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Abstract

Hydroxide catalysis bonding has been used in gravitational wave detectors to
precisely and securely join components of quasi-monolithic silica suspensions.
Plans to operate future detectors at cryogenic temperatures has created the
need for a change in the test mass and suspension material. Mono-crystalline
sapphire is one candidate material for use at cryogenic temperatures and is
being investigated for use in the KAGRA detector. The crystalline structure of
sapphire may inﬂuence the properties of the hydroxide catalysis bond formed.
Here, results are presented of studies of the potential inﬂuence of the crystal
orientation of sapphire on the shear strength of the hydroxide catalysis bonds
formed between sapphire samples. The strength was tested at approximately
8 K; this is the ﬁrst measurement of the strength of such bonds between
sapphire at such reduced temperatures. Our results suggest that all orientation
combinations investigated produce bonds of sufﬁcient strength for use in
typical mirror suspension designs, with average strengths >23 MPa.
Keywords: hydroxide catalysis bonding, gravitational waves, sapphire
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1. Introduction
A number of interferometric gravitational wave detectors exist around the world. These longbaseline interferometers are designed such that gravitational waves caused by astrophysical
events such as the coalescence of binary neutron stars should induce measurable relative
displacements of the interferometer mirrors. In order to be sensitive to such induced displacements (of order 10−18 m or less at audio frequencies [1]), it is essential that all sources of
noise, including seismically induced noise and the thermal noise of the mirrors themselves,
are minimized. There are a number of these detectors; the LIGO project [2], which operates
long baseline (4 km arm length) interferometers at two sites in the US, GEO600 [3], which
operates a detector with 600 m arms in Germany, and the Virgo project [4], which operates a
detector with 3 km arms in Italy. Of these detectors, GEO600 is currently running while the
LIGO and Virgo detectors are being upgraded to ‘advanced’ forms. A further detector,
‘KAGRA’ is currently under construction [5]. KAGRA is sited in Japan and will have
3 km arms.
GEO600 was the ﬁrst interferometer in which the hydroxide catalysis bonding technique
was implemented to create quasi-monolithic suspensions of fused silica to support the
interferometer mirrors [6]. This bonding technique was ﬁrst invented for use in the Gravity
Probe B project [7] and developed further for gravitational wave detector applications
[6, 8, 9]. In the mirror suspensions used in the GEO600 instrument, small interface pieces, or
‘ears’ were hydroxide catalysis bonded to the side of the 6 kg fused silica mirrors, providing
welding points for fused silica suspension ﬁbres [6, 9, 10]. The stability, vacuum compatibility, and strength of this bonding technique, when combined with the ability to form very
thin joints made this an attractive method of forming low-thermal noise mirror suspensions
[6]. In more detail, hydroxide catalysis bonding is a method for chemically joining materials
at room temperature using a hydroxide solution, through hydration and etching, polymerization and dehydration of the surfaces as described for example by Gwo et al [10]. The
bonds created are strong and can be precisely aligned [11]. Due to its demonstrated beneﬁt to
sensitivity, the technique was further developed and has been adopted by other gravitational
wave detector projects [12, 13].
In order to further increase detector sensitivity, detector designs which have even lower
levels of mirror and suspension thermal noise, are of interest. For KAGRA, for future
upgrades to ‘advanced’ gravitational wave detectors and for future generations of detectors
such as the ‘Einstein Telescope’ concept, operation at cryogenic temperatures is an option of
considerable interest, where low temperature operation at 10–20 K of the key optical components may allow signiﬁcant reductions in thermal noise [5, 14]. At low temperatures, fused
silica has a broad dissipation peak so it becomes less attractive to use as a material for the
suspensions and mirror substrates [15]. Silicon and sapphire however have thermomechanical and optical properties which make them interesting as candidate materials for
such cryogenically cooled detectors [16–24].
In particular, there have been a number of studies targeted at the use of large single
crystals of sapphire as a mirror substrate material for advanced interferometric gravitational
wave detectors [25–31]. In general, these conclude that to minimize the effects of birefringence in transmissive optics, it is desirable to use crystals cut such that the (0001) plane (i.e.
the ‘c-plane’) of the crystal is in a plane perpendicular to the plane of incidence of the laser
beam hitting the mirror. (Or equivalently that the c-axis of the crystal forms the cylindrical
axis of the mirror.) Further, recent studies of the possibility of using commercially-grown
sapphire ﬁbres as suspension elements for the sapphire mirrors have focussed on ﬁbres in
which the cylindrical axis again corresponds to the c-axis of the material [32]. As in other
2
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advanced gravitational wave detectors, it is likely that ears may be used to attach the ends of
the ﬁbres to the mirrors [33]. Thus in a crystalline material system typical bonds could be
formed between dissimilar axis or planes; the c-plane of the ear may be bonded to the m-plane
or the a-plane ﬂats polished on the sides of the mirror and the c-plane of the ﬁbre ends could
be bonded to the m-plane or the a-plane of the ear. Thus, for quasi-monolithic suspension
designs, the properties of bonds formed between dissimilar crystal axis and planes are of
particular interest.
In gravitational wave detectors such as GEO600 and LIGO, the suspension designs are
such that the hydroxide catalysis bonds are predominantly under shear stress. The ﬁnal
suspension design for KAGRA has not yet been determined and therefore it is of interest to
understand the bonds’ behaviour under a variety of forms of stress [33–35]. Initial investigations into the strength of hydroxide catalysis bonds created between sapphire substrates
have been carried out where the bonded surfaces had nominally identical surface orientations.
For example, average tensile strengths of approximately 65 MPa were found for m-plane to
m-plane bonds formed using a sodium silicate bonding solution [36]. These studies also
suggested that the strength was not degraded when the samples were cooled to liquid nitrogen
temperatures of approximately 77 K [36]. Other authors (Suzuki et al [37]) found a torsional
shear strength of 6.5 MPa for a c-plane to c-plane bond using a potassium hydroxide bonding
solution, while Dari et al [38] have measured shear strengths of approximately 2 MPa for cplane to c-plane bonds using a potassium hydroxide bonding solution. Here we present
torsional shear srength results at approximately 8 K.
As the hydroxide catalysis bonding technique involves chemical etching of the surfaces
to be jointed, it is of interest to quantify any effects of the crystalline structure and orientation
of the material being jointed on bond formation and the strength of the resultant bond [39].
Thus the studies in this paper investigate how changing the crystal orientation of the bonded
sapphire surfaces effects the torsional shear strength of the bonds formed. Before being
strength tested, the optical clarity of each bond was recorded as the presence of visual defects
can make the bonds unsuitable for some applications [12]. The strength of both the optically
clear bonds and the bonds with visual defects are shown here for completeness. In order to
investigate the strengths of hydroxide catalysis bonds at temperatures reached in a typical
cryogenic gravitational wave detector, the bonds were cooled down with liquid helium to
approximately 8 K for strength testing. These strength tests were carried out on a custom-built
torsional shear strength tester at the High Energy Accelerator Research Organisation in Japan.

2. Hydroxide catalysis bonding
Hydroxide catalysis bonding is a technique that can be used to chemically join materials
which can attach to or form a silicate or aluminate-like network. An aqueous bonding solution
containing a hydroxide is placed on one bonding surface and the second surface is brought
into contact. The bonding process then begins. It consists of three main steps; hydration and
etching, polymerization and dehydration. An extensive description of the chemistry involved
is given by Gwo [10]. The curing time for a hydroxide catalysis bond formed with sodium
silicate solution between fused silica and glass substrates has been found to be approximately
4 weeks [6, 40, 41]. The surfaces to be joined are typically cleaned in a clean room environment to avoid contamination in the bond or obstruction to the chemical process [10] and
ideally, the surfaces to be jointed should be ‘optically ﬂat’ (global peak-to-valley ⩽ λ/10
where λ = 633 nm) [40]. This allows for very thin bonds to be created with a typical thickness
of bond being measured to be (61 ± 4) nm [42] between silica substrates and (47± 15) nm [43]
3
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between silicon substrates. Creating a thin bond is important for gravitational wave detector
applications in order to keep the thermal noise contribution from the bond to the overall
suspension noise low.
2.1. Bonding procedure

Three sets of samples were obtained from Moltech gmbh4 where in each set a different crystal
axis was perpendicular to the bonding surface, the crystal axis being c, a or m. A diagram
showing the geometry and crystal orientation of the samples is shown in ﬁgure 1. The
samples were cuboids, 5 × 5 × 10 mm and the bonding surface in each case was the 5 × 5 mm
face. Due to the hardness of sapphire it can prove difﬁcult to polish, thus each sample was
characterized to ensure suitability for bonding [31, 44]. These measurements were carried out
using a ZYGO GPI XP/D interferometer5. The ﬂatness of each sample was recorded and any
samples with a ﬂatness value less than λ/4 were deemed acceptable for the bonding tests.
From these, three different combinations of bonded samples were made. One set of samples
was bonded such that the c-plane of the ﬁrst sample was bonded to the a-plane of the second
sample, the second set was bonded such that the c-plane of the ﬁrst sample was bonded to the
m-plane of the second sample and the third set was produced where the c-plane of the ﬁrst
sample was bonded to the c-plane of the second sample. These combinations were selected to
investigate the best option for bonding the current KAGRA optics as discussed in section 1. A
comprehensive cleaning regimen involving application to the surfaces of a paste made from
cerium oxide and deionized water, followed by cleaning with bicarbonate of soda paste, and
then methanol was used for all the samples. This ensures the cleanliness of the surface and
increases surface hydrophilicity allowing the solution to ﬂow smoothly over the whole surface and aiding the hydration step of the bonding process [45]. A commercially available
sodium silicate bonding solution (14% NaOH and 27% SiO2) was diluted to a volumetric
ratio of 1:6 with deionized water. A volume of 0.4 μl of solution per cm2 of bonding area was
used to join the surfaces as this is deemed to be the smallest amount required to cover the
surface and produce strong bonds [46]. After bonding, the optical clarity of the bond was
recorded as an indicator of the success of the bond. Bonds that are optically clear and without
visible defects over 95% of the surface area are acceptable for use in gravitational wave
detector suspensions [47]. Table 1 shows the number of samples of each bond type tested and
indicates the number of samples that are without optical defect over 90–95% of the surface
area. All bonds were left to cure for one week at room temperature in Glasgow before being
transported to Japan and left to cure for a further three weeks. A photograph of a bonded
sample is shown in ﬁgure 2.
3. Strength testing
The shear strength measurements of the bonded samples were carried out at the High Energy
Accelerator Research Organisation, Japan, in a custom-built system which had been used
previously to measure the shear strength of a hydroxide catalysis bond at room temperature
[37]. A diagram of the experimental apparatus and a photograph of a loaded sample are
shown in ﬁgure 3.
The samples were secured in the sample holder which was submerged directly into a
liquid helium dewar, allowing the liquid helium to wet the sample. The sample was lowered
4
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Figure 1. Diagram showing the geometry and crystal orientation of the unbonded
samples and the geometry of a bonded sample.

Table 1. Number of samples tested for each bond type and the visual quality of the
bonds achieved.

Bond type
c-plane to a-plane
c-plane to m-plane
c-plane to c-plane

Total bonded samples

>90–95% optically clear

8
9
10

5
8
8

Figure 2. Two sapphire cuboids jointed using hydroxide catalysis bonding. The

bonding solution used was 1 part sodium silicate to 6 parts deionized water. A volume
of 0.4 μl per cm2 of bonding area was used.

5
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Figure 3. Experimental apparatus used to measure the torsional shear strength of the
sapphire bonded samples at liquid helium temperatures. (a) A schematic diagram of the
whole set-up, (b) a photograph of a sample loaded into the holder.

slowly into the helium in order to avoid thermally shocking the bond or material. It took
approximately 2–3 min to fully submerge the sample. Once the sample was fully submerged
and thermal equilibrium had been achieved, (indicated by the settling of the helium after it
had been boiling due to the starting temperature of the sample and holder) a torque was
applied to the top of the sample holder which rotated a long metal bar and the top of the
sample. The maximum torque applied, Tapplied , before the sample broke was recorded with a
Sugisaki-keiki co., DI-9 F IP5RG torque meter. The set-up was designed to have a close ﬁt
between the metal bar applying the force to the sample and the outer tube into which it ﬁt to
prevent any misalignment of the sample. Thus some level of frictional contact could occur
between the rotating and rigid parts of the sample holder. The same process was thus carried
out several times with no sample in the holder in order to evaluate the torque required to
overcome this friction, T0 = 0.058 Nm, and therefore allow the torque, T, required to break the
samples to be calculated, using T = Tapplied − T0 .
As the resultant of the stress distribution is equal to the torque, T, we can obtain an
average value of the torsional shear stress at the breaking point, τ, using equation (1) [48]

T=

∫ ρ (τ dA)) = τ ∫ ρ dA,

(1)

where A is the cross-sectional area and ρ is the distance from the axial centre. By using this
method we assume that there is a uniform distribution of stress through the bond layer.
Finite element analysis was used to model the stress distribution through a sample as the
torque is applied. The resulting stress in the bond location is shown in ﬁgure 4. It can be seen
that the stress is not totally uniform but instead is at a minimum at the centre and increases to
a maximum at the centre of the ﬂat edges. Both the average shear stress and the maximum
shear stress will be reported here. The maximum torsional shear stress was calculated using
Prandtlʼs membrane analogy and was conﬁrmed by Roarkʼs formulas for stress and strain
[48, 49]. Prandtlʼs equation [49] for the shear stress is shown in equation (2)
6
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Figure 4. A ﬁnite element model showing the shear stress distribution in a cross-

sectional surface at the centre of a monolithic sapphire bar caused by an applied torque
of 1 Nm. The colour represents the magnitude of the stress, with red being the
maximum and blue the minimum stress.

τmax =

T
,
αab2

(2)

where α is a constant related to the ratio of the length, a, to the width, b, of the cross-section
of the sample under study. For the geometry used here, a square cross-sectional area, a = b
and α = 0.208 [49].
3.1. Results

For all samples, both the calculated average assuming a uniform stress distribution and the
maximum shear strengths of bonds obtained at liquid helium temperatures are shown in
ﬁgure 5 and in table 2. In ﬁgure 5 an average value for each set is shown with error bars
showing the standard error in the spread of results.
Bonds created between sapphire surfaces parallel to the c-plane and a-planes of the
crystal had an average strength throughout the bond layer of 23 ± 3 MPa at liquid helium
temperature and a maximum strength of 42 ± 5 MPa. This orientation combination gave the
smallest spread of results with a standard deviation of 8 MPa on the averaged strength and
14 MPa on the maximum strength. The c-plane to m-plane bond set had an averaged strength
of 33 ± 4 MPa and maximum strength of 60 ± 8 MPa. The standard deviations of the strength
found here were 13 and 24 MPa respectively. As can be seen in ﬁgure 5, the average and
spread of the strength results for this set were affected by a bond which was not optically clear
over more than 90% of the bond area (reducing the average of both sets by between 6 and
10% and increasing the spread in results by approximately 8%). This could be caused by
contamination or air bubbles trapped in the bond layer. The set of bonds with c-plane bonded
to c-plane had an averaged strength of 48 ± 14 MPa and a standard deviation of 42 MPa and a
maximum strength of 82 ± 27 MPa and a standard deviation of 80 MPa. This large standard
7
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Figure 5. Shear strength results obtained for bonded sapphire samples at liquid helium

temperature. (a) Uniform shear strength through the bond area. (b) Maximum shear
strength. The results from three sets of samples are shown. The ﬁrst set shows results
for samples where a surface formed parallel to the c-plane of the crystal was bonded to
one parallel to the a-plane, the second set shows strengths of c-plane bonded to m-plane
and the third shows the strength of c-plane bonded to c-plane. The optical clarity of the
bond is indicated on the plots. The average strength of all bonds and standard error on
this value are given. A red circle indicates a bond which overloaded the torque meter
and could not be broken.

deviation is caused by the fact that this set contained both the strongest and weakest bond
created in this study. The strongest point in ﬁgure 5, denoted by a red circle, shows the
maximum capability of the experimental set-up as it was not possible to break this particular
bond. It is worth noting that even with the large spread in these results, the weakest bond
which was optically clear over 90% of the bond area, 11.6 MPa for the stress being averaged
through the bond created between two c-plane orientated bonding surfaces, is still very strong,
approximately 70 times the minimum shear strength required for a hydroxide-catalysis bond
created between fused silica substrates for an Advanced LIGO mirror suspension design [50].
The bond strength required for the KAGRA detector is at the same level to that of Advanced
LIGO due to the similarity of the geometry of the mirror suspensions. In the majority of cases
the sample broke at the bond. The bulk sapphire was only damaged in 4 of the 54 samples used.
8
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Table 2. Average and maximum torsional shear strength for bonds created between two c-plane surfaces, between a c-plane and an a-plane surface
and between a c-plane and a m-plane surface.

Stress averaged through bond
9

c-plane to c-plane
c-plane to a-plane
c-plane to m-plane

Maximum stress in bond

Strength (MPa)

Standard deviation (MPa)

Strength (MPa)

Standard deviation (MPa)

48 ± 14
23 ± 3
33 ± 4

42
8
13

82 ± 27
42 ± 5
60 ± 8

80
14
24
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4. Discussion and summary
Hydroxide catalysis bonds were created between surfaces with three different combinations of
crystal orientation; c-plane to a-plane, c-plane to m-plane and c-plane to c-plane. These
samples were then shear strength tested at approximately 8 K. Results suggest that the crystal
orientation of the bonding surfaces does indeed have an inﬂuence on the strength of the
hydroxide catalysis bond formed, but more notably it appears to have a strong inﬂuence on
the spread in strength of the bonds formed and therefore on their reliability. In particular, the
set of c-plane to c-plane bonds had an extremely large spread of strength values. A strength of
48 ± 14 MPa with a standard deviation of 42 MPa was obtained when assuming a uniform
stress distribution through the bond. The c-plane to a-plane and the c-plane to m-plane
bonding sample sets gave an average strength which was slightly lower but much more
consistent than c-plane to c-plane: 23 ± 3 MPa with a standard deviation of 8 and 33 ± 4 MPa
with a standard deviation of 13 MPa, respectively. In reality, the distribution of stress is not
uniform through the bond layer and therefore the maximum strength for each bond set was
also calculated. Strong bonds were demonstrated for all of these crystal orientation combinations, stronger than that required for a typical gravitational wave detector suspension
design, for example, in a GEO600 suspension, a bond is under 0.16 MPa of shear stress
caused by the weight of the mirror [50].
The bulk material of the sapphire sample was only damaged in a limited number of the
tests; 4 out of 54 sapphire cuboids. This was observed to occur for samples which demonstrated some of the highest strengths. In all cases, the visible damage which occurred was a
small chip on the side of the sample. As shown in ﬁgure 4, the stress was at a maximum
around the circumference of the sample during a strength test. For these stronger bonds, it is
possible that the stress on the edges became too high and caused the damage. In general, this
type of damage is especially likely to occur if there is a weak point in the material at one of
the edges due to a micro-crack, contamination or dislocation of the crystal structure.
The difference in strength of hydroxide catalysis bonds created between surfaces of
sapphire samples formed from different crystal planes could be caused by a number of factors.
The ﬁrst of these is that the surface structure of the bonded planes could be different for
differently orientated sapphire. Vardiman, Hockey and Williams et al [51–53] suggest that
although a pristine sapphire surface is not readily etched by a hydroxide (for example
potassium hydroxide, KOH), if the surface is damaged through mechanical polishing, dislocations or imperfections in the crystal, the KOH will etch/react with the surface which could
possibly aid in forming aluminates or hydroxylating the surface. Vardiman et al also suggest
that KOH more readily etches c-plane sapphire surfaces, albeit at elevated temperatures
of ∼300 °C.
A second possible explanation could be that c-plane sapphire surfaces more readily
hydroxylate than sapphire surfaces of other orientations. Eng et al [54] state that the reactivity
of metal oxides is strongly inﬂuenced by the degree of surface hydroxylation. They also ﬁnd
that c-plane sapphire in water at room temperature has a surface layer which has a semiordered crystal structure between fully hydroxylated alumina and crystalline alumina and is
oxygen-terminated. It is possible that in the presence of a hydroxide the surface becomes fully
hydrated due to a lowering of the activation energy. By measuring the zeta potential as a
function of pH, Kreshner et al [55] reported that c-plane sapphire is more readily hydroxylated than a, m or r-plane sapphire.
Further, the possibility exists that surfaces of certain crystal planes may prove harder to
clean than others [56]. This could be a direct consequence of the different surface structure or
10
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level of hydroxylation discussed above. The cleanliness of a bonding surface is very
important in creating good, strong bonds as discussed in section 2.
The bonded samples investigated here were cooled down from room temperature to
liquid helium temperature for strength testing. Therefore, any difference in the thermal
expansion of the materials must be considered. Indeed, the thermal expansion coefﬁcient of
sapphire varies depending on how the surface is orientated with respect to the crystal structure
[57]. For example, at room temperature, the thermal expansion of the sapphire material
parallel to the three fold axis of symmetry at ∼5.80 × 10−6 K−1, is larger than the thermal
expansion perpendicular to the symmetry axis, ∼5.06 × 10−6 K−1, by a factor of ∼1.15 [58].
This difference in thermal expansion between the two bonded surfaces could cause a variation
in the strength of the bonds formed between differently orientated planes if it were causing the
bond to be stressed differently. Also, the thermal expansion of the bond material is not yet
known. Further investigations are therefore required in order to fully understand and quantify
the magnitude of this effect.
Another possible reason for the difference in strength could be that the strength of the
bulk material between which the bonds are formed could have a dependence on its cystal cut.
Evidence for this has been reported by Fischer et al [59]. They reported that the c-plane
orientation was stronger than the m-plane or a-plane (by a factor of approximately 35–50%),
agreeing with the results presented here. However, as a result of the fact that we do not
achieve strengths close to the bulk strength and that the bulk material was only damaged in a
limited number of samples, it seems unlikely that the difference in bulk strength is the major
factor in causing the difference in bond strength found here.
In conclusion, we ﬁnd that while the reasons for the differing bond strengths at cryogenic
temperature between sapphire samples of different cut require further study, in all cases the
strength is sufﬁcient to allow the use of hydroxide catalysis bonded sapphire in the suspensions of a cryogenic gravitational wave detector such as KAGRA [31].

Acknowledgments
The authors would like to thank Yusuke Sakakibara for his help and assistance in the
laboratory during the strength testing procedure. Thanks also go to the UK Science and
Technology Facilities Council (grant numbers ST/I001085/1, ST/J000361/1, ST/L000946/1),
the University of Glasgow, the Scottish Funding Council, the Royal Society (grant numbers
DH12001, RG120367) and JSPS KAKENHI (grant number 24244031) for ﬁnancial support.
We also wish to thank our colleagues in the GEO600 and LIGO Scientiﬁc Collaboration for
their interest in this work. SR is a Royal Society-Wolfson Research Merit Award holder.
AAvV is the holder of a Royal Society Dorothy Hodgkin Fellowship and research grant. This
work has been performed with the support of the European Commission under the Framework Program 7 (FP7) ‘People’ and project ELiTES (grant agreement 295153).

References
[1]
[2]
[3]
[4]
[5]
[6]

Flaminio R 1998 Nucl. Instrum. Meth. Phys. Res. A 409 477–9
Abbott B et al 2009 Rep. Prog. Phys. 72 076901
Willke B et al 2002 Class. Quantum Grav. 19 1377
Accadia T et al 2012 J. Instrum. 7 P03012
Somiya K et al 2012 Class. Quantum Grav. 29 124007
Rowan S, Twyford S, Hough J, Gwo D and Route R 1998 Phys. Lett. A 246 471–8
11

Class. Quantum Grav. 32 (2015) 075013

K Haughian et al

[7] Gwo D H, Wang S, Bower K, Davidson D, Ehrensberger P, Huff L, Romero E, Sullivan M,
Triebes K and Lipa J 2003 Adv. Space Res. 32 1401–5
[8] Amico P, Bosi L, Carbone L, Gammaitoni L, Marchesoni F, Punturo M, Travasso F and Vocca H
2002 Rev. Sci. Instrum. 73 3318–23
[9] Cumming A et al 2012 Class. Quantum Grav. 29 035003
[10] Gwo D H 2001 US Patent 6284085
[11] Robertson D, Killow C, Ward H, Hough J, Heinzel G, Garcia A, Wand V, Johann U and
Braxmaier C 2005 Class. Quantum Grav. 22 S155
[12] Harry G et al 2010 Class. Quantum Grav. 27 084006
[13] Accadia T et al 2011 Class. Quantum Grav. 28 114002
[14] Punturo M et al 2010 Class. Quantum Grav. 27 194002
[15] Braginsky V B 1985 Systems with Small Dissipation (Chicago, IL: University of Chicago Press)
[16] McGuigan D, Lam C, Gram R, Hoffman A, Douglass D and Gutche H 1978 J. Low Temp. Phys.
30 621–9
[17] Winkler W, Danzmann K, Rüdiger A and Schilling R 1991 Phys. Rev. A 44 7022–36
[18] Uchiyama T, Tatsumi D, Tomaru T, Tobar M, Kuroda K, Suzuki T, Sato N, Yamamoto A,
Haruyama T and Shintomi T 1998 Phys. Lett. A 242 211–4
[19] Uchiyama T, Tomaru T, Tatsumi D, Miyoki S, Ohashi M, Kuroda K, Suzuki T, Yamamoto A and
Shintomi T 2000 Phys. Lett. A 273 310–5
[20] Rowan S, Byer R, Fejer M, Route R, Cagnoli G, Crooks D, Hough J, Sneddon P and Winkler W
2003 Astronomical telescopes and instrumentation Int. Soc. Opt. Photon. pp 292–7
[21] Reid S, Cagnoli G, Crooks D, Hough J, Murray P, Rowan S, Fejer M, Route R and Zappe S 2006
Phys. Lett. A 351 205–11
[22] Nawrodt R, Rowan S, Hough J, Punturo M, Ricci F and Vinet J Y 2011 Gen. Relativ. Gravit. 43
593–622
[23] Numata K and Yamamoto K 2012 Cryogenics, Optical Coatings and Thermal Noise in Precision
Measurement ed G Harry, T P Bodiya and R DeSalvo 2012 (Cambridge: Cambridge
University Press) ch 8 p 1
[24] Cumming A et al 2014 Class. Quantum Grav. 31 025017
[25] Ju L, Notcutt M, Blair D, Bondu F and Zhao C 1996 Phys. Lett. A 218 197–206
[26] Blair D, Cleva F and Man C 1997 Opt. Mater. 8 233–6
[27] Uchiyama T et al 1999 Phys. Lett. A 261 5–11
[28] Franc J, Morgado N, Flaminio R, Nawrodt R, Martin I, Cunningham L, Cumming A, Rowan S and
Hough J 2009 arXiv:0912.0107
[29] Barish B et al 2001 Nuclear Science Symp. Conf. Record IEEE vol 1 pp 492–5
[30] Punturo M and Somiya K 2013 Int. J. Mod. Phys. 22 1330010
[31] Hirose E, Bajuk D, Billingsley G, Kajita T, Kestner B, Mio N, Ohashi M, Reichman B,
Yamamoto H and Zhang L 2014 Phys. Rev. D 89 062003
[32] Khalaidovski A et al 2014 Class. Quantum Grav. 31 105004
[33] Hirose E et al 2014 Class. Quantum Grav. 31 224004–18
[34] Yamamoto K et al 2012 Current status of KAGRA Cryogenic, LIGO, California Institute of
Technology, California, USA, LIGO-G1200648-v1
[35] Yamamoto K 2014 KAGRA f2f Meeting ICRR (Tokyo) JGW-G1402189-v6
[36] Douglas R, van Veggel A, Cunningham L, Haughian K, Hough J and Rowan S 2014 Class.
Quantum Grav. 31 045001
[37] Suzuki T et al 2006 J. Phys.: Conf. Ser. IOP Publishing. 32 309
[38] Dari A, Travasso F, Vocca H and Gammaitoni L 2010 Class. Quantum Grav. 27 045010
[39] Marasina L, Malinovsky V, Pichugin I and Prentky P 1982 Chemical Etching of Sapphire (New
York: Wiley)
[40] Elliffe E, Bogenstahl J, Deshpande A, Hough J, Killow C, Reid S, Robertson D, Rowan S,
Ward H and Cagnoli G 2005 Class. Quantum Grav. 22 S257
[41] Kim H and Schmitz T 2013 Precis. Eng. 37 23–32
[42] Cunningham L et al 2010 Phys. Lett. A 374 3993–8
[43] Beveridge N et al 2011 Class. Quantum Grav. 28 085014
[44] Armandula H et al 2004 Advanced LIGO Substrate Selection Recommendation, LIGO, California
Institute of Technology, California, USA, LIGO-M040405-00-R
[45] Preston A, Balaban B and Mueller G 2008 Int. J. Appl. Ceram. Technol. 5 365–72

12

Class. Quantum Grav. 32 (2015) 075013

K Haughian et al

[46] Gwo D H 1998 SPIEʼs Int. Symp. on Optical Science Engineering, and Instrumentation, Int.
Society for Optics and Photonics pp 136–42
[47] van Veggel A A, Armandula H, Beveridge N, Cunningham W, Jones R and Moreno G 2013
Preparation of an end or input test mass (ETM/ITM) (Hydroxide catalysis bonding of ears),
LIGO, California Institute of Technology, California, USA, LIGO-E1000278-v9
[48] Young W and Budynas R 2002 Roarkʼs Formulas for Stress and Strain vol 7 (New York:
McGraw-Hill)
[49] Ugural A and Fenster S 2003 Advanced Strength and Applied Elasticity (Upper Saddle River, NJ:
Prentice Hall)
[50] van Veggel A A et al 2009 Final Design Document ETM/ITM ears, LIGO, California Institute of
Technology, California, USA LIGO-T0900447
[51] Vardiman R 1971 J. Electrochem. Soc. 118 1804–9
[52] Hockey B J 1971 J. Am. Ceram. Soc. 54 223–31
[53] Williams K R, Gupta K and Wasilik M 2003 J. Microelectromech. Syst. 12 761–78
[54] Eng P J, Trainor T P, Brown G E Jr, Waychunas G A, Newville M, Sutton S R and Rivers M L
2000 Science 288 1029–33
[55] Kershner R J, Bullard J W and Cima M J 2004 Langmuir 20 4101–8
[56] Mackowski J M, 2004 LMA private communication
[57] Ventura G and Risegari L 2010 The Art of Cryogenics: Low-Temperature Experimental
Techniques (Amsterdam: Elsevier)
[58] White G K 1993 Thermochimica Acta 218 83–99
[59] Fischer J W, Compton W, Jaeger N A and Harris D C 1990 San Dieg-DL Tentative Int. Society for
Optics and Photonics pp 11–22

13

