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Abstract

In this work, we present a novel compact particle identification (PID) detector concept

based on Silicon Photomultipliers (SiPMs) optimized to perform combined Ring-Imaging

Cherenkov (RICH) and Time-of-Flight (TOF) measurements using a common photodetector

layer. The system consists of a Cherenkov radiator layer separated from a photosensitive

surface equipped with SiPMs by an expansion gap. A thin glass slab, acting as a second

Cherenkov radiator, is coupled to the SiPMs to perform Cherenkov-based charged particle

timing measurements. We assembled a small-scale prototype instrumented with various

Hamamatsu SiPM array sensors with pixel pitches ranging from 2 to 3 mm and coupled

with 1 mm thick fused silica window. The RICH radiator consisted of a 2 cm thick aerogel

tile with a refractive index of 1.03 at 400 nm. The prototype was successfully tested in

beam test campaigns at the CERN PS T10 beam line with pions and protons. We measured

a single-hit angular resolution of about 4 mrad at the Cherenkov angle saturation value

and a time resolution better than 50 ps RMS for charged particles with Z = 1. The present

technology makes the proposed SiPM-based PID system particularly attractive for space

applications due to the limited detector volumes available. In this work, we present beam

test results obtained with the detector prototype and we discuss possible configurations

optimized for the identification of ions in space applications.

Keywords: high-energy radiation in space;space detectors; detectors for particle identification;

fast time-of-flight systems; ring imaging Cherenkov detector; silicon photomultiplier

1. Introduction

A key strategy for charged particle identification (PID) involves combining Time-of-

Flight (TOF) measurements with data from Cherenkov radiation emitted by high-energy

particles, typically using a Ring-Imaging Cherenkov (RICH) detector. Additionally, the

identification of nuclei is achieved by exploiting the proportionality of the energy deposition

to Z2, where Z is the charge in elementary charge units. Mass separation is performed

through the simultaneous measurement of the particle rigidity (using a spectrometer) and

velocity (using TOF and Cherenkov detectors). Historically, TOF and RICH measurements

have been performed using independent detectors.

Recent advances in photon sensor technology suggest the possibility of designing a

compact system that combines TOF and RICH detectors by sharing the same photodetector

layer. Silicon Photomultipliers (SiPMs) are ideal sensors for such a system, thanks to their
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excellent performance in terms of time resolution, photodetection efficiency, magnetic

field-insensitivity and low material budget (see, e.g., [1]). This integrated PID RICH-TOF

system significantly reduces the overall size of an instrument and the number of read-out

channels compared to current detectors, such as those used in AMS-02 [2] and HELIX [3].

The AMS-02 TOF provides the primary trigger for the experiment and performs three

critical measurements for PID: velocity, direction (downgoing/upgoing particles) and

charge. It consists of four layers of plastic scintillator paddles (two above and two below

the spectrometer) with a time resolution of about 160 ps for singly charged particles. The

distance between the upper and lower layers is about 1.2 m. The AMS-02 TOF is equipped

with specialized fine-mesh PMTs coupled with tilted light guides to successfully mitigate

the impact of the spectrometer fringe magnetic field on the time resolution [4]. Similarly, the

HELIX TOF detector still uses two 1.6 m long layers of plastic scintillator paddles read-out

with SiPMs, with a total separation of 2.3 m. The top and bottom paddles are viewed at

each end by 8 Hamamatsu S13360-6050VE SiPMs [5]. The timing resolution achieved is

about 170 ps for singly charged particles [6].

The AMS-02 RICH is a proximity-focusing detector designed to measure velocity and

charge of cosmic rays [7]. It is equipped with two Cherenkov radiators: aerogel (n ≈ 1.05)

covering the large external area, enabling the measurement of high-velocity particles

(β > 0.95); sodium fluoride (NaF) (n ≈ 1.33) in the central region, with a higher refractive

index, allowing for the measurement of lower-velocity particles. A lateral mirror surrounds

the expansion volume to reflect outward photons to be detected by PMTs, in particular,

the photons produced in the NaF radiator. However, the PMT matrix layer is ring-shaped,

with a large central aperture to minimize the material in front of the electromagnetic

calorimeter. The HELIX RICH detector also uses aerogel tiles for the radiator system, with

a refractive index of n ≈ 1.15. The photodetector layer—located just above the TOF lower

paddles—consists of SiPM arrays with 75 µm cells and 6 × 6 mm2 pixels [8].

The prompt emission of Cherenkov radiation is ideal for achieving ultimate timing

performance for a TOF detector. Charged particles above the Cherenkov threshold crossing

a thin radiator slab with high refractive index, such as synthetic quartz (fused silica), can

produce a fast signal [9]. A radiator a few millimeters thick with a proper refractive index

can be optically coupled to a fast photodetector sensor, like a SiPM array, to provide highly

precise signals [10–13]. In this way, the charged particle generates a narrow cluster of hits

close to its track (track hits) with a high signal amplitude. This system, when combined

with a RICH detector that uses, for istance, an aerogel radiator, provides a valuable and

compact layout for a PID detector operating in a wide momentum range. In addition, by

requiring a time matching between aerogel Cherenkov photons and track hits, it is possible

to improve pattern recognition by discarding possible uncorrelated SiPM dark-count hits.

A crucial requirement for achieving the target time resolution is the optimization of both

the radiator material and its thickness, along with the optical coupling to the SiPM surface.

In this work, we report on the results of beam test campaigns performed using different

prototype configurations. We assembled a few small-scale prototypes instrumented with

various Hamamatsu SiPM array sensors, with pitches ranging from 2 to 3 mm. These

arrays were coupled with different window materials acting as a Cherenkov radiator, such

as fused silica and MgF2, with a thickness ranging from 1 to 2 mm. The optical coupling

was obtained by using either epoxy resin or silicone resin. We also assembled a RICH

detector in a proximity configuration using an aerogel radiator. These prototypes have been

successfully tested at the CERN PS T10 beam line since 2022. Based on these experimental

results, we then propose a possible application for a RICH-TOF system combined with a

spectrometer to identify isotopes for either accelerator or space applications.



Particles 2025, 8, 94 3 of 11

2. Materials and Methods

Since 2022, within the framework of the ALICE 3 upgrade planned for LHC Run 5 [14],

we have developed a compact and fast SiPM-based RICH detector for the future ALICE 3

PID system [10–12,15,16].

For this R&D project, we constructed a two-cylinder vessel prototype, as shown

in the top right panel of Figure 1. The upstream vessel (Figure 1a) was equipped with

two SiPM arrays (A0 and A1), which were separated by approximately 15 cm and each

featured a glued-in thin radiator window. The downstream vessel (Figure 1b) housed

an aerogel radiator and the photodetector layer (Figure 1c). This setup was specifically

designed to detect Cherenkov photons produced by charged particles in both the aerogel

and the thin radiators (as illustrated in Figure 1d). The aerogel radiator—a 2 cm thick,

hydrophobic tile from Aerogel Factory & Co., Ltd. [17] with a refractive index n = 1.03 at

400 nm wavelength [18]—was positioned 23 cm upstream of the photodetector layer. This

layer consisted of ring arrays (RAs), designed to detect photons from the aerogel, and an

A2 array, which detected photons from the thin radiator (Figure 1c).

Figure 1. Prototype artist view showing the two-cylindrical vessel prototype and schematic of the

proposed SiPM-based RICH-TOF system: (a) The upstream vessel houses two SiPM arrays (A0 and

A1) at a distance of about 15 cm; (b) the downstream vessel houses the ring arrays (RAs) to collect

the Cherenkov photons produced by the 2 cm thick aerogel radiator (located 23 cm upstream) and a

central array (A2) to detect the hit produced by the charged particle in the thin window glued on the

SiPM array, as shown in (d); (c) a photo of the photodetector layer is shown with the RAs and A2.

The SiPM arrays were mounted on custom printed circuit boards (SiPM carrier boards)

attached to copper plates. These plates were cooled using a system of water chillers and

Peltier cells. This setup enabled the SiPM arrays to operate at an average temperature of

−5 ◦C. This operating temperature is sufficient to mitigate uncorrelated hit noise resulting

from the dark count rate of single photoelectrons, particularly for the RAs. The vessels were

flushed with nitrogen or argon to minimize humidity and thus maintain dew point values

well below the minimum operating temperature inside the vessels. The temperature of

the copper plates was monitored using TT4-10KC3-T125-M5-500 sensors [19] screwed on

the plates, with data acquisition managed by a Raspberry Pi [20] equipped with ADS1115

16-bit analog-to-digital converters (ADCs) [21]. Additionally, SHT31-D [22] sensors were

used to monitor the humidity inside the vessels and in the surrounding room.

The prototypes were exposed to a mixed-particle beam (i.e., electrons, positrons,

protons and pions) at the CERN T10-PS beam line, with momenta up to 10 GeV/c. Analog
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SiPM signals were routed from the vessel to external front-end electronics via 1 m long

high-speed 50 Ohm multi-channel Samtec HLCD-20 (40 channels) cables [23]. The data

acquisition (DAQ) system consisted of a chain of front-end and readout electronics boards

that included two front-end ASICs:

• Petiroc 2A (developed by Weeroc) for charge and time measurements [24,25];

• Radioroc 2 [26] (also developed by Weeroc) as a front-end to amplify and then to

discriminate the signals, followed by a picoTDC ASIC (developed by CERN) [27]

to measure the arrival-time (ToA) and the time-over-threshold (ToT) of the analog

SiPM signals.

A custom front-end board (FEBs) housing the Petiroc 2A ASICs and an FPGA [28]

was used for the DAQ, while the boards housing the Radioroc 2 and picoTDC ASICs were

plugged to MOSAIC read-out boards [29]. Both FEBs were designed to read out the SiPM

carrier boards, as previously discussed. This setup allowed us to use both DAQ systems to

study the prototype performance.

For the A0, A1 and A2 arrays, we employed Hamamatsu Multi-Pixel Photon Counter

(MPPC) SiPM devices, with 2 mm and 3 mm sizes and cell sizes of 50 µm and 75 µm. We

optically coupled 1 mm thick fused silica radiator windows (n ≈ 1.46) to these arrays.

Specifically, we used the following configurations:

1. A0 and A1 with S13361-2050AE-08 arrays [30]: 8× 8 channels, 2 mm SiPM size, 50 µm

pixel size, and 2.2 mm pitch;

2. A2 with S13361-3075AE-08 arrays [31]: 8 × 8 channels, 3 mm SiPM size, 75 µm pixel

size, and 3.2 mm pitch.

To test the effect of the radiator, we also used a bare S13361-3075AE-08 MPPC in the A0

position, which lacked a thin window radiator and instead we used the standard 100 µm

epoxy resin thickness. Furthermore, we measured the Cherenkov photon yield from a

3mm thick NaF radiator (n ≈ 1.33) by placing it 4 mm in front of a bare (but still with

100 µm epoxy resin thick) S13361-30575AE MPPC in the A2 array. Finally, the arrays located

in the ring consisted of a set of S13361-2050AE-08 SiPMs without any thin radiator window.

The beam test setup also included upstream and downstream X-Y fiber tracker mod-

ules, which were used for beam particle triggering and tracking [28,32,33] (not shown in

Figure 1). With the setup discussed above (and shown in Figure 1), we were able to measure

the timing performance of the system by comparing the arrival times of the A0, A1 and

A2 arrays. Additionally, using the RAs, we measured the RICH performance by detecting

Cherenkov photons produced in the aerogel, as will be discussed in Section 3.

3. Results

The left side plot of Figure 2 shows the distribution of the time differences between the

arrival times measured by the A0 and A2 arrays, by using a negative beam of 10 GeV/c that

consists mainly of pions [34]. These arrays were assembled with S13361-2050AE-08 and

S13361-3075AE-08, respectively, to which 1 mm of fused silica was glued. The measured

times were first corrected for channel-by-channel time offsets and the time-walk effects, to

account for signals with the same shape but different amplitudes crossing the discriminator

threshold at different times. We used the Lookup Table (LUT) method to correct for time-

walk. First, the average profile of the raw arrival time is determined as a function of the

observed charge (q), where q is measured as either photo-electron or Time-over-Threshold

(ToT). Subsequently, the derived correction function, f (q), is applied to each measurement:

tcorr = traw − f (q).
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Figure 2. (Left plot): Distribution of the time differences by using the channels of S13361-2050AE-08

for A0 and S13361-3075AE-08 for the A2 arrays with 1 mm of fused silica glued on them. The

histogram is fitted with two Gaussian distributions. The sigma of the core of the distribution (red

line) is about 46 ps, while the sigma of the tail (green line) is about 93 ps. (Right plot): Cherenkov

angle distribution measured with a 2 cm aerogel radiator and a proximity gap of about 23 cm by

using a 2 mm SiPM pixel pitch. The single hit angular resolution is about 4.2 mrad in sigma unit [10].

The measured time difference histogram is fitted with two Gaussian distributions

to account for the core (ideal resolution) and the tail due to the deviation from the ideal

core. The core of the time difference distribution, including SiPM and electronic time

jitters, exhibits a σ of about 46 ps. Assuming equal contributions from both arrays, this

corresponds to a time resolution of approximately 35 ps for a single SiPM channel. The

total number of photo-electrons measured with 1 mm of fused silica radiator windows was

about 35–40 on average, which resulted in a particle detection efficiency (not corrected for

the geometry and possible read-out electronic dead time) >99.5% (see Ref. [11] for more

details). The timing performance of a similar system without a thin radiator on A0 was also

measured, which resulted in a reduced A0 efficiency and an overall time resolution worse

than 200 ps (to be compared with the previous 46 ps). The worsening of the time resolution

is a clear signature that the hit signals are due mainly to the Cherenkov photons produced

in the thin radiator. The worsened resolution is due to the low number of observed hits

and, consequently, a low detection efficiency. Those hits are still produced in the thin SiPM

resin or due to a possible ionization loss in the SiPM depleted region.

The right side plot of Figure 2 shows the Cherenkov angle distribution measured with

a 2 cm aerogel radiator and a proximity gap of ≈23 cm. The measurement was performed

using 2 mm SiPM pixel pitch (S13361-2050AE-08 sensors) and a beam of negative 10 GeV/c

mainly pions. We selected Cherenkov candidate events with arrival times within ±5 ns with

respect to the particle arrival times measured in the central array A2. The resulting single-

photon Cherenkov angular resolution (in sigma units) was measured to be (4.24 ± 0.01)

mrad. A significant level of background suppression (e.g., uncorrelated SiPM dark counts)

was achieved by using the timing information and setting a coincidence window within a

few nanoseconds [10,11,15,16].

The Cherenkov photons emitted by 10 GeV/c pions in the 3 mm thick NaF radiator

were measured with a HPK S13361-3075AE-08 64-channel SiPM array. The number of fired

SiPM channels per event showed a Gaussian distribution with an average of 11.6 channels

(see Ref. [12] for more details).

4. Perspective for Light Isotope Identification

Based on the beam test results discussed above, we can now outline potential appli-

cations for identifying nuclei, with a particular focus on the identification of Beryllium

isotopes. Following the current layout of the AMS-02 instrument aboard the International

Space Station (ISS) [7], Figure 3 shows two possible configurations. The first configuration
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combines a proximity-focusing RICH detector with a dedicated top layer of a TOF detector,

such as low-gain avalanche detectors (LGADs). In this case, the RICH photodetector layer

is used to detect both the Cherenkov photons and to perform the time measurement to be

combined with the LGAD one to have a compact instrument. The LGADs are based on a

thin silicon sensor with internal gain and are capable of measuring with high precision the

time with a resolution of O(10 ps) with tracking capabilities [35–38]. Of course, a stand-

alone TOF layer could still consist of SiPM arrays with a thin radiator window optically

coupled to the SiPMs.

Figure 3. The figure shows two possible configurations for isotope identification. The left panel

shows a proximity-focusing RICH with a dedicated top layer of TOF detector, made for instance of

LGADs or SiPMs with a thin radiator window. The right panel illustrates a dual-RICH system with

an aerogel and a NaF radiator, respectively.

The second configuration uses a dual RICH detector, with both a low refractive index

radiator (i.e., a 2 cm aerogel thick slab) and a high refractive index radiator (i.e., a 0.5 cm

thick Sodium Fluoride, NaF, crystal). In this way, the two RICH detectors with their

different radiator material allow us to extend the PID in a large momentum range and to

provide a redundancy in the measurement of the Cherenkov angles. However, additional

space is needed to accommodate the two RICH detectors. The RICH with the NaF radiator

could be located downstream of the spectrometer to limit the material budget upstream. In

both cases, the RICH photodetector layer consists of SiPMs with a 1 mm thick fused silica

optically coupled to their top surfaces. Particle identification is achieved by also including

a suitable tracker–spectrometer in the layout. In the following, we will not discuss the

tracker–spectrometer’s performance, but we assume that it is sufficient to achieve particle

mass identifications.

For the proposed layouts, we are assuming a total length of about one meter. The

TOF time resolution is assumed to be 50 ps (i.e., 35 ps for each detection layer), while the

RICH photodetector layer is assumed to use SiPMs with a read-out pixel size of 2 mm

and a photodetection efficiency (PDE) of 40% or more at 450 nm (e.g., SiPM with cell size

of 50 µm). We are also assuming that the read-out electronics provide only the arrival

time for each SiPM channel (hit). Also, for the current analysis, we are neglecting charge

information, which could be obtained from methods such as the time-over-threshold or

the slew-rate [39]. Charge measurements using ADC systems would provide a more

powerful system.

To calculate the expected performance of such configurations, we used a fast simu-

lation based on the beam test data discussed in Section 3. The beam test data, obtained
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with pions and protons, were scaled as a function of the momentum and by a factor Z2,

where Z is the atomic number of the isotope. The scaling also accounts for the thickness of

the Cherenkov radiator. Then, we calculated the number of detected Cherenkov photons,

taking into account the SiPM PDE and that one hit for a 50 µm cell is allowed.

Figure 4 shows the expected number of hits for the aerogel-based and for the NaF-

based RICHs as a function of the momentum for electrons, protons and several light

isotopes. This corresponds to the configuration as shown in Figure 3. Based on the de-

tected hits, Figure 5 shows the expected separation power for the aerogel-based RICH and

TOF detector as a function of the momentum for electron–proton (H), proton–deuteron

(D), and several light nuclei species pairs. The maximum momentum value for the

3 σ separation depends on the particle pair and system. For instance, in the case of
4He-7Be, it is about 18 GeV/c, 270 GeV/c and 300 GeV/c for the TOF, aerogel-RICH and

NaF-RICH, respectively.
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Figure 4. Expected average number of detected hits as a function of the momentum for electrons,

protons and light nuclei for the aerogel- and NaF-based RICH configuration, respectively.
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Figure 5. Separation power as a function of the momentum for electron-proton, proton-D and other

various nuclei pairs for the TOF, NAF and aerogel RICH configuration (see text), respectively.

The identification of light nuclei isotopes like 7Be, 9Be and 10Be with the RICH and

TOF system can be achieved by analyzing the mass resolution dM
M :

dM

M
=

√

(

γ2
dβ

β

)2

+

(

dR
R

)2
dR/R→0−−−−−→ γ2 dβ

β
(1)

where β = | p⃗|
E , γ = 1√

1−β2
, R = | p⃗|

Z is the particle rigidity with momentum p⃗. In the

following, we are neglecting the spectrometer term to the resolution, i.e., we are assuming
dR
R = 0.

Figure 6a shows the mass separation for beryllium isotopes as a function of the mo-

mentum for the TOF, aerogel-RICH and NaF-RICH systems. In the considered momentum

range, the mass separation is always below 20%. Figures 6b–d show the expected mass

number distributions, again for the beryllium isotopes at specific momentum values for the

TOF, NaF-RICH and aerogel-RICH configurations. The distributions are shown assuming

an equal abundance of the isotopes. Indeed, the abundance of 10Be is estimated to be ≈20%
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(energy-dependent) relative to that of 9Be, since its lifetime of approximately ≈1.4 Myr is

comparable to the cosmic-ray propagation time in the Galaxy [40].
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Figure 6. (a) Mass separation for beryllium isotopes as a function of the particle momentum. It

compares the performance of three different detector systems: TOF (dotted lines), aerogel-RICH

(solid lines) and NaF-RICH (dashed lines); (b–d) expected mass distribution for beryllium isotopes at

specific particle momentum providing a more detailed look at the identification capability of the TOF

at 10 GeV/c (b), NaF-RICH at 120 GeV/c (c) and aerogel-RICH at 160 GeV/c (d).

5. Conclusions

We have demonstrated that the combination of a RICH detector with a TOF system is

feasible using current SiPM technology and fast front-end electronics. While we presented

a possible configuration for isotope identification, significant technical challenges remain.

The performance figures are based on beam test data and a fast, simplified simulation.

Although this preliminary work gives a hint that a TOF system with O(10 ps) resolution

could be built alongside a RICH detector with O(mrad) angular resolution, further studies

and optimizations are necessary to realize such a device. Specifically, these optimizations

involve determining the overall detector size (e.g., configuring the TOF layer distance

based on the detector time resolution) and the readout pixel size, with a critical focus on

performing detailed performance studies with the spectrometer.
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LUT Lookup Table

MPPC Multi-Pixel Photon Counter

NaF Sodium Fluoride

PDE Photo Detection Efficiency

PID Particle Identification

RA Ring Array

RICH Ring Imaging CHerenkov

SiPM Silicon PhotoMultiplier

TOF Time of Flight
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