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The next generation of gravitational-wave detectors, such as the Einstein Telescope, is designed
to reduce noise in a wide band of frequencies compared to the current generation, through the use of
new technologies. ETpathfinder, designed as an R&D facility for these technologies, is a prototype
for which the mirrors were chosen to be made of crystalline silicon, produced by the Leibniz-Institut
fir Kristallziichtung. This material choice was made to pave the way for a low thermal noise level
at cryogenic temperatures in the Einstein Telescope. This paper shows the mechanical loss of silicon
designated to become the test masses for ETpathfinder in the range between room temperature and
53 K. In addition, the effect of the anisotropic nature of silicon on the measurement procedure is
addressed. Predictions are made of the contribution of the mirror substrate material to the overall

ETpathfinder noise budget.

I. INTRODUCTION

The detection of gravitational waves began in 2015 [1],
opened a new window into the Universe and estab-
lished the basis for a new type of multi-messenger as-
tronomy [2, B]. The well-known behavior of Michelson
interferometers enabled the construction of kilometer-
scale detectors that employ heavy mirrors as test masses
(TMs) of the gravitational field to detect gravitational
waves: the LIGO Livingston and LIGO Handford de-
tectors in the United States and the Virgo detector in
Italy. Correspondingly approved in 1990 (LIGO) and
1993 (Virgo) and inaugurated in 1999 and 2000 [4], it
took 15 years of improvements to start detecting the
first gravitational-wave signals with the corresponding
advanced configurations [5l [6]. Later, the KAGRA de-
tector, located in Japan, started participating in obser-
vation runs alongside LIGO and Virgo [7].

Although the current generation of gravitational-wave
detectors is the result of engineering that extends be-
yond the established state of the art, the sources of noise
that limit their sensitivity are multiple and are not al-
ways easy to identify or mitigate. The next generation
of detectors is planned to observe phenomena in a wider
frequency band through the implementation of new tech-
nologies and the improvement of existing ones. The Ein-
stein Telescope [8] will embody this vision, consisting of
three detectors arranged in a triangular formation. Each
detector will consist of two interferometers in a so-called
xylophone configuration, one optimized for high frequen-
cies and one for low frequencies.

One of the most dominant noise sources, in the most-
sensitive frequency range, is thermal noise of the highly-
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reflective coatings of the interferometers’ test mass mir-
rors. This noise source is material related, originating
from the Brownian motion of the atoms and molecules
the mirrors are comprised of. It can be derived from the
measurement of the mechanical properties of the material
itself and quantified by the so-called mechanical loss an-
gle, as shown in [9]. The thermal noise amplitude spectral
density of the mirror coatings is inversely proportional
to the square root of the frequency f and to the square
root of the mirror temperature 7. Consequently, ther-
mal noise is more relevant for the low-frequency detec-
tors within the Einstein Telescope. Furthermore, it shows
that a reduction of this type of noise can be achieved by
cooling the mirrors. Not only coating thermal noise ben-
efits from a temperature reduction, but also substrate
and suspension thermal noise.

Current generation detectors operate at room temper-
ature with mirror substrates made of fused silica due to
its low mechanical loss, which leads to a low contribu-
tion of the mirror substrates to the detectors’ thermal
noise [10]. However, at cryogenic temperatures, the con-
tribution of the silica to the overall thermal noise in-
creases significantly due to an increase in its mechanical
loss by several orders of magnitude [ITHI3]. For this rea-
son, new materials, particularly crystalline silicon and
sapphire, are being considered as mirror-substrate ma-
terial because of their low mechanical loss at cryogenic
temperatures [T4H16].

ETpathfinder, a prototype detector in Maastricht, is
designed to test key technologies needed for the Einstein
Telescope, with a focus on cryogenics, featuring silicon
test masses [I7]. Large, high-purity, undoped, ingots pro-
duced using the Float-Zone technique were supplied by
the Leibniz-Institut fiir Kristallziichtung (IKZ) in Berlin-
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TABLE I. Dimensions of samples for a generic ingot.

Sample Thickness (mm) Diameter (mm)
Test Masses (TMs) 82 152-155
Witness Wafers (WWs) 32 152-155
Small wafers (S) [18,21.5] 152-155

Adlershoiﬂ The ingots were subsequently divided into
sections intended to become test masses in ETpathfinder,
along with surrounding witness wafers used for charac-
terization purposes.

This article presents mechanical loss measurements of
test samples along the length of the ingots. Further-
more, the radial loss distribution and the comparability
between ingots are investigated. Considerations regard-
ing the anisotropic properties of silicon, which influence
the mechanical loss measurement due to the presence of
an imperfect nodal area at the center of the samples, are
made to estimate the intrinsic material mechanical loss.
Finally, mechanical losses at both room temperature and
cryogenic temperature are presented and predictions are
made of the implications on the ETpathfinder sensitivity.

II. SAMPLE PREPARATION AND
NOMENCLATURE

IKZ supplied four (100) oriented Float-Zone silicon in-
gots. Each ingot consists of three main zones: a non-
cylindrical zone, a usable zone, and a final residual zone,
containing the highest concentration of impurities — see
Fig. [1] for a schematic of an ingot.

Test mass candidates, TMs, for ETpathfinder, with a
target diameter of 15cm and a thickness of 8cm were
obtained from the usable zone of the ingots. In addi-
tion, 3.2 cm thick witness wafers, WWs, were cut from
both sides of each TM — see Fig.[ll The WWs surround-
ing each TM were intended for characterization purposes
to estimate the properties of the TM material, without
the need to directly characterize the TMs, avoiding pos-
sible damage and contamination. On the basis of the
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FIG. 1. Schematic of a generic ingot, where the identification
numbers increase independently. Arrows were etched into the
side surface are represented in the figure with red arrows.

! https://wuw.ikz-berlin.de/

usable zone of each ingot and the fixed dimensions of
the TMs and WWs, additional smaller wafers, labeled S,
with a thickness depending on the residual usable area,
were produced from some ingots. Table [[]lists the nomi-
nal thickness and diameter of each sample. Arrows were
etched into the side surface of each TM and WW to al-
low identifying the relative orientation during subsequent
cutting and handling.

The four ingots were assigned identification numbers
ranging from 1 to 4. Within each ingot, the WW and
TM identification numbers are independent and increase
along the ingot, as shown in Fig. [l} The numbering sys-
tem starts from x = 00 in Ingotl and does not reset
between ingots. A comprehensive overview of the sam-
ples obtained from the four ingots is presented in Fig.
Some samples broke during the cutting procedure. Bro-
ken samples are marked red and partially broken samples
are marked yellow.

Each WW was subdivided into three 2” diameter sam-
ples and eight 17 diameter samples (see Fig. , due to
its large size, which makes it incompatible with the di-
mensions of our mechanical loss measurement setup. The
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FIG. 2. Schematics of the four silicon ingots. The proportions
of the samples are not to scale and are shown for illustrative
purposes only. Red shading is used to denote broken samples
while yellow shading is used for partially broken samples.
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FIG. 3. Layout and nomenclature of samples from a generic
WW, showing the position of the 2” and 1”7 samples.

smaller samples are intended for measurements of opti-
cal properties, while the 2” samples were designed for
mechanical-loss measurements. For the witness wafers
investigated in this paper, the 2” samples were further
sliced into thinner sections of 5 mm thickness and all sur-
faces were polished. The thickness of the 2” disks was
selected to ensure that the thermoelastic loss peak oc-
curs at frequencies lower than our measured frequency
band, which is between 10 kHz - 100 kHz [I§].

The cutting pattern shown in Fig. [3]was chosen to max-
imize the number of samples obtained from each WW,
while maintaining the position of a small-diameter sam-
ple in the center. This region represents the central area
of a TM, where, inside an interferometer, the laser light
passes through, making the optical properties particu-
larly relevant.

Each sample was given an identification code consisting
of two numbers: one for the originating WW and the
other for the position within the WW.

III. ROOM TEMPERATURE MECHANICAL
LOSS CHARACTERIZATION

In this section, we present the results of mechanical loss
measurements performed on representative 2” samples.
The mechanical losses of the WWs in their original, pre-
cutting form were not measured. However, loss values for
a large (100)-oriented silicon sample (98 mm in diameter
and 100 mm thick) can be found in [I9].

A gentle nodal suspension system (GeNS) [20] was
used, in which the mechanical loss was measured using
the ring-down method. During the measurements, the
sample was suspended in equilibrium on a silicon lens.
Due to the cylindrical symmetry of the samples, the point
of equilibrium, and therefore of contact, is found to be
at a nodal point for resonance modes with radial nodal
lines — see Sec. [Vl for a more detailed discussion. This al-
lows the mechanical loss of these modes to be measured

TABLE II. Nomenclature and location of each measured sam-
ple within each WW. The position refers to Fig. [3]

WWx Position

WWO00 01 02 03
WWo1 - 02 -
WWO02 - 02 -
WWO03 01 02 -
WWo04 - 02 -
WWO05 - 02 -
WWO06 - 02 -
WWwWi2 01 02 03
WW13 - 02 -
WWwWi14 - 02 -

as if the disk was subject to free vibration, thus exclud-
ing sources of elastic energy dissipation due to clamping.
This operating principle, together with the fact that mea-
surements are carried out under vacuum, ensures that the
measured internal friction is exclusively that of the ma-
terial. If the cylindrical symmetry or the isotropy of the
sample is broken, not all modes within the same fam-
ily exhibit nodal lines passing through the center. This
results in an additional source of dissipation and makes
GeNS measurements of those resonance modes not reli-
able — see Sec. [Vl

In this context, the procedure of balancing the disk
on a lens is called suspension and multiple suspensions
of the same sample are necessary to minimize operator-
related errors. Repeating the suspension process ensures
that any small inconsistencies due to possible misplace-
ment of the sample are averaged out. Generally, the
number of suspensions required is determined empiri-
cally, based on the repeatability of the measurements. In
our case, about three suspensions per sample were per-
formed, and the mechanical loss of each resonance mode
was measured around five times for a suspension. The av-
erage loss of these approximately five measurements per
mode was taken as the loss result for one specific suspen-
sion. The lowest loss from all suspensions was taken as
the final result for each mode. This value is presented in
the following sections. Since all data for each mode was
comparable within 10% between suspensions, we used
this value as our measurement error. Table [Tl lists the
samples measured from each ingot.

A. Ingotl

Ingot1 had a usable zone approximately 588 mm long,
from which TM01 — TMO04 were cut, along with WWO00
— WWO04 and an additional small wafer, SO1 — see Fig.
However, TM04 and S01 broke during the cutting proce-
dure and are therefore no longer available.

To investigate potential radial differences within the
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FIG. 4. (a) Mechanical loss of samples from three different positions of WWO00 (Ingot1) and (b) mechanical loss of two samples

from different positions of WWO03 (Ingotl).
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FIG. 5. Mechanical loss of samples from all WWs along the
length of Ingotl. All samples originate from position 02 — see

Fig.

ingot, the mechanical loss of WW00.01, WW00.02
and WWO00_03, which originate from different positions
within the same WW, was measured. Additional sam-
ples, WW03_.01 and WW03_02, from a different witness
wafer, were measured as a consistency check. The re-
sults of the radial investigation are shown in Fig.
where Fig. (a) shows the mechanical loss of samples from
WWO00 and Fig. b) from WWO03. The losses measured
for all five samples — three from WWO00 and two from
WWO03 — show the same pattern of two modes with a
higher and five modes with a lower loss level.

To investigate the mechanical loss along the length of
the ingot, samples from the position 02 of the five WWs
obtained from Ingotl were measured, and the results are
shown in Fig. The first five resonance modes were
measured for all samples, except for the two highest-

frequency modes of WW01 and WWO02 which were not
found. All samples show the same pattern of five modes
with a low mechanical loss and two modes with a higher
loss level, as observed during the radial investigation of
the loss of the ingot.

In summary, for Ingot1, the mechanical loss measured
within [15,93] kHz exhibits two different levels of loss:
a lower level at [2.3,7.0] x 10~® and a higher level at
[2.7,7.8] x 1077. A more detailed discussion of the phys-
ical mechanism responsible for the two mechanical loss
levels is provided in Sec. [V]

B. Ingot2

Ingot2 has a usable zone approximately 380 mm long,
from which TMO05 — TMO07 were cut, along with WWO05
— WWO07, and two additional small wafers S02 and S03
(see Fig. |2). However, WW06, WWO07, TMO07 and S02
broke after cutting, where some parts of WWO06 were still
usable. Therefore, only samples from WW05 and WWO06,
surrounding TMO05, were measured.

The results of the mechanical loss measurements are
shown in Fig. [6] showing the same pattern of low- and
high-loss modes as found for Ingot1, where the lower me-
chanical loss values range between [2.4,5.9] x 10~8, while
the higher values range between [3.5,10] x 1077,

C. Ingot4

Ingot4 was the longest of the four ingots, with a usable
zone of approximately 793 mm. A total of 7 TMs, TM11
— TM17, were obtained, along with WW12 - WW18, and
an additional small wafer of 2mm thickness — see Fig.

Although Ingotl and Ingot2 showed a high degree of
homogeneity in mechanical loss along the length, radially
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FIG. 6. Mechanical loss of samples from different WWs of
Ingot2. The sample originate from same position.
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FIG. 7. Mechanical loss of samples from Ingot4. This graph
includes measurements from samples of different positions
within WW12, as well as measurements from samples of po-
sition 02, but from different positions along the length of the
ingot, i.e. different WWs.

and between ingots, it was decided to characterize a few
test samples of Ingot4 for mechanical loss, as this ingot
is alongside Ingot1 the most interesting one for being the
longest and most complete.

Samples from all three positions within WW12 were
measured. In addition, as shown in Tab.[[I} one sample of
each WW13 and WW14 from the same position was mea-
sured to investigate possible differences along the length
of the ingot.

The mechanical loss values shown in Fig. [7] exhibit the
same behavior as for Ingotl and Ingot2, where the lower
values range between [3.0,9.0] x 10~® while the higher
values range between [1.8,17] x 1077,
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FIG. 8. Temperature-dependent mechanical loss measure-

ments, ranging from 53K to 290K for sample WW12_03.
Each dataset represents a different mode. The gray curve rep-
resents the calculated thermoelastic (TE) loss averaged over
the four modes.

IV. CRYOGENIC MECHANICAL LOSS
MEASUREMENTS

Since they are of particular interest to ETpathfinder,
measurements at cryogenic temperatures were performed
in addition to those at room temperature.

The cryostat uses a Gifford-McMahon cryocooler,
whose two stages at 70K and 20K are thermally con-
nected to the inner chamber of the vacuum tank. The
GeNS is thermally linked to the lower-temperature stage.
The sample is brought into thermal contact with the cold-
est stage by raising the aluminum plate of the GeNS us-
ing a voice coil actuator. Due to the heat introduced
by the actuator itself, the minimum achievable temper-
ature, during the measurements presented in this paper,
was limited to 53 K. Temperature is monitored using a sil-
icon diode mounted on the GeNS aluminum plate. Once
the disk is cooled to its lowest achievable temperature,
the plate is lowered and the disk is placed onto the GeNS
lens. No drift in the resonance frequencies of the sample
was observed over time, indicating that thermal contact
with the lens alone is sufficient to maintain the disk at a
stable temperature of 53 K. At temperatures above 53 K,
such as 120K, thermal stability of the sample was veri-
fied by monitoring the resonance frequencies over time.
The absence of drift was used as a proxy for equilibrium.
Although this does not guarantee full thermal uniformity,
the consistent frequency response to small temperature
steps supports this assumption. However, we acknowl-
edge that small temperature gradients or uncertainties
could still be present and could contribute to an apparent
smoothing of the loss minimum observed around 120 K.

Mechanical losses were measured for WW12_03 in a
temperature range from room temperature to 53 K. Heat-
ing resistors were used to achieve stable temperatures
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FIG. 9. Comparison between room temperature and cryo-
genic loss angle measurements for WW00.02 and WW12_03..

in the measurement range. At 120K, which is in the
lowest-loss region found for WW12_03 and of particular
interest for one of the two possible ETpathfinder config-
urations [I7], the mechanical loss was also measured for
a second sample, WWO00_02.

The temperature-dependent mechanical loss measure-
ment of WW12_03 is shown in Fig. The minima in
mechanical loss for all modes at a temperature of around
120K are a result of the characteristic behavior of silicon
due to a zero crossing of its thermal expansion coeffi-
cient [21]. Continuing towards lower temperatures, the
thermo-elastic loss increases again due to an increasing,
although negative, magnitude of the thermal expansion
coefficient [22]. Below approximately 20 K, the thermal
expansion coefficient approaches zero, suggesting that
the losses further improve closer to absolute zero. Fig-
ure [§] only shows a selection of modes, corresponding to
the lower loss level in previous figures. The higher-loss
modes were excluded for better resolution. See Sec. [V]
for a more detailed discussion of the different loss levels
observed.

The measured values obtained at 120 K for both sam-
ples, WW00.02 and WW12.03, are shown in Fig. [J]
together with the room temperature measurements
taken on the same samples for comparison. The low-
temperature mechanical loss is lower than the room-
temperature loss for all modes, showing the same pat-
tern of lower and higher losses depending on the reso-
nance mode previously observed at room temperature.
The mechanical loss values at 120K, shown in Fig. [0] ex-
hibit the same behavior as for the room temperature one,
where the lower value range between [4.6, 28] x 10~2 while
the higher values range between [6.3,36] x 1078,
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FIG. 10. Average mechanical loss measurements from all the
ingots. The opaque green bands in the background are in-
tended to highlight the difference in spread and level between
the lowest loss angle modes and the highest loss angle modes.

V. RESULT INTERPRETATION

No significant differences were observed between the
radial positions within the ingots or along the length of
the ingots. Figure [I0] shows the mechanical loss for all
resonance modes measured, averaged for each ingot pre-
sented in Sec. [TIl

The results obtained from each ingot show that some of
the modes have higher mechanical loss values accompa-
nied by lower repeatability compared to the other modes.
The green-shaded bars in Fig. indicate these two dif-
ferent loss levels.

To understand the loss behavior, a silicon disk of the
same dimensions as our samples was modeled using finite-
element analysis in COMSOIE Figure [11] shows the sur-
face oscillation profiles of different modes and is divided
into three distinct plots.

The crystalline structure of (100)-oriented silicon leads
to anisotropy in the horizontal plane, breaking the sym-
metry and the degeneracy of certain modes.

We refer to a breaking of the mode degeneracy when
the frequencies of the twin modes are no longer identical.

Generally, modes with an even number of nodal lines
(Fig. |11] a.2) lose their degeneracy, while modes with an
odd number of nodal lines (Fig. [L1| b.2) maintain it. In
fact, the same effect can be observed in isotropic ma-
terials by breaking the circular symmetry of the plane
itself [23]. An exception to this pattern occurs with one
of the twin modes that has 4 (or an integer multiple of
4 — see Fig. c.2) nodal lines and also exhibits this
behavior. This is due to the fact that the Young’s mod-
ulus and Poisson’s ratio of (100)-oriented silicon follow a
quadrupolar pattern in the plane [24].

2 https://www.comsol.com
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Figure a.l shows the surface oscillation profiles of
modes with an even number of nodal lines. All modes,
except those with 4n nodal lines, show no oscillation in
the center. This is consistent with the lower loss mea-
sured for the modes at 16 and 19kHz — see Fig.

Figure [T] b.1 shows the surface oscillation profiles of
the modes with an odd number of nodal lines. All modes
show a central oscillating area, though the amplitude for
mode (0,5) is lower than for the other modes. This is
consistent with the higher loss measured for the mode at
38kHz, and the lower loss at 92 kHz.

Figure c.1 exhibits a central oscillating area for
modes with 4n nodal lines, which is in agreement with
this effect being due to the anisotropy caused by the
quadrupolarity of the Young’s modulus and Poisson’s ra-
tio, which drive the oscillation. In all measured sam-
ples, mode (0,4); consistently shows higher mechanical
loss values compared to its twin mode (0,4)s, at 63kHz,
making it the only exception among modes with an even
number of nodal lines.

From this study, we conclude that the mechanical
losses measured for the modes (0,2), (0,4)2 and (0,5) is
the intrinsic loss of the material, or very close to it, while
that measured for modes (0,3) and (0,4); includes losses
due to external damping at the suspension point.

While literature suggests a frequency-dependence of
the mechanical loss of silicon [25] 26], we do not observe
a frequency-dependence in loss for the lower-loss modes
at room temperature. However, at 120K a decreasing
trend in loss towards lower frequencies becomes visible
— see Fig. fand [0] Therefore, the constant loss versus
frequency observed at room temperature may be due to
an increasing thermo-elastic loss component at lower fre-
quencies, which becomes negligible at 120 K. However,
while literature suggests a constant ratio of f/¢, we ob-
serve a lower loss decrease towards low frequencies of
about a factor of ~ 2 (from 2 to 1 x 10~8) over a factor
of = 4.5 in frequency (from 90 to 20kHz), see Fig. @
This trend can be expressed by

Of) ~ 6o x (]{) 1)

where ¢g ~ 1 x 10710 at f, = 1 Hz.

At 53K, which is the lowest temperature achieved in
our setup, similar to the room-temperature measure-
ments, no frequency-dependence of the loss is visible.
This can be seen in Fig. , where at about 120 K, the two
lowest-frequency modes (shown in blue and red) show the
lowest loss, while the relative loss level between modes
changed at 53 K. This is again consistent with an in-
crease of thermo-elastic loss in this temperature range.
Therefore, the average loss of the three lower-loss modes
of sample WW12_03 is taken as the final loss result for
the ETpathfinder silicon, which is ¢ ~ 4.56 x 1078, in
line with values reported in literature for crystalline sili-
con [27, 28].

Additional mechanical loss attributed to the sample’s
surface can contribute to the mechanical loss as investi-
gated by Nawrodt et al. [29]. This loss becomes more
significant, the higher the surface-to-volume ratio of the
sample is. For our substrate dimensions, the surface con-
tribution is assumed to be < 5 %, based on Eq. 13 in [29],
and therefore does not significantly contribute to the me-
chanical loss measured.

VI. SUBSTRATE THERMAL NOISE ESTIMATE
FOR ETpathfinder

Figure shows the envisioned sensitivity of ET-
pathfinder A (left — 1550 nm and 18 K) and ETpathfinder
B (right — 2090 nm and 123K) [I7]. Initially, coatings
made of SiOy and TasOs are planned to be used. The
substrate thermal noise level is shown by the orange line
in both graphs, and additionally by the orange, dashed
line for ETpathfinder A.

Substrate thermal noise can be expressed by [30]

QkBT(l - 0’2)

W(b(f) : (2)

Ssub =

For ETpathfinder B, the frequency-dependent mechan-
ical loss &(f) described by Eq. [I| was used. For ET-
pathfinder A, two scenarios are shown:

1. For the dashed, orange (top) line, a frequency-
independent mechanical loss of ¢ = 4.56 x 1078 was
used — see end of Sec. [V]for details. This is the loss
measured at 53 K, which was the lowest, and there-
fore closest to 18 K, temperature at which we were
able to measure in our setup. This substrate loss,
likely over-estimates substrate thermal noise, as the
mechanical loss is expected to decrease between 53
and 18 K to the loss level at 120 K or below [29] 31].

2. For the solid orange (bottom) line, which is the sub-
strate thermal noise level contributing to the total
noise (gray curve), the same frequency dependent
loss, measured at approximately 120K, was used
as for ETpathfinder B. This is likely the better loss
estimate at 18 K, but might still over-estimate sub-
strate thermal noise.

In both cases the thermoelastic noise contribution has
been considered negligible. Thermo-refractive noise has
not been included, however we recognize that it may
affect the total noise budget [32]. In [29], Nawrodt et
al. investigated the surface loss contribution to the sub-
strate thermal noise, which is calculated equivalent to
coating thermal noise with a loss-thickness product of
¢ xd =5x10"13m. This additional loss source was also
considered for the calculation of the substrate thermal
noise levels shown in Fig.
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FIG. 12. Left: ETpathfinderA (1550 nm and 18 K) and right: ETpathfinderB (2090 nm and 123 K). The orange lines represent
thermal noise of the silicon substrates based on the mechanical loss measured (see Eq. . The orange dashed line represents
thermal noise of the substrate at the lowest temperature achieved in our table-top experiment, i.e. 53 K.

For all scenarios discussed, the estimated substrate
thermal noise level is significantly lower than coating
thermal noise (red), which dominates the total ET-
pathfinder noise (grey) over a wide frequency range. In
the event of a significant coating thermal noise reduction,
e.g. due to the use of lower-noise coatings, substrate ther-
mal noise will only become significant for upper limit
indicated by the dashed, orange line for ETpathfinder
A. However, it is unlikely that this upper limit will be
reached.

VII. CONCLUSIONS

ETpathfinder is a prototype for the next generation of
gravitational-wave detectors such as the Einstein Tele-
scope, operating at low temperature with silicon as a
test mass material [I7]. This study provides a compre-
hensive analysis of the mechanical loss characteristics of
silicon ingots, from which the ETpathfinder test masses
will be obtained, highlighting the potential of crystalline
silicon as a low-loss substrate material suitable for use in
cryogenic environments.

Float zone silicon from three different ingots was char-
acterized for its mechanical loss in a temperature range
between 53 K, which was the lowest temperature our
setup achieved, and room temperature. No significant
variation in mechanical loss was observed between the
ingots or between the radial or longitudinal positions
within individual ingots. This consistency supports the
overall homogeneity and high quality of the material,
which is crucial to ensure the reliability of the ET-
pathfinder test masses.

One of the findings of our study was the possible influ-
ence of the anisotropic crystalline structure of silicon on

the mechanical loss results, particularly in modes with
odd numbers of nodal lines, where higher dissipation is
a consequence of symmetry breaking. We believe, this
phenomenon introduces a secondary source of loss that
must be considered when using a GeNS for mechanical
loss measurements.

Based on the mechanical loss found for modes, which
are not affected by additional damping, we made an es-
timate of the upper limit of substrate thermal noise ex-
pected for the two different scenarios of ETpathfinder
operating at 18 K and 123 K. We show that the expected
substrate thermal noise level is at least a factor of 10
lower than coating thermal noise in the initial phase of
ETpathfinder. Future studies on crystalline silicon could
expand the temperature range for cryogenic testing and
explore methods to minimize the additional source of dis-
sipation.
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