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The mirror suspensions in gravitational wave detectors demand low mechanical loss jointing to ensure
good enough detector performance and to enable the detection of gravitational waves. Hydroxide catalysis
bonds have been used in the fused silica suspensions of the GEO600, Advanced LIGO, and Advanced
Virgo detectors. Future detectors may use cryogenic cooling of the mirror suspensions and this leads to a
potential change of mirror material and suspension design. Other bonding techniques that could replace or
be used alongside hydroxide catalysis bonding are of interest. A design that incorporates repair scenarios is
highly desirable. Indeed, the mirror suspensions in KAGRA, which is made from sapphire and operated at
cryogenic temperatures, have used a combination of hydroxide catalysis bonding and gallium bonding.
This Letter presents the first measurements of the mechanical loss of a gallium bond measured between
10 K and 295 K. It is shown that the loss, which decreases with temperature down to the level of

(1.8 £0.3) x 10™* at 10 K, is comparable to that of a hydroxide catalysis bond.

DOI: 10.1103/PhysRevLett.132.231401

Introduction.—The first direct detection of gravitational
waves (GW) was made in 2015 [1] and since then over
100 more signals from astrophysical sources have been
detected [2] by the Advanced LIGO [3] and Advanced
Virgo [4] GW detectors. These detectors are laser inter-
ferometers that monitor the separation of suspended
mirrors. The mirrors and the suspension components are
made from fused silica and are jointed by laser-welding fibers
to attachment points on “ears,” with the ears being attached
to the side of the test mass by hydroxide catalysis bonds
(HCBs) [5,6]. Future detectors such as the Einstein
Telescope (ET) [7] and Cosmic Explorer [8] will also be
laser interferometers. However, ET and a possible future
upgrade of the Cosmic Explorer will be operated at
cryogenic temperatures to further reduce thermal motion
of the materials and therefore increase the detector sensi-
tivity. This temperature shift gives rise to a need to move
away from fused silica in order to maintain low noise levels
due to a large peak in the mechanical loss of silica at low
temperatures [9]. Silicon is currently the accepted candidate
material for ET [7], while sapphire is also a potential
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candidate option and was the material chosen for the
KAGRA [10] detector, which became operational in
2020. Extensive investigations have been carried out to
show that silicon and sapphire can be jointed using HCBs
[11-19]. However, so far, welding silicon in the same
way as silica to make the quasimonolithic suspensions
used in gravitational wave detectors remains challenging.
This means we cannot simply replicate the design of the
fused silica suspensions. The laser welding was crucial in
allowing the bonds to be in a location where their
contribution to the overall thermal noise of the suspension
was not limiting and also in providing repair scenarios
in the event of a suspension failure. Thus, without this
welding ability, a major problem for future detectors will be
the creation of suspension designs that ensure the bond
thermal noise does not limit the detector performance
while also incorporating vital repair scenarios. HCBs are
extremely strong and reliable. However, one downside of
this jointing technique is that it cannot easily be debonded
after ~48 h. It is highly desirable to investigate other
jointing techniques that could either be used alongside or
instead of HCBs and that would provide a strong, low loss
suspension with greater potential for repair in the case of a
suspension failure. The repair scenarios are increasingly
important as the suspensions in a cryogenically operated
detector will experience much harsher conditions than the
earlier room temperature suspensions. We are thus inves-
tigating gallium bonding, which is a technique also of

Published by the American Physical Society


https://orcid.org/0000-0002-1223-7342
https://orcid.org/0000-0002-8218-2404
https://orcid.org/0000-0001-7300-9151
https://orcid.org/0000-0003-0327-953X
https://ror.org/00vtgdb53
https://orcid.org/0000-0002-5512-1905
https://ror.org/00f54p054
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.132.231401&domain=pdf&date_stamp=2024-06-05
https://doi.org/10.1103/PhysRevLett.132.231401
https://doi.org/10.1103/PhysRevLett.132.231401
https://doi.org/10.1103/PhysRevLett.132.231401
https://doi.org/10.1103/PhysRevLett.132.231401
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

PHYSICAL REVIEW LETTERS 132, 231401 (2024)

interest for other scientific applications that benefit from
reversible, metallic joints [20-25]. Gallium is of interest for
GW research as it has a low melting point, is nontoxic, and
is not highly reactive with silicon or sapphire at the
temperature range of interest for cryogenic GW detectors
[26,27]. A low melting point makes it easier for good
metallic bonds to be created between highly thermally
conductive materials such as silicon or sapphire. This led to
gallium being chosen, following initial interest in indium
bonds [28,29], for compression joints in the KAGRA
mirror suspensions [30]. The use of these metallic bonds
opens up the possibility for different, repairable suspension
designs to be investigated, potentially moving the bonds
further away from the areas where lots of energy is stored in
the system. Indeed the KAGRA design differs from LIGO
as it utilizes fibers that are fabricated to have block shaped
end points that can be hooked under attachment pieces on
the sides of the mirror and bonded in compression. Another
potential benefit to using these bonds over HCBs is that
there is less of a concern when bonding materials of
differing coefficients of thermal expansion. Although these
bonds are already used in the KAGRA detector their
thermal noise performance has not been characterized
and thus their suitability for use in more sensitive future
detectors is not known. In this Letter we show that gallium
bonds have similar cryogenic loss to HCBs. This low loss,
along with the ease of debonding gallium facilitating repair
scenarios, means that gallium bonds are strong contenders
for use in future cryogenic detectors. The low mechanical
loss is a good indicator of stability, so this result is also
important for wider scientific applications.

Fabrication of gallium jointed tuning fork.—One
method, which has been previously used to measure the
mechanical loss of a joint, is to resonate a sample similar to
a tuning fork style with flattened prongs [19]. This method
is a sensitive way of measuring bond loss and allows
measurement at frequencies closer to the frequency range
of interest for gravitational wave detectors than previous
bond loss methods [29,31]. Here, we have constructed a
tuning fork sample from three silicon tiles: one for the
handle, which is used to clamp the sample; and two for
the resonating prongs that are gallium bonded to opposite
faces on the end of the handle. A schematic of the
sample is shown in Fig. 1. These rectangular tiles were
created from 4 in. diameter, 0.3 mm thick, double side
polished, undoped, [100] silicon wafers with a resistivity
> 1000 Q.cm and a 80 nm silicon nitride coating on both
sides. Photolithography was used to mark the rectangular
geometry on the wafers, then an ion-reactive dry etching
process was used to separate out the samples. The patterned
wafers were then placed in a hot potassium hydroxide bath
at 80 °C to etch through the wafer and release the individual
samples [32]. Finally the silicon nitride layer was removed
by bathing the samples in a hydrogen-fluoride bath
for about 20 m. The silicon tile used for the handle was

Clamp
10 mm
Handle 6.3mm 29 mm Prongs
—— =
26 mm
—
0.3 mm

0.027 mm bond 0.018 mm bond

FIG. 1. Schematic diagram off the clamped gallium bonded
tuning fork. The middle image shows a side view of the fork and
the inset shows an enlarged view of the bonded area of the fork to
show the relative thickness of the silicon and gallium layers.

26 x 10 x 0.3 mm and the two prongs were 29 x 10 x
0.3 mm. The surface flatness and roughness were charac-
terized using a ZYGO GPI XP/D interferometer and a
WYKO NT1100 optical profiling system, respectively
[33,34]. The surfaces were found to have a peak-to-valley
global flatness of the order of several hundred nanometers
and the root mean square roughness was found to be less
than 11 nm. This sets the minimum possible thickness for
any bond between the two surfaces. To ensure a highly
clean, hydrophilic surface was obtained prior to bonding,
the samples were cleaned in Piranha solution with a 5:1
concentration of sulfuric acid to 30% hydrogen peroxide.
A test tube of gallium was placed in a beaker of water on a
hot plate at 80 °C in order to ensure it was in a liquid form,
then a small volume of gallium, 15 pl, was pipetted onto
the clean substrate surface. An ultrasonic soldering iron
was used to break up the surface oxide on the gallium to
ensure good wetting of the surface and to spread the
gallium over the whole bonding region. Once the whole
desired region had been coated, the soldering iron was used
to wipe away any excess gallium remaining on the surface
to create a thin bond. The tuning fork assembly was bonded
by placing the gallium coated areas together and applying
pressure by hand for ~1 m.

The mass of the individual silicon samples were mea-
sured before and after the gallium was deposited using
an A&D GR-202 microbalance [35]. This information,
together with the bond area and density of gallium allowed
a bond thickness to be calculated. It was found that one of
the gallium bonds was 0.027 mm thick and the second was
0.018 mm thick.

Experimental setup.—The mechanical loss was mea-
sured by monitoring the decay of the excited resonance
frequencies, (@), using the ring-down technique [36]. For
this sample, the fundamental tuning fork frequency was
790 Hz at room temperature. Two other bending modes
were also measured at 4.86 kHz and 13.6 kHz. To measure
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the decay, the fork was mounted in a stainless steel clamp
that was situated in the vacuum chamber of an IR Labs
HDL-10 liquid helium cooled cryostat [37]. This allowed
the mechanical loss to be measured as a function of
temperature, from ~10 to 295 K. Each resonance was
excited using an electrostatic actuator that was positioned
~1 mm below the sample and the free exponential decay of
the excited resonant mode was monitored by reflecting a
HeNe laser beam off the vibrating face onto a quad
photodiode. By applying a fit to the amplitude (A) of
the decay of the resonant motion, the dissipation [¢h(w()]
can be calculated from

A (l) = Aoe_'/)(wg)woz/z’

where A is the amplitude at time, # = 0. The temperature
of the sample was recorded using a calibrated Lakeshore
DT-670-SD temperature sensor, which was attached to the
clamp directly below the sample. A Lakeshore Model 336
Cryogenic Temperature Controller was used to maintain the
temperature to < 0.01 K and to increase the temperature
in controlled temperature steps back up to 295 K [38].
Ring-down measurements at each temperature, typically
five ring-downs per temperature step, showed a variation
in dissipation of ~3% standard deviation on average.
The experimental technique is discussed in full in [39].
The sample was reclamped and recooled to check the
repeatability of loss measurements. The average losses
were found to be within ~20% between suspensions, with
the lowest losses for each resonant mode taken.

Only the elastic energy stored in the bond region
“experiences” the loss of the bond and to account for this
the finite element package, ANSYS, was used to model the
resonant modes of the sample and determine the energy
distribution. Using the calculated energy ratio, the
mechanical loss of the bond can be extracted from the
dissipation of the bonded sample using

Ebond

¢b0nd )
Etotal

E silicon

E total

¢bonded = ¢ silicon

where Pponded> Psiticons aNd Ppong are the mechanical dis-
sipation measured for the bonded sample, estimated for the
silicon substrate, and calculated for the bond respectively.
(Egiticon/ Ewoal) 18 the ratio of energy stored in the silicon
substrate to that in the whole sample, and (Eyon/Eiowl) 18
the ratio of energy stored in the bond to that in the whole
sample. The silicon is substantially larger than the bond,
so here we can approximate (Egjicon/Erota) = 1-

The fraction of energy stored in the joint region was
calculated using finite element modeling over a range of
temperatures, as shown in Table I, and interpolated over the
measurement temperature range.

Cryogenic mechanical loss.—Figure 2 shows the relative
motion of the resonant modes investigated of the clamped

TABLE 1. Energy ratio (Ebond/Etotal), calculated using finite
element modeling, over the range of temperatures studied here,
for the three resonant modes.

Temperature (K) 0.78 kHz 4.86 kHz 13.64 kHz
20 0.003 06 0.003 05 0.003 06
100 0.003 08 0.003 07 0.003 08
200 0.003 11 0.003 10 0.003 12
268 0.003 10 0.003 09 0.003 11
280 0.003 16 0.003 15 0.003 17
288 0.003 22 0.003 21 0.00323

gallium bonded tuning fork. The measured mechanical
dissipation for the first resonant mode at 0.79 kHz is shown
in Fig. 3. The other two resonant modes follow a similar
trend. The noticeable change in the resonant frequency and
in the measured loss over a very small temperature region
around 288 K is likely related to the phase transition of
gallium from solid to liquid [40]. To extract the mechanical
loss of the joint from the measured loss of the sample, the
Young’s modulus and Poisson’s ratio of all parts, and how
they vary with temperature, must be known. The gallium
properties were deduced from [40]. The values for shear
and bulk modulus and how they vary with temperature were
shifted to zero applied pressure to account for the applied
pressure dependence and then fitted to allow the Young’s
modulus and Poisson’s ratio to be calculated for the whole
temperature range investigated here. The material property
values used for the different temperature ranges are shown
in Table II [40].

The substrate loss was estimated to be the sum of the
predicted thermoelastic and surface losses at the resonant
angular frequencies, w, of a 0.3 mm in thickness, ¢, silicon
flexure. This was achieved using the equation [41]

(@)

FIG. 2. Finite element representations of the (a) 0.79 kHz,
(b) 4.86 kHz, and (c) 13.64 kHz resonant modes measured. The
color indicates the relative magnitude of the motion, blue
indicating minimal motion through to red, which indicates the
maximum motion. The bending of these resonant modes is not
shown to scale.
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FIG.3. Measured mechanical loss over a 10-300 K temperature

range of the 0.79 kHz resonant mode of the gallium jointed tuning
fork, compared to the predicted substrate loss for silicon. The
inset plot shows the increasing change in resonance frequency
above ~288 K.
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where Y is the Young’s modulus, « is the linear thermal

expansion coefficient, T is the temperature, p is the density,

k the thermal conductivity, C is the heat capacity, and

7 = (*pC/n’k) and [42]

Dourface = asﬂv ,
where the surface loss parameter o, = 0.5 pm, p is a
geometric parameter dependent on the strain and the mode
shape and was determined to be 2.94, and (S/V) is the
surface-to-volume ratio of the sample [42]. This provides a
good estimation of the loss of the unbonded sample at
temperatures above 120 K where thermoelastic damping

TABLE II.  Young’s modulus and Poisson ratio of gallium over
the range of temperatures studied here. Estimated from [40].

Temperature (K) Young’s modulus (GPa) Poisson ratio

20 98.05 0.29
100 97.18 0.28
200 95.95 0.26
268 98.30 0.24
280 92.23 0.25
288 85.83 0.27

begins to become the dominant source of loss. However, as
shown in Fig. 3, at lower temperatures this approximation
treats the unbonded sample as being close to lossless, and
thus provides a good upper limit for the bond loss.

The extracted gallium bond loss is shown in Fig. 4. It
can be seen to decrease with temperature from a value of
(1.54+0.1) x 1073 at 123 K down to (1.8 £ 0.3) x 107* at
10 K. A peak is observed in the loss at ~30 K. This was
observed on two independent cooling runs. The inset of
Fig. 4 shows that, for the three resonances investigated, the
temperature at which the peak occurs does not have a clear
systematic frequency dependence, suggesting that it may
not be caused by a thermally activated transition of the
atoms. The thermoelastic loss is very low under 50 K, so it
is possible that the loss peak comes from other loss
mechanisms that are usually submerged by the thermo-
elastic loss such as phonon-phonon damping [42].

Comparison to other jointing techniques of interest.—
Other bonding techniques that have been of interest to
the gravitational wave community are hydroxide catalysis
bonding and indium bonding.

Hydroxide catalysis bonding is a chemical bonding
technique that involves etching the surfaces to liberate
molecules that then polymerize to form strong siloxane
chains between the two surfaces [43,44]. As the bond cures,
dehydration occurs. This was patented by Gwo for Gravity
Probe B [45] and further developed for gravitational wave
detection. It has been used to successfully create strong,

Hydroxide catalysis bond
Indium Joint 3
101 & Gallium loss 0.78 kHz °
$ Gallium loss 4.86 kHz )
& Gallium loss 13.64 kHz >
® 102 J
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FIG. 4. Cryogenic mechanical loss of gallium calculated from
the four resonant modes of the tuning fork. The range of
previously reported levels of loss of hydroxide catalysis bonds
(light blue) and indium (light red) are shown for comparison. The
inset plot shows the small peak in loss at ~30 K.
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low loss mirror suspensions in GEO600 [46], Advanced
LIGO, Advanced Virgo, and KAGRA. The loss of a
hydroxide catalysis bond has been measured previously
between different substrates [16,17,19,31]. The most recent
paper made use of the tuning fork sample geometry.
The hydroxide catalysis bond loss shown in Fig. 4 is the
updated values from this work by some of the authors [47].
It can be seen in Fig. 4 that the losses measured here for
gallium bonding are comparable to that of a hydroxide
catalysis bond.

Indium bonding is a type of metallic bonding that has
previously been investigated for use in gravitational wave
detectors [28,29]. Indium has a higher melting point than
gallium, making it harder to melt between high thermally
conductive materials such as silicon or sapphire. Because of
this, KAGRA scientists stopped attempting indium bond-
ing for the mirror suspension and looked to the “easier to
create” gallium bonding technique. Mechanical loss of
indium has been measured previously, and Fig. 4 shows
that gallium is not only more favorable in the practical
sense of application but also due to its lower mechani-
cal loss.

The gallium bonds studied here are of a similar thickness
to the indium bonds that have been previously studied but
they are substantially thicker than HCBs, which are usually
tens to hundreds of nanometers in thickness. It is believed
that gallium bonds could be made thinner by use of
evaporation or sputtering. This would vastly reduce the
thermal noise contribution to a detector and could also aid
in improving the precision of the coated area size.

Conclusion.—The mirror suspensions for future gener-
ation gravitational wave detectors will require a change of
material and design from the current fused silica, room
temperature operated detectors in order to have a thermal
noise level that is low enough to enable the detection of
gravitational waves. Therefore, it is crucial that different
jointing techniques are fully investigated in order to aid this
design and allow for a suspension with the lowest possible
noise and therefore the best possible sensitivity for the
detector. In this Letter, we show that the mechanical loss
of a gallium bond is comparable to that of a hydroxide
catalysis bond, which is the current bonding technique
used, and the loss decreases with temperature down to a
level of (1.8 £ 0.3) x 10~* at 10 K. This result shows that
gallium is a strong candidate for use in gravitational wave
detectors especially as, unlike hydroxide catalysis bonding,
it can be easily debonded by elevating the temperature to
the transition point at which gallium becomes liquid.
Therefore, it could potentially provide repair scenarios in
the case of a suspension failure, increasing the longevity of
future cryogenic gravitational wave detectors and decreas-
ing risk. Additionally, this low mechanical loss indicates
good stability of the bonds, a characteristic which is of
the utmost importance for many applications of reversible
bonding.
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