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This report shows the design and performance of a large area Silicon Photomultiplier (SiPM) module developed
for the detection of fluorescent light emitted from a ~1 liter scale volume. The module was optimized for the
planned ACME III electron electric dipole moment (eEDM) search, which will be a ~10 TeV probe for the

existence of physics beyond the Standard Model of particle physics. The ACME experiment searched for the
eEDM with the world’s highest sensitivity using cold ThO polar molecules (ACME II (Andreev et al., 2018 )). In
ACME 111, SiPMs will be used for detection of fluorescent photons (the fundamental signal of the experiment)
instead of PMTs, which were used in the previous measurement. We have developed an optimized SiPM
module, based on a 16-channel SiPM array. Key operational parameters are characterized, including gain and
noise. The SiPM dark count rate, background light sensitivity, and optical crosstalk are found to all be well
suppressed and more than sufficient for the ACME III application.

1. Introduction

The electron electric dipole moment (eEDM) is a powerful probe for
physics beyond the Standard Model. The Standard Model of particle
physics does not have enough CP violation to explain the matter—
antimatter asymmetry of the universe. This has driven the creation of
many experiments to look for a new source of CP violation. An EDM
measurement is one of the CP-violation searches because the existence
of EDM corresponds to a violation of T-symmetry, which is equal to CP
violation under the assumption of the CPT conservation.

The ACME experiment has twice set the most stringent limits on
eEDM [1,2]. Our approach in ACME is to use a cold beam of thorium
monoxide (ThO) molecules in a spin precession setup. ThO has a very
large effective electric field [3,4], which would give rise to a large
electron spin precession due to an eEDM. More details about the ACME
measurement can be found in [1,2]. In the next generation of the ACME
experiment (ACME III), we plan to improve the sensitivity about 30
times through upgrades to the apparatus. Fig. 1 shows the apparatus
for ACME III. A cryogenic buffer-gas beam source generates a cold ThO
beam, and hexapole electrodes focus that beam into the interaction
region increasing the number of detected molecules [5]. At the entrance
of the spin precession region, molecules are optically driven into the H
state for the eEDM measurement, where the unpaired electron spins
precess in combined electric and magnetic fields. At the end of the
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precession region, the molecules in the H state are excited to the I state
using laser excitation. The excited molecules emit 512 nm fluorescence
light, which characterizes the phase of the spin precession, the key pa-
rameter in the eEDM measurement. The peak flux of detected photons
at each photodetector is approximately 1000 photoelectrons/ps.

In the previous measurements, ACME used PMTs for signal readout.
We plan to replace the PMTs with Silicon Photomultipliers (SiPMs) to
increase the photon detection efficiency. In Section 2, we introduce
the SiPM module, which can be used as a simple replacement for a
PMT. In Section 3, several important characteristics of the module are
described. In Section 4, mounting of the SiPM module to the ACME
apparatus is introduced, and a test using the ThO beam is described in
Section 5. Finally, we summarize the characteristics of the SiPM module
in Section 6.

2. Design

We will employ a 16-channel SiPM array S13361-6075NE-04 (Hama-
matsu Photonics K.K.) for ACME III. Table 1 shows comparisons be-
tween ACME II PMT and ACME III SiPM. Replacing the PMTs with the
SiPMs leads to a quantum efficiency (Q.E.) gain at 512 nm from around
25% to 45%. On the other hand, detection efficiency at 703 nm is also
increased, which is potentially problematic as 703 nm light is used to
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Fig. 1. Schematic view of the ACME experiment. Fluorescence photons from ThO molecules are detected by SiPMs.

Table 1
Comparison between ACME II PMT and ACME III SiPM. For the SiPM, catalog specks
before constructed as a module are shown.

ACME II PMT ACME III SiPM
Model number R7600U-300 S13361-6075NE-04
Sensitive area 18 mm x 18 mm 24 mm x 24 mm (16 channels)
Q.E. at 512 nm ~25% ~45%
Q.E. at 703 nm ~0.6% ~20%
Excess noise factor ~1.2 ~1.2
DCR at room temperature  ~3keps ~2 Mcps/channel
Capacitance few pF 1.4 nF

excite the molecules. Thus, the 703 nm light can potentially lead to
increased background noise. Another potential drawback is the excess
noise factor of the SiPM is as large as that of the PMT due to large
optical crosstalk. Finally, the SiPMs have much higher dark count rate
(DCR) than the PMTs at the same ambient temperature, and the SiPMs
also have relatively slow response time due to their large capacitance.
Taking into consideration the issues mentioned above, there were
several design goals for our SiPM module: suppressing background at
703 nm to a level at least as low as the PMT, achieve a DCR lower
than 80keps/ch, having sufficient optical crosstalk suppression, and
achieving a response faster than the I state lifetime (115ns). We also
aimed for good output linearity, up to 1000 photoelectrons/ps.

Fig. 2 shows a photo and a schematic of the SiPM module. The
DCR, the most serious concern, is suppressed by cooling the SiPM array
using a thermoelectric cooler (TEC, Thorlabs Inc. TECH4). The SiPM
array is mounted in vacuum on a dedicated printed circuit board (PCB)
made of aluminum for better thermal conductivity. A water-cooled
heatsink is placed on the backside of the vacuum chamber and the
water temperature is controlled to be 20 °C. Three wavelength-selective
optical filters are placed above the SiPM array to reduce optical cross
talk [6] and suppress the 703 nm background.

On the backside of the chamber, PCBs for SiPM bias and readout
circuits are placed. We apply bias voltage without a bias adjustment
system for each channel in a SiPM array because the breakdown voltage
between the 16 channels are uniform enough. The output signal of the
16 channels are summed, and a pole-zero cancellation technique [7]
realizes a fast signal response. A three-pole Bessel filter shapes the
summed signal to improve the signal-to-noise ratio and reduce the
digitizing sampling rate. The single photoelectron signal has about peak
voltage of 2-mV and 80-ns full width at half maximum when operated
with 3.0V overvoltage.

3. SiPM module performance

In this section, we describe the characterization of the SiPM module,
especially the optical cross talk (OCT) and the excess noise factor.
The photon counting resolution of the SiPM module is important for
eEDM sensitivity. However, crosstalk and afterpulsing can degrade
the photon-counting resolution. As we mentioned in Section 2, one
of the three wavelength-selective optical filters is placed for the OCT
suppression. The mechanism for the OCT is shown in Fig. 3(a). Sec-
ondary photons produced during the avalanche process can be reflected
from the surface of the SiPM coating or from the filters above it, and
then detected by other SiPM micro-cells. Since we use an array type
SiPM, the OCT occurs both in the same channel and inter-channels.
To suppress the OCT, we placed an absorptive filter (SCHOTT BG40)
directly above the SiPM using index-matching gel, see Fig. 3(b). This
filter has a transmission peak at 500 nm. The filter absorbs photons
along the paths shown in Fig. 3(b), and the OCT probability is reduced
from 24.7% to 4.3%, compared to the case where only the interference
filter (Semrock FF01-520/70) is used, as shown in Fig. 3(a). More detail
about this study can be found in Ref. [6].

An effect of the OCT and afterpulsing is characterized by a Fano fac-
tor (F) [8]. When pulsed photons are injected using a light source, the
value F can be calculated from the standard deviation (¢) and the mean
value (i) of the observed number of photons as ¢2/u [9]. Here, note
that we estimate the number of photons using the effective gain, which
is calculated by multiplying the single-photoelectron gain by 1.1. The
factor 1.1 comes from our previous measurement which suggests that
the OCT and afterpulsing probability is around 10%. A 515 nm laser
diode (OSRAM PLT5) was used with an arbitrary waveform generator
(siglent SDG2042X), and the SiPM output waveforms were recorded by
a 2-channel oscilloscope (NI PXIe-5164). The SiPM module was cooled
down to —15 °C by the TEC. The gray plot in Fig. 4 shows the trace
of the injected signal envelope, which reproduces the expected ACME
molecular beam signal. The trace has 400 kHz square pulse structure,
which corresponds to the laser polarization switching which is used in
ACME. Each pulse has about 1 ps width, and we call each pulse a “bin”.
At the peak of the trace in Fig. 4, a bin has around 1000 detected
photons. The number of photons in each bin is measured, and the &
and p of the detected number of photons are obtained for each bin
from 1000-shot waveforms.

An example of the Fano factor at each bin is shown in Fig. 4.
We have 10 SiPM modules, and we find that the average of F is
around 1.07. This result suggests that the excess noise by the OCT and
afterpulsing is reduced to around 7% owing to the OCT suppression.

We also carried out several performance tests with 10 SiPM mod-
ules. The single-photoelectron gain is so uniform that the effect on
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Fig. 2. Photo (left) and a cross-sectional view (right) of the SiPM module.
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Fig. 3. (a) Mechanism of the OCT. An interference filter is placed above the SiPM. (b) OCT suppression mechanism using an absorptive filter.
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Fig. 4. Example of the Fano factor at each bin. Overall envelope of the square pulses
created by a 515 nm laser diode is shown in the gray plot. The Fano factor in the
bins without light injection are not estimated properly due to fluctuation of the signal
baseline.

photon counting resolution is negligible compared to the excess noise
measured above. The DCR at —15 °C is suppressed to 3% of that at
room temperature and meets the ACME requirement (80 kcps/channel)
well. In addition, we carried out a long-term stability check. After a
7-weeks of continuous operation (corresponding to 1.7x10'* detected
photons), we found that the fluctuation of the single photon gain and

the photon detection efficiency was less than +1%. A paper describing
these characterizations is in preparation [10].

4. Mounting on the ACME apparatus

The 512 nm photons in the ACME measurement are transmitted to
the SiPM modules by light collecting lens and light pipes. Fig. 5 shows a
photo of the mounting of the light pipe and the SiPM module. The SiPM
module is mounted on a breadboard with an articulating base stage
(THORLABS SL20) so that the surface of the SiPM module can be set
parallel to the light pipe surface. The light pipe is held by a mounting
structure as shown in Fig. 5. In order to suppress room light, a sleeve is
attached to the light pipe for shading, and a rubber bellows covers the
section between the light pipe mounting and the SiPM module surface.
With these structures, we achieved the photon counting rate consistent
with the DCR, even with the room light is turned on.

5. Measurement with ACME ThO beam

We carried out a measurement using a ThO beam to compare
photon detection rates between the ACME II PMTs and the ACME III
SiPM modules. Details of this measurement are also described in [10].
The cold ThO molecules from the beam source are focused using a
molecular lens and excited at the detection region using a laser light.
The 512 nm spontaneously emitted photons are detected by the SiPM
module or PMT through the same light-collection optics (lens and
light pipes). We placed a PMT as a reference to monitor the shot-by-
shot variation of ThO beam intensity. Fig. 6 shows the signal yields
after normalizing by single photoelectron gains and the beam intensity
monitor. The SiPM module has about three times higher detection rate
than the PMT, including the improvement in both quantum efficiency
and geometrical acceptance of the SiPM module.
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Fig. 5. Photo of the SiPM module mounting. The light pipe sleeve and the rubber
bellows are not attached yet.
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Fig. 6. Comparison of the signal yields between the PMT and the SiPM with
normalization of single photoelectron gain and beam intensity monitor.

6. Summary

The ACME III experiment plans on using SiPMs as photon detectors,
instead of the PMTs. We developed a dedicated SiPM module and
characterized and optimized its performance. The optical crosstalk and
the dark count rate are well suppressed, and the performance of the
SiPM module meets the ACME III requirements, with performance
superior to the previously used PMTs. The modules were compared

Nuclear Inst. and Methods in Physics Research, A 1045 (2023) 167513

with PMTs in a realistic beam setup (the ACME II apparatus), and data
indicate that the SiPM modules have about three times higher detection
efficiency than PMTs.
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