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Tests of innovative photon detectors and integrated electronics
for the large-area CLAS12 RICH
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Abstract

A large area ring-imaging Cherenkov detector has been designed to provide clean hadron identification capability in the momentum
range from 3 GeV/c to 8 GeV/c for the CLAS12 experiments at the upgraded 12 GeV continuous electron beam accelerator facility
of Jefferson Lab, to study the 3D nucleon structure in the yet poorly explored valence region by deep-inelastic scattering, and to
perform precision measurements in hadron spectroscopy.

The adopted solution foresees a novel hybrid optics design based on an aerogel radiator, composite mirrors and densely-packed
and highly-segmented photon detector. Cherenkov light will either be imaged directly (forward tracks) or after two mirror reflections
(large angle tracks).

Extensive tests have been performed on Hamamatsu H8500 and novel flat multi-anode photomultipliers under development and
on customized matrices of Hamamatsu SiPM matrices. A large scale prototype based on 28 H8500 MA-PMTs has been realized
and tested with few GeV/c hadron beams at the T9 test-beam facility of CERN. In addition a small prototype was used to study the
response of SiPM matrices within a temperature interval ranging from 25 down to -25 Celsius degrees. The preliminary results of

the individual photon detector tests and of the prototype performances at the test-beams are here reported
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1. Introduction

The CLASI12 detector at Jefferson Lab (JLab) (VA, USA),
after the ongoing accelerator upgrade, will receive polarised
electron beams of maximum energy 11 GeV and luminosity
up to 10% ¢cm~2s7!, providing a world-leading facility for the
study of electron-nucleon scattering with nearly full angular
coverage [1]. The physics program is extremely broad [2]
but, in particular, will focus upon 3D imaging of the nucleon
through the mapping of generalized and transverse momentum
dependent parton distributions at unprecedented high Bjorken
x [3]. In particular three approved experiments demand an ef-
ficient hadron identification across the momentum range from
3 to 8 GeV/c, not covered by the existing time-of-flight system
(TOF), and scattering angles up to 25 degrees. A pion rejec-
tion power of about 1:500 is required to limit the pion con-
tamination in the kaon sample to a few percent level. A ring-
imaging Cherenkov detector (RICH), instrumenting at least two
symmetric CLAS12 radial sectors out of the total six, is under
construction to achieve the needed hadron identification and ac-
complish the physics program. The radial sectors have a projec- 27
tive geometry, a depth of 1.2 m and about 5 m? entrance window 2s
area. Simulation studies favor a hybrid imaging RICH design 2o
incorporating aerogel radiators, visible light photon detectors, o
and a focusing mirror system [4]. a1

The best radiator for RICH hadron identification in the few 2
GeV momentum range is silica aerogel, an amorphous solid s
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Figure 1: The two-sector baseline RICH detector (orange) positioned in place
of the low threshold Cherenkov counters in the forward section of the CLAS12
spectrometer.

network of SiO, nanocrystals with a very low macroscopic den-
sity and a refractive index in between gases and liquids. It has
been successfully used as radiator material for RICH detectors
in several particle physics experiments [5] and is planned for
future use [6].

A focusing mirror system will be used to reduce the detec-
tion area instrumented by photon detectors to about 1 m? per
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Figure 2: The CLAS12 hybrid optics design (see text for details).
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Figure 3: Normalized response map of a H8500 (left) and a H12700 (right)
MA-PMT, obtained by scanning a 8 x 8 mm? area with a pico-second pulsed
laser spot of 90 um diameter and 635 nm wavelength with step size of 80 um.

sector, minimizing costs and influence on the detectors (TOF
and Calorimeters) positioned behind the RICH, see Fig. 2. For
forward scattered particles (6 < 13?) with momentap =3 -8
GeV/c, a proximity imaging method with thin (2 cm) aerogel
and direct Cherenkov light detection will be used. For larger
incident particle angles of 13° < 6 < 35° and intermediate mo-
menta of p = 3 - 6 GeV/c, the Cherenkov light will undergo two
reflections and further passes through the thin radiator material
before detection. The longer path of light and the focusing mir-
ror allow the use of thick (6 cm) aerogel to compensate yield
losses in the thin radiator. o

As confirmed by simulation studies [4], the photon detec-
tor must provide a spatial resolution of less than 1 cm to not _,
degrade the Cherenkov angle resolution in the CLAS12 RICH ,
geometry. The fringe field of the CLAS12 torus magnet along .,
the photon detector plane is evaluated of the order of few gauss, _,
allowing the use of standard multianode photomultipliers (MA-
PMTs).

76
77

2. The H8500 MA-PMT and the large-size RICH prototype
7

9

The Hamamatsu H8500 multianode photomultiplier tubes &
have been selected as a candidate being an effective compro- &
mise between detector performance and cost. It comprises an 8 ¢
X 8 array of pixels, each with dimensions 5.8 mm X 5.8 mm, &
into an active area of 49.0 mm x 49.0 mm with a very high s
packing fraction of 89%. The device offers a spectral response
matching the spectrum of light transmitted by the aerogel, with s
a quantum efficiency peaking at 400 nm, and a fast response &
(Iess than 1 ns rise time) useful to suppress background. 8

Although the H8500 MA-PMT is not advertised as the opti- &
mal device for single photon detection purposes, several units so
have been characterized in laboratory tests achieving perfor- o
mances adequate to the CLAS12 RICH requirements [7]. o
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Figure 4: Gain (in terms of ADC channels) versus single photoelectron sig-
nal resolution (defined as rms over distance from pedestal ratio of the single
photon electron signal) for the readout channels of the tested H8500 (top) and
H12700 (bottom) devices operated at 1000 V and illuminated by a 405 nm laser
wavelength.

Testbeam studies of a large-size prototype RICH detector
were performed at the T9 beam line in the CERN-PS East Area,
with a mixed hadron beam of 6-8 GeV/c momentum. Two
setups were mounted inside a ~ 1.5 m wide light-tight box
to study direct and reflected light imaging modes individually.
The Cherenkov light was detected by 28 MA-PMTs mounted
along a circular array and could be radially moved to inter-
cept the Cherenkov ring produced with different opening an-
gles depending on the chosen refractive index. The test-beam
set-up was completed by a tracking system consisting into two
gaseous electron multipliers chambers with 10x10 cm? area and
a threshold Cherenkov CO, gas counter to tag pions. The pro-
totype readout electronics was based on the MAROC3 [8] chip
and derived from medical imaging applications. Each 5 x 5
cm? Front-End MAROC card served a 64 channel multi-anode
PMT. The controller board could host up to 64 Front-End cards
allowing to concentrate thousands of readout channels in a very
compact layout.

The direct light case reproduces the 1 m gap of the CLAS12
geometry. In the early stages of data analysis, an average yield
of 12 photo-electrons and a /K separation close to the goal
value of 40 in units of Cherenkov angle resolution have been
obtained with a 2 cm n=1.05 aerogel up to the maximum beam
momentum of 8 GeV/c.

In the reflected light RICH configuration, no significant
degradation of the net Cherenkov angle resolution was observed
on top of the expected 60% light yield loss effect due to the



93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

11

112

13

114

115

116

17

118

19

120

121

122

123

124

125

126

3 F ——-25°C
gaoo:—[ 0°C
gzao}l l —— +25°C
%260} | | I
E r
F 240— J§1 J
220[— .
- ¢
200(— TS
C ¢ s H
180 844 3
N T P T D T T R
85 15 2 25 3 35 4 45

Overvoltage [V]

Figure 5: Time difference rms between SiPM hits collected within + 3 ns from

the trigger time as a function of the overvoltage, at three different temperatures.
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128
aerogel transmission. These preliminary results validate theis
CLAS12 RICH concept [9]. 130

131

3. The novel H12700 MA-PMT 1%

133

The CLAS12 RICH unconventional geometry with multiples
light passes through the radiator demands a high photon detec-15
tion efficiency. Recently the novel Hamamatsu H12700 multi-t3s
anode PMT has become available, with the same layout as the”
H8500 but optimized dynode structure for single photon detec-1
tion, see Fig. 3. Several H12700 units have been tested illumi-13¢
nating each pixel center with a pico-second pulsed laser spot of14
~ 1 mm diameter and 465,5 nm wavelength, yielding promisingis
results in terms of single photon resolution despite the slightly+sz
reduced gain, see Fig. 4. Although, in some cases, the borderis
pixels of the H12700 device show a significant increase of thess
dark current with respect the typical H8500 values, the corre-s
sponding dark counts are limited to values of no concern for the4s
CLAS12 RICH application. Most important for Cherenkov ap-17
plications, the new dynode structure is expected to provide aniss
enhanced catode sensitivity and a better collection efficiency:1s
the tested H12700 MA-PMT yield a single photon-detection ef-1so
ficiency in average 25% higher than the standard H8500. 151
152
158

4. The Silicon-Photomultiplier Option

154

The fast developing silicon photomultipliers represent a pos-1ss
sible cost-effective alternative for upgrades of the detector. Atss
small prototype was used to study the performance of 3 X 3157
mm? silicon multi-pixel photon counter (MPPC) matrices withrss
a 3 cm n=1.05 aerogel and 36 cm gap. A commercial 8 X1
8 MPPC matrix was compared to two customized 8 x 4 MPPCreo
matrices with an embedded pre-amplification stage. All the ma-tst
trices were temperature controlled by means of water cooled1e2
Peltier cells. The response to Cherenkov light was studiedtes
within a temperature interval ranging from 25 down to -25 de-1e«
grees Celsius. The SiPM matrices were operated inside a blackres
box in a dry nitrogen atmosphere to avoid water condensationses
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Figure 6: Effective damage to SiPM relative to 1 MeV neutron [10].

at low temperature. Each SiPM was connected to the external
Front-End electronics by a 1.5 m coaxial cable. The amplifi-
cation and discrimination stage of the SiPM signals were de-
rived from an electronic R&D of the SuperB muon detector.
The discriminated signal were fed to a 128 channel V1190A
CAEN TDC with a 100 ps time resultion. The MPPC signal
hits were selected by a relatively broad trigger time coincidence
of +3 ns, driven by the external trigger jitter, which limited the
dark count background rejection. Anyway, at low temperature,
a stable and uniform response could be achieved in a large in-
terval of bias voltage and discriminating threshold values: a
30-40% higher than H8500 single photon detection efficiency
was recorded while approaching a manageable 10~* dark count
background occupancy [9].

The width of the time difference distribution between SiPM
hits in the same event provides an estimate of the SiPM signal
time resolution as removes the trigger jitter while getting neg-
ligible contribution from the different photon paths. Despite
the system was not design for excellent time performances, the
preliminary analysis indicates a time difference rms as low as
180 ps, see Fig. 5, corresponding to a time resolution o, of the
order of 130 ps, at low temperature and high overvoltage. By
rejecting the hits outside a window of 30, centered on the aver-
age SiPM hit time, a further reduction of the the combinatorial
background in each event was obtained, reflecting in a overall
10% improvement in the Cherenkov angle resolution.

The above results validate the use of SiPM as single photon
detectors. However, SiPMs are known for their limited toler-
ance to the radiation damage and dedicated irradiation tests had
to be performed to validate their use for the CLAS12 RICH
application. Geant4 simulation of the CLAS12 environment in-
dicate that the neutron fluence at the RICH detector position is
moderate, at the level of few 10° neq/cm? per year at the max-
imum possible luminosity of 10%° cm™s™!, where nq is the
equivalent flux of 1 MeV neutrons derived from the damage
curve in Fig. 6. Dedicated neutron irradiation tests were made
at the Frascati Neutron Generator (FNG) of ENEA, which ex-
ploits the T(d, n)a reaction to produce an isotropic flux of 10'!
neutrons per second of 14 MeV energy.

Several SiPM types from different producers were irradiated.
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Figure 7: Response of a 3 x 3mm? Hamamatsu $12572-015-P MPPC with
15 um micro-cells at different integrated neutron equivalent dose (marked by
the different symbols). Top: current vs voltage characteristic curves compared
to the one before irradiation (dashed line). Center: current ratio over the un-
irradiated case. Bottom: current ratio at a 67 V bias voltage.

For each type, 5 equivalent SiPM were available to be exposed
to different neutron doses. The integrated dose varies from a
minimum of 3-10% neq/cm? up to a maximum of 3-10° neq/cm2,1::
the latter corresponding to few years of CLAS12 run at the lu-196
minosity planned for the experiments demanding the RICH. o

The SiPM response before and after the irradiation was an-
alyzed at different temperatures. The current versus voltage199
characteristic curve was measured by a Keithley 6487 pico—200
amperometer. The SiPM dark-count signals were pre-ampliﬁed201
by an Advansid ASD-EP-EB-N evaluation board and sampled
at 2.5 Gs/s over a 10 ms time window by a Tektronik DPO 7254203
oscilloscope. The analysis of the sampled signal is made in two,
steps [11]. In the first step, a software filter is applied, to re-
move the slow tail due to the SiPM cell recharge after eachzo6
break-down and the following singal undershoot, and to bet-
ter isolate the single dark-count events. In the second step, the208
dark-counts are identified as signal peaks above a given thre,sh—209
old and their amplitude, width and time distance from the pre-
vious peak recorded.

As expected, a sizeable increase in the dark current is foundao
for all the tested SiPM, see an example in Fig. 7. Nevertheless,
even at the maximum dose, the single dark-counts can still be:;
isolated from the sampled signal, when the SiPM is operated,,
at low temperature as expected for the real experiment. This is214
shown by the distribution of normalized peak amplitude versuszz
time-distance of the identified dark-count events, see Fig. 8. .

In conclusion a RICH detector is under construction for thezrs
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Figure 8: Top: the sampled dark-count signal of a 3 x 3 mm? Advansid ASD-
RGB3S-P-50 SiPM with 50 um micro-cells before irradiation at 22° (upper
panel) and after 3 - 10° Neq Jem? dose at 0° (lower panel) temperature. Bottom:
the normalized amplitude as a function of the time distance before (left) and
after (right) irradiation for the identified dark-count events.

CLASI12 experiment with an innovative mirror configuration to
minimize the instrumented area. A front-end electronics is un-
der development able to readout either the described MA-PMTs
or SiPM matrices. It is based on the MAROC3 chip featuring 64
fast-shaped binary outputs with better than 100 ps time jitter [§]
with, in addition, a slow-shaped multiplexed analog output for
test and calibration. From the performed tests, the Hamamatsu
H8500 MA-PMT has proven to be suitable for Cherenkov ap-
plications despite it is not designed for single photon detection
and has been initially selected as a good compromise between
cost and performace. An improved photon detection efficiency
is expected by using the novel H12700 multianode PMTs now
commercially available. For the CLAS12 RICH detector up-
grades the SiPM technology appears to be a valid alternative
to contain cost and material budget given the moderate particle
fluence expected in the CLAS12 environment.
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