas gap width d in dependence on electrical �eld
strength E, for 0.6 (a) and 2.2 (b) mV thresholds. Arrows depict knee values of E.
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Figure 9. Mean multiplicity M dependence on induced charge Q for prototypes with di�erent anode
thickness tA.

Figure 10. Mean multiplicity M dependence on induced charge Q for prototype with 1.2 gap width for
two HV connection variants. (a) � threshold 0.6 mV, (b) � threshold 2.2 mV.
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Figure 11. E�ciency (a) and mean multiplicity (b) dependence on applied voltage for di�erent particle
incidence angles.
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