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Abstract. We are developing a Cherenkov detector aiming for applications in the next-generation calorimetry.
It is a calorimetry that combines dual-readout and high-granularity with excellent timing capability. This work
is to prove the concept of the Cherenkov detector utilizing a resistive plate chamber (RPC) with Diamond-Like
Carbon as resistive electrode. The first prototype was tested with β-rays and cosmic-rays. This paper discusses
the behavior of the charge spectrum and the time resolution of the first prototype.

1 Introduction

In future accelerator experiments, precise jet energy mea-
surements will be essential. Technological developments
are underway to achieve this goal. Among these develop-
ments, dual-readout calorimeters [1] and high-granularity
calorimeters [2] have been established through a few
decades of research. Dual-readout calorimeter improves
hadron energy resolution by simultaneously detecting
scintillation and Cherenkov light generated by the charged
particles in the shower. High-granularity calorimetry sepa-
rates the shower clusters by each particle in the jet through
a highly segmented readout system for the particle flow
approach. As a next-generation calorimeter technology,
efforts are being made to combine these two calorimeter
technologies and incorporate picosecond-timing [3]. This
study focuses on the development of a high-granularity,
picosecond-timing Cherenkov detector as a sub-detector
for the proposed calorimeter.

2 Concept of the Cherenkov detector

The Cherenkov detector is designed to have a highly seg-
mented readout system and excellent time resolution. The
design parameters depend on the application of this tech-
nology, but we set a readout granularity of approximately
1 cm and a time resolution of approximately 20 ps as the
baseline. The challenge lies in achieving this level of de-
tector performance over a large area while maintaining
reasonable costs.

2.1 Detector Priciple

The Cherenkov detector is a radiator coupled with a
gaseous photomultiplier based on resistive plate chamber
(RPC) as shown in Figure 1. When a relativisitic charged
particle passes through the radiator, it leaves a cone of
Cherenkov photons. On the photocathode, these photons
are converted to photoelectrons, which then enter the RPC
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Figure 1. The concept of the Cherenkov detector.

gap to get amplified. The movement of the charge in the
gap induces the current on the readout pad placed on the
back of the RPC anode electrode. A highly granular read-
out can be easily achieved by segmenting the readout pads.

2.2 Radiator

The number of Cherenkov photons N generated by a
charged particle per unit length traveled x and per wave-
length λ in a radiator is described by

dN
dxdλ

=
2πQ2α

λ2 sin2 θC ,

where Q is the charge of the particle, α is the fine-structure
constant, and θC is the emission angle. To efficiently col-
lect Cherenkov photons, one should select a radiator which
is transparent to as short wavelength as possible.

2.3 Gaseous Photomultiplier

The gaseous photomultiplier for this Cherenkov detector
is based on RPC which comprises two parallel electrodes
with a high electric field applied between them. The cath-
ode electrode is a semi-transparent photocathode so that
the photoelectrons reach RPC gap. The wavelength that
gives the maximum quantum efficiency should match with
the transparent wavelength of radiator.



The simple structure of RPC based gaseous photomul-
tiplier benefits in low cost and a large area coverage. Ad-
ditionally, RPCs have a good time resolution on the order
of 10 ps with a gap thickness on the order of 100 µm [4].

2.4 DLC-RPC

The drawback of the RPC is its limited rate capability.
However, a novel type of high-rate-capable RPC, known
as DLC-RPC, has been developed using diamond-like car-
bon (DLC) as the resistive electrode [5]. It has achieved
a rate capability of 1 MHz/cm2 for low momentum (28
MeV) muons. To make the Cherenkov detector high rate
capable, DLC sputtered polyimide foil is used as the anode
electrode in this study.

3 Expected Time Resolution

The time variance of Cherenkov photons reaching the pho-
tocathode is no more than a few ps, therefore the ex-
pected time resolution of the Cherenkov detector is esti-
mated from the measured time resolution of the amplifica-
tion layer and the number of photoelectrons (#p.e.) gener-
ated by MIP.

The time resolution of the amplification layer was
evaluated by measuring ionization signal in a stand-alone
DLC-RPC. The primary electron of the DLC-RPC signal
can be generated anywhere in the gap between the an-
ode and cathode. On the other hand, the primary (photo-
)electron of the gaseous multiplier in the Cherenkov de-
tector is generated at the surface of the cathode, and the
avalanche develops full range of the gap. As the signal
size correlate with the amplification length (if the electric
field is the same), we focused on the large size signals of
the DLC-RPC. To convert the measured DLC-RPC time
resolution to that of the amplification layer, the number of
ionization clusters per charged particle, and the number of
primary electrons per cluster are considered.

The time resolution of the DLC-RPC with a 192 µm
gap thickness was measured using 90Sr β-rays and a time
reference counter. The electric field applied in the gaps
was 100 kV/cm. A gas mixture of R134a freon with 1%
SF6 and 5% iso-butane was used in the chamber as in Ref.
[5]. A time reference counter was placed downstream of
the DLC-RPC to trigger events passing through the DLC-
RPC. The pulse height slice of the DLC-RPC time resolu-
tion is shown in Figure 2. The large signals of DLC-RPC
show a time resolution of σRPC = 50–60 ps.

A previous study using simulation with a similar gas
mixture [6] indicates that a gap thickness of 200 µm is
small enough to assume the number of clusters per charged
particle is one, and the average number of primary elec-
trons in each cluster is 2.8. If one assumes the signal size
scales with the number of primary electrons, the single
photoelectron time resolution of the amplification layer,
σ1pe, is given by

σ1pe ∼
√

2.8 × σRPC ∼ 80–100 ps.

The #p.e. generated by MIP depends on the material type
and thickness. The PICOSEC collaboration reported about
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Figure 2. Time resolution of DLC-RPC sliced by signal height.

10 photoelectrons obtained from a 3 mm thick MgF2 radi-
ator and an 18 nm thick CsI photocathode with 3 nm thick
Cr in between [7]. Considering 10 photoelectrons for the
Cherenkov detector, the time resolution would be approx-
imately 20–30 ps.

4 Measurement Setup

Figure 3. Schematic view of the prototype detector (not to scale)

A prototype detector has been constructed to demon-
strate the detector concept. The primary goal was to ob-
serve the signal from Cherenkov light.

Figure 3 shows the schematic cross-section of the pro-
totype detector, and its geometries are summarized in Ta-
ble 1. A 4×4 cm2 and 2.4 mm thick MgF2 crystal was used
as the radiator. A 3 nm thick Cr layer was vapor-deposited
on the bottom face of the radiator, and an 18 nm thick CsI
layer was deposited on the central 3× 3 cm2 area of the Cr
layer as the semitransparent photocathode. MgF2 has good
transparency down to wavelengths of approximately 110
nm, and CsI is sensitive in the region below 200 nm. The
choice of materials aims to maximize #p.e. An aluminum
contact layer was deposited on the edge region of the Cr
surface to ensure good contact with the ground-connected
Cu strip. This Cu strip, whose thickness was 50 µm, was
placed on top of the spacer, defining the gap thickness of
the RPC. Due to the difficulty of making a thin spacer, the
initial operation was conducted with a 350 µm gap thick-
ness. The detector volume was enclosed in a chamber and
a gas mixture same as DLC-RPC measurement shown in



Sec. 3. The top chamber window was made of polyimide
film, and the bottom of the gas chamber was an FR-4 based
PCB that reads out the signal induced on the Cu pad.

Table 1. Configuration of the prototype detector

Material Size
Radiator MgF2 2.4 mm-t

Photocathode CsI 18 nm-t
Conductive layer Cr 3 nm-t

Contact layer Al 100 nm-t
Anode resistive layer DLC ∼ 100 nm-t

Active area - 2 × 1 cm2

The signal data were acquired using a waveform dig-
itizer, WaveDREAM Board [8], with a factor 50 amplifi-
cation and a 5 GHz sampling frequency. The initial op-
eration was conducted by irradiating the detector with a
90Sr β-ray source placed outside the polyimide film cham-
ber window. A reference counter made of a SiPM-coupled
scintillator was placed beneath the PCB of the prototype
detector to trigger the events. In addition to β-ray data,
cosmic-ray data were collected by placing another counter
on top of the chamber window and triggering the events
by the coincidence of two counters.

5 Result

5.1 Charge spectrum
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Figure 4. Typical waveform of the prototype detector irradiated
with β-rays. From the signal size, it is most likely a 3 photoelec-
tron event.

The initial operation test of the prototype detector
was conducted with a 350 µm gap thickness configuration
("CsI photocathode"). Figure 4 shows a sample waveform
of the prototype detector. A similar configuration, except
with the photocathode of the radiator replaced by DLC-
sputtered polyimide foil as the cathode electrode ("DLC
cathode"), was also tested. Essentially, "DLC cathode"
configuration works as DLC-RPC. This was to determine
whether the signals were originated from Cherenkov radi-
ation or merely the ionization at the RPC gap.

Figure 5 compares the charge spectra of the two con-
figurations for the 90Sr β-rays. It is clear that the efficiency
is significantly better for the "CsI photocathode" configu-
ration, indicating the presence of Cherenkov signals. Ad-
ditionally, there are multiple peak structures in the "CsI
photocathode" charge spectrum that are absent in the other
configuration. These peaks are considered to represent
events with different numbers of photoelectrons. It was
not able to obtain the efficiency of the prototype by this
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Figure 5. Charge spectrum of the 350 µm gap thickness pro-
totype detector irradiated with β-rays. (Black) DLC cathode,
(Red) CsI photocathode. The polarity of the signal is inverted
in this plot. The entries are normalized by the number of trig-
gered events.
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Figure 6. Cosmic-ray charge spectrum of the 350 µm gap thick-
ness prototype detector.

measurement because there were events triggered without
β-ray passing the active region of the prototype.

The prototype detector was also tested with cosmic-
rays. Figure 6 shows the charge spectrum for the cosmic
rays. Due to the small acceptance and low flux, the statis-
tics are limited. However, the multiple peak structures are
still visible. The fraction of the signal charge over 0.05
pC was 79%. The average #p.e. is estimated to be 1.4 as-
suming a Poisson distribution.This is significantly smaller
than the expectation of 10 p.e. as discussed in Sec. 3. The
cause of the low #p.e. is under investigation.

5.2 Time resolution

After confirming stable operation, the time resolution was
measured with a narrower 200 µm gap thickness configu-
ration. Figure 7 shows the time resolution as a function of
#p.e. for the prototype detector with 200 µm gap. The be-
havior of the plot fits well with two scenarios: a stochastic
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Figure 7. The time resolution as a function of #p.e. for the
prototype detector with 200 µm gap measured with cosmic rays.
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Figure 8. Schematic view of ion-backflow: Ions generated dur-
ing the amplification drift to the surface of photocathode. The
quantum efficiency of the photocathode can be deteriorated.

term by #p.e., with and without a constant term. If we ex-
trapolate to #p.e. = 10, the time resolution will be 40 – 50
ps.

5.3 Operation issues

Figure 9. Schematic view of photon-feedback: (1) Cherenkov
photons are converted to photoelectrons, which are then mul-
tiplied at the RPC gap. (2) During the amplification, excited
molecules emit photons to de-excite. (3) Some of the photons
generated in phase (2) hit the photocathode. (4) This causes a
delayed avalanche and distorts the signal shape.

Even though the prototype detector successfully oper-
ated as a Cherenkov detector, its timing performance was
worse than expected. This is primarily due to two issues.
One is the small #p.e., and the other is the poorer single
photoelectron time resolution.

The first issue is likely due to the deterioration of the
quantum efficiency of the photocathode caused by ion-
backflow (Figure 8). A robust photocathode such as DLC
is being considered to replace CsI.

For the second issue, multiple factors could be con-
tributing: distortion of the waveform by photon feedback
(Figure 9), non-uniformity of the electric field in the gap
due to unevenness of the anode electrode, and contamina-
tion of the signal from direct ionization in RPC gap. The
main cause is still under investigation.

6 Conclusions

In this paper, we present a Cherenkov detector con-
cept for the active layer of next-generation calorimetry
that combines dual-readout and high granularity with
picosecond-timing. We observed signals from the first
prototype of the Cherenkov detector although important
issues such as the ion-backflow and the photon-feedback
need to be solved.
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