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

Tessellated readout system for single-photon detection at si1b-cm spatial
resolution

Flexible architecture for easily adaptation to various s’ ... 2ors,
geometries and setups

100% efficient discrimination capability down to few fC -ingle-photon
signals

Almost dead-time free parallel digitalization with be ter 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 . ~cently put into operation using for the first time
the well known Hamamatsu H8500 MAPMT and the new single-photon « >dicated 112700, for a total of about 400 MAPMTs and
25000 pixels. The photon detector must efficiently detect single photu."< in .. visible and near-UV light region, provide a fast
response for background rejection and pattern recognition, and have a spatia, solution of less than 1 cm over an area of ~ 1 m2.

Each front-end readout unit is composed of three electronic boai.~ with specific tasks directly connected to groups of 2 or 3
sensors. The core of the readout is composed of MAROC3 and FPGA c. ‘ns. The MAROC3 chip is able to discriminate the 64
signals from one MAPMT and to produce 64 corresponding bina. 7 ou ..., with 100% efficiency starting at a small fraction of the
single-photon signal, while the FPGA chip provides 1 ns TDC capavr’ ity with 8 us maximum latency and acts as a DAQ controller.
The system is designed to be almost dead-time free at the forc "o~ 20 KHz CLAS12 trigger rate. The best working conditions for
single-photon detection have been studied at laser stands, test bea s, and with the JLab electron beam data. A report of the photon
detector preparation, commissioning and operation is here J<cuso< .

Keywords: Single-photon detection, Ring-imaging Cherenkov detectors, Front-end electronics, Multi-anode PMT, Digital readout

1. The CLAS12 Ring-Imaging Cherenkov Def~ctox

In deep-inelastic scattering experiments f .rfor.. ~d - vith the
CLAS12 spectrometer [1] at Jefferson Lab ‘. " ab), hadron iden-
tification in the final state will be exploited 1. ~ccess quark
flavour sensitivity, to enhance the discri ... ~tion power for rare
processes and to study final state inte actic «s [2]. A large-area
ring-imaging Cherenkov (RICH) detecto. ~as been designed to
achieve a pion rejection factor of * 1e o’ dJer o1 1:500 in the mo-
mentum range from 3 GeV/c t¢ R CeV/r at a luminosity as
high as 10* cm™2s~!. The ad~~ted » " .ion foresees a novel
hybrid-optics design based ¢ a an ac ogel radiator, composite
mirrors and a high-packed a. 1 high- egmented photon detec-
tor [3]. In order to achievs e ncelod performance and accom-
plish the physics progra 1 while . =taining the baseline layout of ,
the CLAS12 spectromet. - two s mmetric radial sectors (out of
six) of the gas Cherenkov uciector are replaced with a RICH 25
detector. Each RIC.1 ™ ser.or aas a projective geometry, a gap =s
depth of 1.2 m and ab. 1t 5 m? entrance window area. A fo- 2
cusing mirror system has oeen designed to collect the light of 2
large-angle particles and reduce the detection area instrumented 2o
by photon detectors to about 1 m? per sector, minimizing costs so
and influence on the detectors (TOF and Calorimeters) posi- s
tioned behind the RICH.
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Figure 1: The CLAS12 RICH readout unit design (see text for details).

2. The Photon Detector

The goal of the CLASI2 RICH is to achieve a single
photon-electron (SPE) Cherenkov angle resolution, dominated
by the aerogel chromatic dispersion, of 4.5 mrad. The flat
panel Hamamatsu H8500 Multi-Anode PhotoMultiplier Tube
(MAPMT) [4] has been selected to achieve the design angu-
lar resolution, thanks to the enhanced sensitivity to the visible
and near-UV light in conjunction with a matching geometrical
layout of 64 pixels covering a 5x5 cm? area with an excellent
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Figure 2: (Left) Pedestal RMS, as measured on a test point, of the 192 chan- 77
nels of the 3x MAROC boards during the production quality assurance. The .4
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- st
electron discharge, is generated by the programmable on-board pulse generator g,
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 8
of counts over triggers appears greater than 1). At threshold values below the 8
pedestal, the system digitized the undershoot of the bipolar shaped signal. 85

packing factor of 89%. Despite not advertised as the optimal ,
choice in the SPE regime, such MAPMT showed adequate per-
formance in several laboratory tests [S] and at beam tests [6]
when used in conjunction with an adapted readout electron-
ics. Just after the RICH construction startup, the novel Ham. -
matsu H12700 became available, with the same layout of the
H8500 but an optimized dynode structure for single photc <.
tection [7]. 8

The CLAS12 RICH is the first large-area detector to em-
ploy this type of multi-anode photo-multiplier. A t- cal o1 "91
MAPMTSs, corresponding to about 25000 pixels, a. needed o
cover the about 1 m? trapezoidal active area of “.ie firs. »”CH
module. The production of the RICH photc 1 de ectors (80
HS8500 and 320 H12700) has been completed. a.™ :vin- an av-
erage gain of 2.7 - 10°, which corresponds t- about 41, fC gen-
erated charge per SPE.

94
95
96
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100
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102
3. The Readout Electronics 103
104

The RICH front-end electronics 1s d' signed to ensure 100%10s
efficiency at 1/3 of the average p.. ~to- :lect on signal level, 1 to1s
4 gain spread compensation, ti~e res. ' 1on of the order of 1o
ns to distinguish direct from - 2flectec nhoton hits, and a triggerios
rate up to 20 kHz and 8 us tn_-ger late icy. 109
The front-end electroni~ ‘s O1x.....£ed in compact units (tiles)1o
mechanically designed .o fit ti.~ MAPMT dimensions, eachiu
serving two or three M. PMTs. (hus allowing the tessellationis2
of large surfaces with minuuwin dead space and material bud-113
get, see Fig. 1. Each “ear ou. unit comprises three boards with1s
complementary functio. s. 115
A feed-through adapte board provides the electrical con-11s
nectivity of the sensors with the external readout system whiles17
preserving the adequate light and gas tightness of the inner de-11s
tector volume when mounted on the RICH carbon fiber sup-11s
porting panel. It also distributes the sensor bias voltage (withiz

2

-1000 Volts as nominal value). The signal processing board
is based on the MAROC3 chip [8], a 64-channel microcircuit
dedicated to MAPMT pulse procssing. Each channel com-
prises a low impedance adjustal = gain preamplifier followed
by two highly configurable sh: ping .. ~tions with independent
processing. The first section .. “eds a slow shaper and a sam-
ple and hold structure to al’ow I' 1ear charge measurements up
to 5 pC. Requiring short trigg. delays and multiplexed access,
this feature is used as a RIL"T caliuration tool. The second sec-
tion features a fast shs yc. and ai. adjustable threshold discrim-
inator to produce, fr. eac 1 1, at signal, a start and stop logic
pulse. These are store.. a a 8 us deep circular memory allow-
ing a parallel, al ..ost dead-ume free, readout. The fast shaper
works in an alm st satur. ted regime to maximize the discrimi-
nation efficiency. "he M AROC chip is configured and read out
by a FPGA oard ~ntically linked to the data acquisition back-
end (DAQ) < g the JLab Sub-System Processor (SSP), which
resides .. * VX<V ME crate. The current firmware version in-
cludes a 1 ns ;. “=cision timestamping of the logic pulses.

A ¢« ~stant-tf reshold binary readout requires a good stability
of .. basc....c (pedestal) and definition of the working point
(gain anu “hreshold). Their programmed levels are here ex-
p: ~sed as Digital-to-Analog Converter (DAC) units. During
the bo.. 1 production, quality assurance tests confirmed the ex-
cel o, sensitivity of the logical readout, able to discriminate
+"znals down to a few percent of a single photon-electron dis-
cha.ge, see Fig. 2.

4. Characterization and Commissioning

Each readout unit was characterized in laboratory tests us-
ing a pico-second precision pulsed PicoQuant laser of 405 nm
wavelength. A light diffuser was used in order to uniformly
illuminate the whole sensitive area and integrate all the local
variations of the sensor response. The laser pulse intensity
was tuned and optical neutral density filters added in order to
deliver on average 3 photon hits per MAPMT. The recorded
single-photon spectra allowed to map the relative gain and ef-
ficiency of the 64 pixels of each MAPMT [9], see Fig. 3. All
the MAPMTs were fully tested and characterization parameters
were extracted by fitting a detailed model of the SPE spectrum,
developed at JLab [10]. Data showed that the H12700 has, on
average, a 10% better efficiency than the H8500, likely due to
the improved photocathode performance. The recorded infor-
mation can be useful for the likelihood definition of each par-
ticle hypothesis in the RICH reconstruction. In addition, the
SPE spectra allow to study the efficiency dependence on the
working parameters, i.e. MAPMT bias voltage, MAROC pre-
amplification gain and threshold. Data indicated the efficiency
reaches a plateau over a wide range of working parameter val-
ues, see Fig. 4. The plateau would correspond to the region
where all the MAPMT discharges are digitized and the effi-
ciency ultimately depends on the quality of the photocathode.
The plateau is a consequence of the saturated mode employed
in the MAROC binary readout and allows a flexible definition
of the working point, a crucial feature when dealing with a large
number of channels in the challenging single-photon regime.
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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-15.
old. The plots show the dependence on two parameters while keeping fi..  u.c
third: bias voltage (left) or threshold (right). Data are normalized to the rc.
erence point at HV=-1000 V, gain=1 and threshold=+50 DAC. Values greater

than 1 are likely due to the cross-talk contribution. 188

154

155

The RICH detector was installed in the CLAS .2 exper. ientss

at the beginning of January 2018. The electror cs p .dest .1 val-1s7
ues were regularly monitored during the fc'low. o e gineer-tss
ing run and CLAS12 data-taking, as thei stability s a cru-ts
cial feature for the constant threshold rcadou.. The pedestal;q,
level is different for each MAROC, b . _- relatively uniform,s,
within one chip, a feature conforming co th - common discrim-,
ination threshold, see the left plot of »~ 5. With HV ON,
the typical measured dark count ate ‘s aroand 10 Hz/pixel,q,
in agreement with the Hamamat  sr ccifir ations. In the right,es
plot of Fig. 5, the measured dark rate - € r ae pixel of a H12700 4
MAPMT is plotted as a func .1on of he discriminating thresh-;
old with MAPMT HV OFF 0 V) ar 1 HV ON (-1000 V), ats
the beginning and at the e~ 01 . .rst physics run. The plot;g
shows a large region of iniforn. vesponse above a very narrow;y,
pedestal (as expected frc m the la soratory characterization) that,,
stays unchanged over time. 172
A typical feature “f 2.y constant threshold readout is theiz
time-walk, i.e. the dep ndence of the discrimination time oni
the signal amplitude. The time-over-threshold (ToT) derivediss
from the recorded start and stop signal times provides a non-s
linear estimate of the charge collected at the MAPMT anode.77
This can be used to correct for the time-walk effect. In orderizs
to have an easier handling of the time-walk and ToT behaviorizs
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Figure 5: (Left) Pedestal aap ¢ the winole MAPMT plane showing the values
within the same MAPMT arc _ ‘te uniform. (Right) Count rate of one MAPMT
pixel as a function of *".c uiscrimu.. tion threshold as measured at the beginning
and at the end of t' 2 first C. \S12 physics run. A pixel with a dark count
rate above the avera, = is chose for better visibility. The discriminated signals
have been recorded wi. "~ = = ygrammed time window at each of the thresholds
selected for th scan. The peak corresponds to the pedestal (when the threshold
equals the bas line® visit 2 also at HV OFF. The tails are the dark count signals
(bipolar after the »napins section) at HV ON. The shoulders around the pedestal
are due to cic ~-talk ..gnals. The almost flat behaviour up to 600 DAC is due
to the large ampli. ation (and almost saturated signals). The pixel behaviour is
stable v. *h time. C lor scales and threshold are in DAC units.

v =r tne 25000 channels of the RICH detector, an equaliza-
tion 0. *he SPE shaped pulses is desirable, in particular because
we - “*ROC programmable threshold is common to all its 64
.~ adout channels. The RICH channel-by-channel SPE signal
eq. alization was performed during the CLAS12 engineering
ru.a with real data. Data-acquisition tests were made at vari-
bus thresholds for different MAROC gain configurations. Fig. 6
shows the ToT distribution for three typical values of the thresh-
old: on the left for all channels without amplification (nominal
MAROC gain of 1), on the right after equalization (tuning the
average MAPMT+MAROC gain to 2.7 X 10° in all the chan-
nels). After equalization, the ToT distribution of saturated SPE
signals is narrower than before. With typical ToT values larger
than 40 ns, the peak is also clearly separated from the cross-talk
signals whose ToT values distribute around 25 ns.

For each hit in the MAPMT plane, an estimate of the corre-
sponding Cherenkov angle is derived by ray-tracing the photon
path inside the RICH volume taking into account possible re-
flections. The emission point is assumed to be the middle point
of the hadron path inside the aerogel radiator. The reconstructed
path and angle are validated by a +3 ns time coincidence be-
tween the RICH recorded time and the CLAS12 expected time.
The latter is defined as the time of interaction plus the flight
time of the traced hadron to the aerogel radiator and of the ray-
traced photon to the sensor. The expected time provides a prac-
tical way to check the RICH time resolution as CLAS12 has
a much smaller time uncertainty than RICH. Examples of re-
constructed RICH events are shown in Fig. 7. A distinguishing
feature is the low level of spurious hits from accidentals, in-time
background (i.e. Rayleigh scattering) and dark counts. The pre-
liminary time resolution is of the order of 0.7 ns and well within
the RICH specification of less than 1 ns. The preliminary SPE
Cherenkov angle resolution yields about 6 mrad, see Fig. 8. It
is expected to improve towards the goal value of 4.5 mrad once
the corrections for the detector misalignment and realistic opti-
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cal parameters of each aerogel tile will be accounted .or.
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5. Electronics Applications ”o
The tessellated electronics developed for t.e Co. * ST . RICHE:
provides a very flexible solution for low 1. ~ton-yiela readout ,
systems from the scale of a laboratory test-benc” up to a full-223
scale experiment. The same electroni » . 7stem was adopted224
by the DIRC detector of the GlueX expriment [11] and is225
used for the initial prototypes of a futurc lectron-Ion collider
ring-imaging Cherenkov detector "(2]. The system can be con-
nected by an optical link to a « -kf,p cr.nputer via TCP/IP2s
or to a VXS/VME DAQ via a SP p. * col. It provides both,,,
a charge linear measuremer and p. -allel binary informationszs
with 1 ns time precision (wi ‘ch con orms to CLAS12 RICH2»
requirements, but can be * iprov.. with dedicated ﬁrmware).zz?
The system has an on-l oard pu se generator and can work in,,,
auto, self and external t. oger o de. It is ideal for MAPMTszss
but is also compatikle with vwer sensors, i.e. Silicon Photo-2*
Multiplier (SiPM) n »tric 5. Test-beam studies of the RICH.~
electronics have been p. formed at Fermilab using a 120 GeV/c,,,
proton beam and a smal. modular RICH prototype using anzs
aerogel tile as radiator and a Fresnel lens to focus the ring®°
image and limit the size of the gap between radiator and sen-i?
sors [13]. The prototype was instrumented with either fours,,
H13700 MAPMTs [14] or three S12642-1616PA matrices ofzs
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Figure 8: (Left) Typical ti" .e res "..."~n before (red) and after (blue) time-walk
correction for all the pix '~ in APMT 52. (Right) Cherenkov angle recon-
struction without (black) anu  -ith (magenta) a time coincidence request be-
tween RICH detecter” ana CLAS uacking times (the difference is in red).

3 x 3 mm® - sa 5.72.s [15], and successfully read out with

the CLAS] 2 RJ”.a “lectronics with the simple redesign of the
adapter boa.. (16]. in the case of SiPMs, a cooling plate was
integrated .. “o tuc adapter board to provide temperature control
from room tem erature down to -30 Celsius.

6. Cond. “<ions

r. liminary data analysis shows that the CLAS12 RICH, for
-~ first time equipped with H8500 and H12700 MAPMTs, is
b’ e to match the required time and Cherenkov angle resolution.
A ~ompact and scalable readout electronics system has been re-
. ized for the detector, able to work in the single-photon regime
with high efficiency and stability. It provides a reliable read-
out system for a variety of cutting-edge sensors, from densely
packed H13700 MAPMTs to novel SiPM matrices.
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