
Accepted Manuscript

Single photon detection with the multi-anode CLAS12 RICH detector

M. Contalbrigo, E. Aaron, I. Balossino, L. Barion, F. Benmokhtar,
M. Benninghoff, E. Cisbani, C. Cuevas, C. Dickover, A. Kim,
V. Kubarovsky, V. Lucherini, M. Mirazita, R. Malaguti, A. Movsisyan,
P. Musico, D. Orecchini, B. Raydo, P. Rossi, A. Scarabotto,
S. Tomassini, M. Turisini

PII: S0168-9002(19)30548-0
DOI: https://doi.org/10.1016/j.nima.2019.04.077
Reference: NIMA 62123

To appear in: Nuclear Inst. and Methods in Physics Research, A

Received date : 1 November 2018
Revised date : 3 April 2019
Accepted date : 18 April 2019

Please cite this article as: M. Contalbrigo, E. Aaron, I. Balossino et al., Single photon detection
with the multi-anode CLAS12 RICH detector, Nuclear Inst. and Methods in Physics Research, A
(2019), https://doi.org/10.1016/j.nima.2019.04.077

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to
our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form.
Please note that during the production process errors may be discovered which could affect the
content, and all legal disclaimers that apply to the journal pertain.

https://doi.org/10.1016/j.nima.2019.04.077


Single-photon detection with cutting-edge multi-anode and silicon photo-

sensors 

 

Tessellated readout system for single-photon detection at sub-cm spatial 

resolution 

 

Flexible architecture for easily adaptation to various sensors, 

geometries and setups 

 

100% efficient discrimination capability down to few fC single-photon 

signals 

 

Almost dead-time free parallel digitalization with better then 1 ns time 

resolution 
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Abstract

The first module of the hybrid-optics large-area CLAS12 RICH at JLab has been recently put into operation using for the first time
the well known Hamamatsu H8500 MAPMT and the new single-photon dedicated H12700, for a total of about 400 MAPMTs and
25000 pixels. The photon detector must efficiently detect single photons in the visible and near-UV light region, provide a fast
response for background rejection and pattern recognition, and have a spatial resolution of less than 1 cm over an area of ≈ 1 m2.

Each front-end readout unit is composed of three electronic boards with specific tasks directly connected to groups of 2 or 3
sensors. The core of the readout is composed of MAROC3 and FPGA chips. The MAROC3 chip is able to discriminate the 64
signals from one MAPMT and to produce 64 corresponding binary outputs with 100% efficiency starting at a small fraction of the
single-photon signal, while the FPGA chip provides 1 ns TDC capability with 8 µs maximum latency and acts as a DAQ controller.
The system is designed to be almost dead-time free at the foreseen 20 kHz CLAS12 trigger rate. The best working conditions for
single-photon detection have been studied at laser stands, test beams, and with the JLab electron beam data. A report of the photon
detector preparation, commissioning and operation is here discussed.
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1. The CLAS12 Ring-Imaging Cherenkov Detector1

In deep-inelastic scattering experiments performed with the2

CLAS12 spectrometer [1] at Jefferson Lab (JLab), hadron iden-3

tification in the final state will be exploited to access quark4

flavour sensitivity, to enhance the discrimination power for rare5

processes and to study final state interactions [2]. A large-area6

ring-imaging Cherenkov (RICH) detector has been designed to7

achieve a pion rejection factor of the order of 1:500 in the mo-8

mentum range from 3 GeV/c to 8 GeV/c at a luminosity as9

high as 1035 cm−2s−1. The adopted solution foresees a novel10

hybrid-optics design based on an aerogel radiator, composite11

mirrors and a high-packed and high-segmented photon detec-12

tor [3]. In order to achieve the needed performance and accom-13

plish the physics program while retaining the baseline layout of14

the CLAS12 spectrometer, two symmetric radial sectors (out of15

six) of the gas Cherenkov detector are replaced with a RICH16

detector. Each RICH sector has a projective geometry, a gap17

depth of 1.2 m and about 5 m2 entrance window area. A fo-18

cusing mirror system has been designed to collect the light of19

large-angle particles and reduce the detection area instrumented20

by photon detectors to about 1 m2 per sector, minimizing costs21

and influence on the detectors (TOF and Calorimeters) posi-22

tioned behind the RICH.23

PMTs Adapter board

ASIC board

FPGA board

PMTs
Adapter board

ASIC board

FPGA board

Figure 1: The CLAS12 RICH readout unit design (see text for details).

2. The Photon Detector24

The goal of the CLAS12 RICH is to achieve a single25

photon-electron (SPE) Cherenkov angle resolution, dominated26

by the aerogel chromatic dispersion, of 4.5 mrad. The flat27

panel Hamamatsu H8500 Multi-Anode PhotoMultiplier Tube28

(MAPMT) [4] has been selected to achieve the design angu-29

lar resolution, thanks to the enhanced sensitivity to the visible30

and near-UV light in conjunction with a matching geometrical31

layout of 64 pixels covering a 5x5 cm2 area with an excellent32
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Figure 2: (Left) Pedestal RMS, as measured on a test point, of the 192 chan-
nels of the 3× MAROC boards during the production quality assurance. The
measured RMS values are below 4 mV while the single photo-electron signal is
expected around 800 mV. (Right) Logic discrimination efficiency as a function
of the MAROC channel, for a range of programmed thresholds. A test pulse
corresponding to 60 fC, i.e. about 1/7 of the expected typical single photo-
electron discharge, is generated by the programmable on-board pulse generator
and injected in channel 23 of each chip. Close to the pedestal value, spurious
fluctuations are discriminated in all channels (the efficiency defined as the ratio
of counts over triggers appears greater than 1). At threshold values below the
pedestal, the system digitized the undershoot of the bipolar shaped signal.

packing factor of 89%. Despite not advertised as the optimal33

choice in the SPE regime, such MAPMT showed adequate per-34

formance in several laboratory tests [5] and at beam tests [6]35

when used in conjunction with an adapted readout electron-36

ics. Just after the RICH construction startup, the novel Hama-37

matsu H12700 became available, with the same layout of the38

H8500 but an optimized dynode structure for single photon de-39

tection [7].40

The CLAS12 RICH is the first large-area detector to em-41

ploy this type of multi-anode photo-multiplier. A total of 39142

MAPMTs, corresponding to about 25000 pixels, are needed to43

cover the about 1 m2 trapezoidal active area of the first RICH44

module. The production of the RICH photon detectors (8045

H8500 and 320 H12700) has been completed, achieving an av-46

erage gain of 2.7 · 106, which corresponds to about 400 fC gen-47

erated charge per SPE.48

3. The Readout Electronics49

The RICH front-end electronics is designed to ensure 100%50

efficiency at 1/3 of the average photo-electron signal level, 1 to51

4 gain spread compensation, time resolution of the order of 152

ns to distinguish direct from reflected photon hits, and a trigger53

rate up to 20 kHz and 8 µs trigger latency.54

The front-end electronics is organized in compact units (tiles)55

mechanically designed to fit the MAPMT dimensions, each56

serving two or three MAPMTs, thus allowing the tessellation57

of large surfaces with minimum dead space and material bud-58

get, see Fig. 1. Each readout unit comprises three boards with59

complementary functions.60

A feed-through adapter board provides the electrical con-61

nectivity of the sensors with the external readout system while62

preserving the adequate light and gas tightness of the inner de-63

tector volume when mounted on the RICH carbon fiber sup-64

porting panel. It also distributes the sensor bias voltage (with65

-1000 Volts as nominal value). The signal processing board66

is based on the MAROC3 chip [8], a 64-channel microcircuit67

dedicated to MAPMT pulse processing. Each channel com-68

prises a low impedance adjustable gain preamplifier followed69

by two highly configurable shaping sections with independent70

processing. The first section embeds a slow shaper and a sam-71

ple and hold structure to allow linear charge measurements up72

to 5 pC. Requiring short trigger delays and multiplexed access,73

this feature is used as a RICH calibration tool. The second sec-74

tion features a fast shaper and an adjustable threshold discrim-75

inator to produce, for each input signal, a start and stop logic76

pulse. These are stored in a 8 µs deep circular memory allow-77

ing a parallel, almost dead-time free, readout. The fast shaper78

works in an almost saturated regime to maximize the discrimi-79

nation efficiency. The MAROC chip is configured and read out80

by a FPGA board optically linked to the data acquisition back-81

end (DAQ) using the JLab Sub-System Processor (SSP), which82

resides in a VXS/VME crate. The current firmware version in-83

cludes a 1 ns precision timestamping of the logic pulses.84

A constant-threshold binary readout requires a good stability85

of the baseline (pedestal) and definition of the working point86

(gain and threshold). Their programmed levels are here ex-87

pressed as Digital-to-Analog Converter (DAC) units. During88

the board production, quality assurance tests confirmed the ex-89

cellent sensitivity of the logical readout, able to discriminate90

signals down to a few percent of a single photon-electron dis-91

charge, see Fig. 2.92

4. Characterization and Commissioning93

Each readout unit was characterized in laboratory tests us-94

ing a pico-second precision pulsed PicoQuant laser of 405 nm95

wavelength. A light diffuser was used in order to uniformly96

illuminate the whole sensitive area and integrate all the local97

variations of the sensor response. The laser pulse intensity98

was tuned and optical neutral density filters added in order to99

deliver on average 3 photon hits per MAPMT. The recorded100

single-photon spectra allowed to map the relative gain and ef-101

ficiency of the 64 pixels of each MAPMT [9], see Fig. 3. All102

the MAPMTs were fully tested and characterization parameters103

were extracted by fitting a detailed model of the SPE spectrum,104

developed at JLab [10]. Data showed that the H12700 has, on105

average, a 10% better efficiency than the H8500, likely due to106

the improved photocathode performance. The recorded infor-107

mation can be useful for the likelihood definition of each par-108

ticle hypothesis in the RICH reconstruction. In addition, the109

SPE spectra allow to study the efficiency dependence on the110

working parameters, i.e. MAPMT bias voltage, MAROC pre-111

amplification gain and threshold. Data indicated the efficiency112

reaches a plateau over a wide range of working parameter val-113

ues, see Fig. 4. The plateau would correspond to the region114

where all the MAPMT discharges are digitized and the effi-115

ciency ultimately depends on the quality of the photocathode.116

The plateau is a consequence of the saturated mode employed117

in the MAROC binary readout and allows a flexible definition118

of the working point, a crucial feature when dealing with a large119

number of channels in the challenging single-photon regime.120
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Figure 3: (Left) Example of MAPMT efficiency map normalized to the max-
imum pixel efficiency. Data show an almost flat behavior at values close to 1
except for the edge pixels. (Right) Example of MAPMT gain map normalized
to the maximum pixel gain. The visible 1:2 variation is expected for this type
of sensors and can be compensated by the electronics.
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Figure 4: Relative SPE detection efficiency as a function of the working param-
eters: bias voltage, MAROC preamplification gain and discriminator thresh-
old. The plots show the dependence on two parameters while keeping fixed the
third: bias voltage (left) or threshold (right). Data are normalized to the ref-
erence point at HV=-1000 V, gain=1 and threshold=+50 DAC. Values greater
than 1 are likely due to the cross-talk contribution.

The RICH detector was installed in the CLAS12 experiment121

at the beginning of January 2018. The electronics pedestal val-122

ues were regularly monitored during the following engineer-123

ing run and CLAS12 data-taking, as their stability is a cru-124

cial feature for the constant threshold readout. The pedestal125

level is different for each MAROC, but is relatively uniform126

within one chip, a feature conforming to the common discrim-127

ination threshold, see the left plot of Fig. 5. With HV ON,128

the typical measured dark count rate is around 10 Hz/pixel,129

in agreement with the Hamamatsu specifications. In the right130

plot of Fig. 5, the measured dark rate of one pixel of a H12700131

MAPMT is plotted as a function of the discriminating thresh-132

old with MAPMT HV OFF (0 V) and HV ON (-1000 V), at133

the beginning and at the end of the first physics run. The plot134

shows a large region of uniform response above a very narrow135

pedestal (as expected from the laboratory characterization) that136

stays unchanged over time.137

A typical feature of any constant threshold readout is the138

time-walk, i.e. the dependence of the discrimination time on139

the signal amplitude. The time-over-threshold (ToT) derived140

from the recorded start and stop signal times provides a non-141

linear estimate of the charge collected at the MAPMT anode.142

This can be used to correct for the time-walk effect. In order143

to have an easier handling of the time-walk and ToT behavior144
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Figure 5: (Left) Pedestal map of the whole MAPMT plane showing the values
within the same MAPMT are quite uniform. (Right) Count rate of one MAPMT
pixel as a function of the discrimination threshold as measured at the beginning
and at the end of the first CLAS12 physics run. A pixel with a dark count
rate above the average is chosen for better visibility. The discriminated signals
have been recorded within a programmed time window at each of the thresholds
selected for the scan. The peak corresponds to the pedestal (when the threshold
equals the baseline), visible also at HV OFF. The tails are the dark count signals
(bipolar after the shaping section) at HV ON. The shoulders around the pedestal
are due to cross-talk signals. The almost flat behaviour up to 600 DAC is due
to the large amplification (and almost saturated signals). The pixel behaviour is
stable with time. Color scales and threshold are in DAC units.

over the 25000 channels of the RICH detector, an equaliza-145

tion of the SPE shaped pulses is desirable, in particular because146

the MAROC programmable threshold is common to all its 64147

readout channels. The RICH channel-by-channel SPE signal148

equalization was performed during the CLAS12 engineering149

run with real data. Data-acquisition tests were made at vari-150

ous thresholds for different MAROC gain configurations. Fig. 6151

shows the ToT distribution for three typical values of the thresh-152

old: on the left for all channels without amplification (nominal153

MAROC gain of 1), on the right after equalization (tuning the154

average MAPMT+MAROC gain to 2.7 × 106 in all the chan-155

nels). After equalization, the ToT distribution of saturated SPE156

signals is narrower than before. With typical ToT values larger157

than 40 ns, the peak is also clearly separated from the cross-talk158

signals whose ToT values distribute around 25 ns.159

For each hit in the MAPMT plane, an estimate of the corre-160

sponding Cherenkov angle is derived by ray-tracing the photon161

path inside the RICH volume taking into account possible re-162

flections. The emission point is assumed to be the middle point163

of the hadron path inside the aerogel radiator. The reconstructed164

path and angle are validated by a ±3 ns time coincidence be-165

tween the RICH recorded time and the CLAS12 expected time.166

The latter is defined as the time of interaction plus the flight167

time of the traced hadron to the aerogel radiator and of the ray-168

traced photon to the sensor. The expected time provides a prac-169

tical way to check the RICH time resolution as CLAS12 has170

a much smaller time uncertainty than RICH. Examples of re-171

constructed RICH events are shown in Fig. 7. A distinguishing172

feature is the low level of spurious hits from accidentals, in-time173

background (i.e. Rayleigh scattering) and dark counts. The pre-174

liminary time resolution is of the order of 0.7 ns and well within175

the RICH specification of less than 1 ns. The preliminary SPE176

Cherenkov angle resolution yields about 6 mrad, see Fig. 8. It177

is expected to improve towards the goal value of 4.5 mrad once178

the corrections for the detector misalignment and realistic opti-179

3
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Figure 7: Examples of RICH reconstructed events: direct (left) and partially
reflected (right). Big dots indicate the reconstructed photon hits. The arrows in-
dicate the hadron impact point (red star) and the expected photon pattern (small
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cal parameters of each aerogel tile will be accounted for.180

5. Electronics Applications181

The tessellated electronics developed for the CLAS12 RICH182

provides a very flexible solution for low photon-yield readout183

systems from the scale of a laboratory test-bench up to a full-184

scale experiment. The same electronics system was adopted185

by the DIRC detector of the GlueX experiment [11] and is186

used for the initial prototypes of a future Electron-Ion collider187

ring-imaging Cherenkov detector [12]. The system can be con-188

nected by an optical link to a desktop computer via TCP/IP189

or to a VXS/VME DAQ via a SSP protocol. It provides both190

a charge linear measurement and parallel binary information191

with 1 ns time precision (which conforms to CLAS12 RICH192

requirements, but can be improved with dedicated firmware).193

The system has an on-board pulse generator and can work in194

auto, self and external trigger mode. It is ideal for MAPMTs195

but is also compatible with other sensors, i.e. Silicon Photo-196

Multiplier (SiPM) matrices. Test-beam studies of the RICH197

electronics have been performed at Fermilab using a 120 GeV/c198

proton beam and a small modular RICH prototype using an199

aerogel tile as radiator and a Fresnel lens to focus the ring200

image and limit the size of the gap between radiator and sen-201

sors [13]. The prototype was instrumented with either four202

H13700 MAPMTs [14] or three S12642-1616PA matrices of203
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3 × 3 mm2 area SiPMs [15], and successfully read out with204

the CLAS12 RICH electronics with the simple redesign of the205

adapter board [16]. In the case of SiPMs, a cooling plate was206

integrated into the adapter board to provide temperature control207

from room temperature down to -30 Celsius.208

6. Conclusions209

Preliminary data analysis shows that the CLAS12 RICH, for210

the first time equipped with H8500 and H12700 MAPMTs, is211

able to match the required time and Cherenkov angle resolution.212

A compact and scalable readout electronics system has been re-213

alized for the detector, able to work in the single-photon regime214

with high efficiency and stability. It provides a reliable read-215

out system for a variety of cutting-edge sensors, from densely216

packed H13700 MAPMTs to novel SiPM matrices.217
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