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1 Abstract

The study investigates the phonon physics in the Super Cryogenic Dark Matter Search (SuperCDMS) High
Voltage (HV) detector. In particular, we analyzed the effect of surface anharmonic phonon down-conversion
on the phonon energy collection efficiency and phonon energy distribution among detector channels. By
generating simulation samples at the Detector Monte Carlo (DMC) stage, we compared these features in
the simulated samples and real data sets taken at the Cryogenic Underground TEst (CUTE) facility with
simulated samples. We discovered that simulating surface down-conversion not only lowers the mean phonon
energy collection efficiency from unrealistic values but also resolves the discrepancy previously found between
simulated and experimental data in the energy absorption of the two outer ring channels (A and B). Using
a down-conversion rate of 8.3 x 10'® Hz, the mean energy collection efficiency decreased by approximately
45%, and the collection efficiencies exhibited a clearer dependence on radial position. The percentages of

energy collected by the A and B channels were both reduced to values that align with real data.

2 Experimental Background

The Super Cryogenic Dark Matter Search (SuperCDMS) is a dark matter direct detection experiment at
SNOLAB. It utilizes phonon and charge sensors to detect the interaction of Weakly Interacting Massive
Particles (WIMPs) with detectors made of Germanium and Silicon crystals. The SuperCDMS High Voltage
(HV) detector aims to detect the energy deposition of WIMPs through heat in the form of phonons, which
are vibrational quantum states within the crystal lattice. When a WIMP interacts with the detector crystal,
recoil or primary phonons are generated at the location of the energy deposition and propagate isotropically.
The phonon production is then amplified by the Neganov-Trofimov-Luke (NTL) effect due to the electric
field created by an applied voltage [2]. The electron-hole pairs produced from the energy deposition also
accelerate due to the electric field. The total phonon energy generated is the energy of the recoil phonons
and the NTL phonons:

Epn = Erecoil + ENTL (1)

The HV detector is cylindrical in shape, with its upper and lower surfaces covered in transition edge

sensors (TESs), which are tungsten strips with fan-shaped Aluminum traps [2]. Phonons that reach the



transition edge sensors can (with sufficient energy) break the cooper pairs within the Al fins. The quasi-

particles produced then heat up the tungsten that gets transferred into electrical signal.
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Figure 1: Diagrammatic representation of the tungsten Transition Edge Sensors and the phonon-trapping
Aluminum fins [10].

The two sides of the detector are each divided into six phonon sensing channels, with a total of 12

channels. The channels were designed to have approximately equal area (see Figure 2).
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Figure 2: Two sides of HV100mm Detector Layout. The channels are labeled by a letter and their corre-
sponding side (1 or 2). Note the two outer ring channels (A and B) and the inner core channel (F) are
directly above each other, whereas the wedge-shaped channels (C, D, and E) are rotated and/reflected away
from each other.



3 Phonon Transport, Scattering, and Down-conversion

Phonouns can be classified into two vibrational modes: acoustic (where two atoms in the primitive cell move
in phase) and optical (where two atoms in the primitive cell move out-of-phase) [6]. Since optical phonons
rapidly down-convert to more long-lived acoustic phonons in millikelvin environments, only acoustic phonons
are modeled in our simulation [3]. Furthermore, these vibrational states have three distinct polarizations:
slow transverse (ST), fast transverse (FT), and longitudinal (L). The speed and polarization mode occurrence
can be determined for a diffusive phonon, which produces an estimated average speed of 3550 m/s [6].

Phonon propagation within the crystal can be described by the three-dimensional wave equation:

prE# = Z (Z cwwngu> €r, (2.26)

where p is the mass density of the crystal, w is the phonon angular frequency, €, is a component of its
polarization vector €, ¢,q.- is the elastic tensor, and ¢, is a component of its wave vector q [5].

The direction and velocity of phonon propagation is given by the group velocity:

Ve = Vew(a) (2.27)

which may not be parallel to the phonon momentum %q [?]. Instead, phonons are focused into directions
that correspond to the highest density of eigenvectors [3]. This gives rise to the anisotropic transport of
phonons.

In addition, phonons interact with isotopic substitution sites in the lattice and elastically scatter. This
process, known as isotopic scattering, randomizes the phonon momentum vector and the polarization state

[3]. The rate at which it occurs is given by
Cscatter = BV4 (2)

where the coefficient B = 3.67 x 107%! s3 is given in literature [?].

Furthermore, phonons lose energy within the detector crystal through the process of anharmonic down-
conversion, where a high energy phonon splits into two lower energy phonons. Energy is conserved (so the
energy of the daughter phonons sum to the original phonon’s energy), but momentum is exchanged with the
crystal lattice [3]. In the isotropic model, transverse phonons do not undergo this splitting due to energy
and momentum conservation.

Initially, the energy deposition Fpy is high enough such that the phonons move in a random walk, as seen
in the purple track in Figure 3, where the 40 meV phonon scatters frequently in various directions. Only
when the phonon energy is lower than the ballistic threshold, Epanistic = 250 GHz can it travel ballistically
and reach the detector surface. Indeed, the blue and green tracks display lower-energy phonons traveling
quasi-ballistically after down-conversion. Phonons with an energy greater than 2AFE4) gap &~ 340 x 1076 €V,
where AE,,,, is the subgap energy of the semiconductor, can break an aluminum cooper pair. This breaking
of cooper pair allows for the collection of phonons in the Al fins on the detector surface. It is notable
that interactions with the Al fins will dominate further phonon down-conversion processes, so we expect a
large amount of phonons to be absorbed rather than fall below the 2AFEy) ga, threshold and undergo full

thermalization.
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Figure 3: Z position vs R position plot with phonon tracks drawn in different colors [11].

The down-conversion process within the bulk of the detector is well-known and occurs at the rate of
Fanh = AI/5

anharmonic down-conversion events per unit time, where v is given by the phonon energy Fpy divided by
Planck’s constant h. The coefficient, A, can be calculated from experimentally measured constants that are
substrate-dependent [?].

Note that anharmonic down-conversion occurs less frequently than isotopic scattering for a 40 meV

phonon, evident in Figure 3. We can verify by calculating its phonon frequency:

40 x 1073 eV
YT 13 x 10-15 eV

and its scattering and down-conversion rates:

~ 10 x 10'? Hz (3)

Canh = Av® ~ 1.6456 x 107°% s* x 10% s7° = 1.6456 x 10'! Hz
Dscatter = Bt &~ 3.67 x 107453 x 10°2 s7* = 3.67 x 10! Hz

which implies that isotopic scattering occurs approximately twice as often as anharmonic down-conversion.
Notably, phonon down-conversion is less well understood at detector surfaces, where phonons can down-
convert and/or reflect specularly or diffusely [4]. The probabilities of each of these processes are not known.
Currently, the reflection at the detector surfaces is modeled to be a hundred percent diffuse. The implemen-

tation of down-conversion will be discussed in length in the next section.

4 Current Implementation of Anharmonic Down-conversion

SuperCDMS employs the GEANT4 Condensed Matter Physics (G4CMP) package to simulate phonon and

charge transport within the detector crystal [3]. Anharmonic down-conversion is simulated alongside isotopic



scattering (when a phonon interacts with an isotopic substitution site in the lattice) as the two phonon
scattering processes that affect phonon transport. Since the transverse phonons do not undergo down-

conversion under the isotropic model, the two types of longitudinal down-conversion process modeled are:

L—-L'+T and L—-T+T (4)

where L — T+ T is the dominant type, which is set to be 74% of total down-conversions [?]. It is notable
that this dominant process produces transverse phonons that can no longer down-convert in our simulation.

As mentioned in Section 3, the coefficient (A) that scales the bulk down-conversion rate with the phonon
frequency can be estimated for different substrates. When using Ge higher order elastic constants measured
at 3K, the coefficient was found to be 1.62 x 1074 s* [7]. Yet, the elastic constants measured at 300K (with
the same apparatus and methods) were in conflict with results of other experiments with higher sensitivity
[?]. Using the high temperature constants, A is estimated to be 6.43 x 107%% s*, which is lower than the 3K
value by a factor of 3. The coefficient currently implemented in G4CMP is 1.6456 x 107°% s* [?].

The default GACMP configuration does not model surface anharmonic down-conversion. In order to set

surface anharmonic down-conversion, one must include an additional macro command line:
CDMS/Zip/Set<Section><Process>Reflectivity <c0><cl>...<c5> <unit> <Cutoff>

<Section> can be set to Side, Top, Bottom, and/or A11l. Side refers to the bare detector sidewall, Top
and Bottom refer to the top and bottom detector surfaces without TES coverage, and A1l refers to all the
above surfaces combined. Note that the surface area of the top and bottom bare surfaces is quite small
compared to that of the sidewall. Moreover, <Process> can be set to specular reflection, diffuse reflection,
and/or anharmonic down-conversion. In this study, we only experiment with the effect of simulating surface
down-conversion. The total of six coefficients correspond to those in the following power series expansion
[4]:

Lann (V) = co + c1v + cov? + e3v® + cqv* + c50° (5)

where v is again the phonon frequency. In this study, we only adjust the coefficient of the highest order
term, c¢5, and set all other coefficients to 0, reducing the above expansion to Equation ?77.

<Cutoff> is the frequency above which anharmonic down-conversion does not occur. This is a computa-
tional threshold that is set to 0 for this study.

5 Diagnostics

The diagnostics used to evaluate the effect of surface anharmonic down-conversion are the phonon energy
collection efficiency of the TESs and the energy distribution among the detector channels. In simulated
samples, the phonon energy collected is output by the DMC. In real data, raw pulses are processed using the
reconstruction software CDMSBats, which outputs pulse amplitudes that are proportional to the amount of
energy collected [2].
The phonon energy collection efficiency represents the probability that a phonon produced is absorbed
by an Al fin:
€ph = Eabsorbed/Epn (6)



where Eypsorbed is the energy collected by the TESs and Ey, is the total phonon energy from an energy
deposition (sum of the recoil energy and the NTL energy [2]):

(7)

eAV
Eph = Erecoil (1 + )

FEionization
where Fionization 18 the energy required to ionize an electron in the detector crystal (2.96 eV for Germanium
and 3.81 eV for silicon).

It is clear that simulating surface down-conversion will affect e, since the number of phonons with energy
more than 2AFEg,;, is expected to decrease when phonons split into lower energies at the surfaces.

The distribution of phonon energy among detector channels is another useful diagnostic because of their
radial position dependence. Due to the HV detector channel layout, events where a channel records the
maximum phonon energy across one side are likely to have occurred with a radial position within the
channel region. Indeed, the position dependence of the pulse amplitudes (and hence the phonon energies
collected) was verified in the DMC (see [2]), and we expect the same position dependence to be present in
real data.The DMC outputs the energy collected by every channel for each event, so we could sum up the
energy collected by each channel across all events and divide by the total energy collected across all events

to obtain the percentage of energy absorption by each channel.

6 Results and Discussions

6.1 Eliminating Phonons with Energy Below 2AF4; gap

As mentioned in Section 3, phonons with energy below 2AE ) gap, cannot break aluminum Cooper pairs and,
therefore, cannot be detected by TESs. To improve computational efficiency in terms of time and memory,
we eliminated (did not track) phonons with energy below this threshold during the simulation of 100 energy

depositions using the command:
/g4cmp/minEPhonons 340e-6 eV

The phonon energy collection efficiencies for the OV and 50V DMC samples were found to be around
100% and 88%, respectively. Although an estimate of experimental collection efficiency is lacking, these
values are too high and reflect the many idealizations in the simulation.

Figure 4 shows that eliminating phonons below the Al conducting gap reduces the collection efficiency
by approximately 11% for both the 0 V and 50 V samples. This result contradicts our initial assumption
that the absence of low-energy phonons would not impact €,,. However, due to the way phonon absorption
is modeled in the G4CMP, all phonons are eventually collected by the tungsten TESs. In the simulation,
phonons that reach Al fins but have energies lower than 2AFEj) 4. are reflected diffusely back into the
crystal. Moreover, there exists a sub-gap absorption parameter that defines the probability for low-energy
phonons to be directly absorbed by the TESs [3]. Thus, only a small amount total phonon energy is lost.

This modeling explains why we obtained unrealistically high collection efficiencies.
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Figure 4: Histograms of phonon energy collection efficiencies of DMC samples each with 100 events, with no
surface down-conversion setting. Left: 10 keV 0 V and 1 keV 50 V samples with no energy cut-off. Right:
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10 keV 0 V and 1 keV 50 V samples where phonons with energy below 340 x 10° eV were eliminated.

6.2 Verification of Default G4CMP Configuration

As a preliminary test, we generated (for both 0 V and 50 V) one sample with a macro file that does not
include the surface anharmonic down-conversion command and another with the surface anharmonic down-
conversion command where all coefficients are set to 0. A comparison of the resulting phonon collection
efficiencies reveals that the default G4CMP configuration indeed only models down-conversion in bulk. The

color maps in Figure 5 also inform that events at the radial edges of the detector have lower than average

energy collection efficiencies.
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Figure 5: Z Position vs R position plots of energy depositions of DMC samples each with 100 events. The
colors represent the phonon energy collection efficiencies. Left: 10 keV 0 V and 1 keV 50 V samples with
no surface anharmonic down-conversion setting. Right: 10 keV 0 V and 1 keV 50 V samples with surface
anharmonic down-conversion set to 0.

6.3 Effect of Simulating Down-conversion at Detector Sidewall

6.3.1 Phonon Energy Collection Efficiency

To investigate the effect of simulating surface anharmonic down-conversion, we set c5 = 1 x 107'7 s for the

1 keV 50 V sample, which corresponds to an initial down-conversion rate of

1000 eV
4.135-10715 eV s

5
) (10777 8)" ~ 8.3 x 10" H

which is around 14 orders of magnitude lower than the bulk down-conversion rate given by

1000 eV

(4.135 S10-15 eV s

5
) - (1.6456 x 107! s*) ~ 1.4 x 10** Hz.

(8)

(9)

We simulated anharmonic down-conversion only at the detector sidewalls, which account for most of the

bare surfaces. From Figure 6, it is evident that phonon energy collection efficiencies decrease significantly

when sidewall down-conversion is included. Specifically, the mean ey, decreased by approximately 45%

compared to simulations where all surface down-conversion coefficients were set to zero. Furthermore, in the



left plot, epn values were mostly uniform, with a few outliers at radii (R positions) greater than 45 mm. In
contrast, the right plot shows a gradual decrease in €1, as the radius increases, indicating a clear dependence
of epn on the radial position. This result aligns with the expectation that energy depositions closer to
the detector radial edge were more likely to produce phonons that eventually collide with the sidewall and

undergo down-conversion. Thus, more energy is lost in this process.
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Figure 6: Z position vs R position plots of energy depositions of DMC samples each with 100 events.
The colors represent the phonon energy collection efficiencies. Left: 1 keV 50 V sample with no surface
anharmonic down-conversion. Right: 1 keV 50 V sample with c5 set to 1 x 10717,

This comparison implies that simulating surface down-conversion that occurs at a much lower rate than

bulk down-conversion effectively decreases the phonon collection efficiency.

6.3.2 Phonon Energy Distribution Among Channels

One of the key motivations for this study was the observed discrepancy in energy absorption by the outer
ring channels between simulation and experimental data [1]. This discrepancy occurs in both the 0 V and
50 V cases but is more pronounced at 50 V. The difference between 0 V and 50 V can be attributed to
the influence of the applied voltage on charge transport. At higher voltages, charge carriers predominantly
travel in directions parallel or antiparallel to the electric field, whereas at 0 V, their motion follows a random
walk. This behavior enhances the sensitivity of the radial position in the high-voltage case, making events
near the detector’s radial edges more likely to generate phonons collected by the outer ring channels.
Indeed, from Figure 7, the 50 V DMC sample recorded approximately 18% of the total energy in the A
channels, compared to only 14% of the total phonon amplitude recorded in the A channels for the CUTE
sample. Since phonon amplitudes are proportional to the collected energy, these percentages can be directly

compared.
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Figure 7: Bar plots of phonon energy/amplitude distributions among the six (top and bottom) channel pairs
in HV detector. The error bars are given by the standard deviation of percentages for each event divided by
the square root of the total number of events. Left: 1 keV 50 V DMC sample with no surface anharmonic
down-conversion. Right: 1 keV 50 V CUTE data.

Since all channels were designed to have equal areas and WIMP particles should interact uniformly with
the detector, we would initially assume that they record the same total energy. Moreover, since the DMC
sample and CUTE data contains events randomly distributed within the detector, fluctuations within one
to two percent is reasonable. However, due to edge effects in the electric field and defects at the crystal
boundaries [1], we expect that even for events that occurred near the outer edge, the A and B channels
would record less energy than the other channels would have if the event occurred near their regions. Thus,
the outer ring channels are expected to record less total energy than the other channels. This theoretical
understanding is verified by real data (see right plot of Figure 7).
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Figure 8: Bar plots of phonon energy/amplitude distributions among the six (top and bottom) channel pairs
in HV detector. The error bars are given by the standard deviation of percentages for each event divided by
the square root of the total number of events.Left: 1 keV 50 V DMC sample with c5 set to 1 x 10717 s for
the detector sidewall. Right: 1 keV 50 V CUTE data.
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When surface down-conversion is simulated at the sidewalls (again with c¢5 = 1 x 10717 s), the A and B
channels record only around 14% and 15% of total energy, respectively. These values align closely with those
of the CUTE data within one error bar. This shows that simulating surface down-conversion is a viable

approach to resolve the discrepancy between simulation and experimental data.

7 Conclusion

In conclusion, anharmonic down-conversion is responsible for phonon energy loss within SuperCDMS detector
crystals, making it an essential process to the detection of temperature changes due to particle interactions.
Due to limited understanding of surface down-conversion, only bulk down-conversion is modeled by the
default configuration of G4ACMP. We generated DMC samples with surface down-conversion by setting the
coefficient that scales the fifth power of phonon frequency. We compared the phonon energy collection
efficiencies (epn) of samples without phonon down-conversion and those of samples with down-conversion
at detector sidewalls. The results show that setting a down-conversion rate of 8.3 x 10'® Hz reduces mean
phonon energy collection efficiency by 45%, and the ey, spectrum clearly depends on the radial position of the
event, where events near the radial edge have low collection efficiencies. Furthermore, this down-conversion
rate resolves the discrepancy where the outer ring channels in DMC record above average proportion of total
energy compared to real data measured at CUTE. Due to the consumption of time and memory, the surface
down-conversion coefficients experimented in this study are limited in number. Running a 100-event sample
with surface down-conversion on average takes around four hours.

For future studies, it is essential to explore the effects of a wider range of coefficients and determine
the sensitivity of various features to these changes. Generating larger simulation samples would also be
beneficial in achieving improved statistical accuracy. Additionally, it is important to acknowledge that while
simulating surface down-conversion improves alignment between certain features and real data, it may not
be the primary cause of the observed discrepancies. Several potential areas warrant further investigation,
including the nature of phonon reflection at surfaces. More detailed studies could focus on examining
the angles at which phonons reflect off surfaces and the energy distributions resulting from phonon down-

conversion events.
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