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Abstract We show that self-absorption of photons in scintillating bolometers can differ-
entiate phonon pulse shapes between α (or nuclear recoil) and β/γ signals. This enables
phonon pulse shape discrimination for particle identification. We establish a detector signal
model that includes self-absorption, and compare the simulated phonon pulse shapes with
previously reported experimental results. The model predicts increase of pulse shape differ-
ence at higher self-absorption. Base on this result, we propose a new design of scintillating
bolometers using 4π light reflectors for maximized self-absorption and only a single phonon
readout, instead of light detectors that are typically employed for particle discrimination in
scintillating bolometers.

Keywords Scintillating bolometer, cryogenic scintillating calorimeters, pulse shape
discrimination, self absorption

1 Introduction

Scintillating bolometers (cryogenic scintillating calorimeters) are employed in rare event
detection experiments searching for a dark matter or a neutrinoless double beta decay [1,
2, 3, 4, 5, 6], for their high energy resolution and strong particle identification ability. They
simultaneously measure energies that are transferred to phonons (heat) and photons (light)
by particle interactions. Interacted particle types can be identified using heat and light am-
plitude ratios, based on the fact that light yields vary by particle types. α (or nuclear recoil)
signals typically exhibit lower light yields than β/γ (electron recoil) signals because of
quenching.

In addition, pulse shape discrimination (PSD) technique could be applied to phonon
signals that exhibit different pulse shapes between α and β/γ signals [7, 8, 9, 10, 11, 12, 13].
Although the phonon PSD provided excellent discrimination powers, PSD has not been
employed as an exclusive method and photon detectors are always installed to guarantee
particle identification. This is because the origin that causes pulse shape difference was not
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fully understood, therefore detectors could not be optimized for phonon PSD for reliable
particle identification. For this reason, efforts for improving particle discrimination have
been focused on either increasing light collection efficiency or improving the sensitivity of
photon detectors [14, 15, 16].

In this paper, we show that the pulse shape differences of phonon signals can be ex-
plained by self-absorption of photons in scintillators. Self-absorption produces delayed phonons
whose production rate is proportional to the scintillation rate. These delayed phonons con-
tribute to the final phonon signal and slow it down. Different light yields of α and β/γ sig-
nals therefore result in different delayed phonon production rates and thus different phonon
pulse shapes. A detector signal model is established by taking into account self-absorption
and resulting energy flow.

2 Detector Model

Fig. 1 Schematic diagram of the detector signal model with energy flows (powers) of prompt phonon
(dashed) and delayed phonon (dashed-dot) contributions.

Fig. 1 shows a schematic diagram that describes a detector signal model with self-
absorption. Initial energy deposition creates prompt phonons and scintillation photons. A
portion of scintillation photons are re-absorbed (self-absorption) to the crystal and produce
delayed phonons. Thermal relaxation followed by radiative transition (scintillation) also pro-
duces delayed phonons as described in [17]. These prompt and delayed phonons cause a
temperature increase of a thermometer (phonon detector). The thermometer response D(t)
is determined by thermal resistances and heat capacities of detector components as well as
phonon generation rates in the crystal.
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The thermometer response to the prompt phonons is expressed as

Dpp(t) =
∫

Ppp(t ′)R(t− t ′)dt ′

= (1− ε− x)E0R(t), (1)

where Ppp is prompt phonon production rate, R(t) is detector response that is defined as
the thermometer response to instant phonon generation in the detector, ε is scintillation
efficiency, x is an energy fraction for post-scintillation thermal relaxation, and E0 is the total
energy deposited to the detector.

The energy transfer rate to scintillation photons can be expressed as

Psc(t) = εE0S(t), (2)

where S(t) is scintillation decay function. A portion of these scintillation photons are self-
absorbed to the crystal, and produce delayed phonons. This self-absorption is especially
noticeable in heavy inorganic scintillators having high refractive indices (n>1.8), where
photons can be trapped inside of the crystal by total internal reflection [18]. The effect of
self-absorption is clearly observed in [19].

Energy transfer rate to the delayed phonons can be expressed as

Pdp(t) = (ηε + x)E0S(t), (3)

where η is the self-absorption efficiency that is defined as a fraction of self-absorbed photons
to the total number of scintillation photons produced. The timescale of delayed phonon
production is same as that of the scintillation.

Post-scintillation thermal relaxation also produces delayed phonons. x is the energy frac-
tion going to this channel. However, it might not be a dominant effect because it cannot ex-
plain experimentally observed anti-correlation between light yields and PSD powers shown
in 4. x should be proportional to intrinsic light yield, which is opposite to the experimental
results. We set the x to 10 % of the total scintillation energy, based on two references [20, 21],
although it is an unknown value. Higher x will be preferred for phonon pulse shape discrim-
ination.

The thermometer response to the delayed phonons can be expressed by convoluting the
delayed phonon generation rate and detector response.

Ddp(t) =
∫

Pdp(t ′)R(t− t ′)dt ′

= (ηε + x)E0

∫
S(t ′)R(t− t ′)dt ′. (4)

A delayed phonon signal, the thermometer response by delayed phonons, will be identical to
prompt phonon signals if the scintillation decay is negligibly short compared to the detector
response. However, there are scintillators which have very long decay constants at cryogenic
temperature, such as CaMoO4 crystals (3.4 ms at 17 mK [22]). Delayed phonon signals in
these detectors will be noticeably slower than prompt phonon signals. In our model, we used
the whole decay curve including fast and slow components reported in [22].

For signal simulation, a detector response R(t) is generated based on the experimental
phonon pulse shape reported in [12] and thermal model equations described in [23, 24]. We
assume 10 % intrinsic light yield and 50 % self-absorption efficiency based on [18, 19, 25,
26, 27] for the simulated pulses in fig. 2 and 3. The intrinsic light yield and self-absorption
efficiency are adjustable parameters and can be tuned based on future experimental results.
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Fig. 2 Left Simulated thermometer responses caused by prompt and delayed phonons. Pulses are normalized
to their heights for shape comparison. Detector response is generated based on the experimental phonon pulse
shape reported in [12]. Right Simulated phonon pulse shapes of α (blue, bigger) and β/γ (red, smaller) sig-
nals. Prompt and delayed phonon contributions of each interaction type are compared. (Color figure online.)

Fig. 3 Left Pulse shape comparison at pulse maximum. α signal (blue, bigger) is bigger and faster than β/γ

signals (red, smaller). Right α (faster) and β/γ (slower) signals are normalized to their pulse heights and
aligned for their pulse maximum times for shape comparison. (Color figure online.)

3 Model Predictions

Self-absorption in scintillating bolometers can result in noticeable features in phonon sig-
nals. Our model predicts different phonon pulse shapes between α and β/γ signals, which
originates from different light yields and delayed phonon generation. Also, different ampli-
tude scales (different pulse amplitudes for same energy depositions) are expected for α and
β/γ signals. We introduce these features and compare with previously reported experimen-
tal results.

3.1 Phonon Pulse Shape Differences

Fig. 2 shows simulated prompt and delayed phonon contributions, and summed phonon
pulses for α and β/γ signals. Fig. 3 shows phonon signal shapes at their pulse maximums.
α signals have lower light yield due to quenching, therefore they have more prompt phonons
and less delayed phonons than β/γ signals with higher light yield. As a result, α signals
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Fig. 4 Left Simulated pulse shape differences (pulse meantime) versus relative light yields of scintillating
bolometers for different rise-times. Right Experimental data for discrimination powers versus measured light
yields of CaMoO4 scintillating bolometers reported in [2, 12, 13, 19, 27]. Crystal names in the original
publications are labeled.

Fig. 5 Simulated pulse height ratios of α and β/γ signals versus self-absorption efficiency. Different rise
times are compared.

have bigger pulse heights, and faster rise and decay times than β/γ signals. These model
predictions are consistent with experimental observations reported in [12, 13].

Fig. 4 shows simulated pulse shape differences versus relative light yields based on
the model. Pulse shape difference is quantified by a meantime parameter that is described
in [12]. The model predicts that pulse shape difference will increase as self-absorption in-
creases (that is decrease in light yield). This trend shows good agreement with CaMoO4 ex-
perimental data shown in fig. 4. PSD powers and relative light yields are collected from [2,
12, 13, 19, 27].

3.2 Phonon Pulse Amplitude Ratios

Another feature by self-absorption is that α and β/γ phonon signals exhibit different am-
plitude scales. For the same deposited energy to the detector, α signals have bigger pulse
heights than β/γ signals, as shown in fig. 3. This is because α signals have smaller energy
loss to scintillation due to their lower scintillation efficiency. However, a portion of the en-
ergy loss can be collected via self-absorption. Thus the amplitude ratio of α and β/γ signals
varies according to self-absorption efficiency as shown in fig. 5. The amplitude ratio de-
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creases as self-absorption increases. If all scintillation photons are re-absorbed, energy loss
to scintillation will be zero in both interaction types. However, the amplitude ratio does not
converge to 1 because delayed phonon signals with slow rise times do not fully contribute
to amplitudes of summed phonon signals.

This amplitude ratio prediction is compared with experimental results of two CaMoO4
scintillating bolometers [12, 13]. These detectors had different transparencies and different
self-absorptions [19], and exhibited different amplitude ratios of α and β/γ signals. The
“natural CMO” crystal in [13], which had higher light yield and lower self-absorption than
the “SB28” crystal in [12], exhibited a bigger amplitude ratio than that of the “SB28” crys-
tal. Their amplitude ratios were approximately 1.07 and 1.03 at 2.6 MeV respectively. The
amplitude ratio would not help identifying particle types. However, decreased amplitude ra-
tios in highly self-absorbing detectors are the unique feature that our model predicts. This
might help estimating self-absorption efficiency η , if intrinsic light yields are known.

4 Single Phonon Readout Scintillating Bolometer

Fig. 6 A proposed scintillating bolometer with a single phonon readout. Instead of using a light detector, a
light reflector surrounds the crystal to increase self-absorption.

Separation power Q of pulse shape discrimination can be written as Q = δ/σ , where δ

is the quantified pulse shape difference (e.g., mean-time or rise-time) and σ is the noise on
the pulse shape parameter. Thus, large pulse shape difference and high signal to noise ratio
are required to improve particle discrimination power.

Our model suggests that the phonon pulse shape difference can be increased by in-
creasing self-absorption. Based on this prediction, we propose a new scintillating bolometer
strategy that uses only a single phonon readout with maximized self-absorption as shown
in fig. 5. This is antithetical to typical efforts that minimize self-absorption to improve light
yield. 4π light reflectors (with a highly reflective phonon collector made of an Au layer)
and low transparency crystals (by omitting annealing procedure that improves transparency)
could be considered. This simple detector design eliminates the need for light detectors,
which could benefit neutrinoless double beta decay experiments by reducing the number of
cryogenic readouts and amplifiers, removing potential background sources of light detector
components, and making scaling up of experiments easier.

The proposed detector with high self-absorption could also lower the minimum energy
where particle discrimination is applicable, if the signal to noise ratio (SNR), another crucial
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factor determining σ is improved together. SNR is mainly determined by thermometer per-
formance (noise and sensitivity), absorber-thermometer coupling, and selection of absorber
(phonon physics and heat capacity). These can be improved by independent approaches. For
example, there are efforts for lowering the energy threshold of phonon detection, which is
being driven for detection of (super-) light dark matters [28, 29] or CENNS [6, 30, 31] of
reactor neutrinos, as well as single photon detection in light detectors for particle discrim-
ination [15]. These approaches aim to achieve a few eV or even sub-eV energy thresholds,
and will also naturally improve PSD in our proposed detector if they can be adapted to
scintillating crystals.

5 Conclusion

Our detector signal model shows that self-absorption can explain phonon pulse shape differ-
ences that are observed in scintillating bolometers. The proposed detector with maximized
self-absorption could overcome the low light collection efficiency in current scintillating
bolometers, therefore improve particle discrimination, as well as simplify detector design
that could benefit large scale experiments.
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