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Thermal noise from the suspension fibers used in the mirror pendulums in current gravitational-wave
detectors is a critical noise source. Future detectors will require improved suspension performance with
the specific ability to suspend much heavier masses to reduce radiation pressure noise, while retaining
good thermal noise performance. In this paper we propose and experimentally demonstrate a design for a
large-scale fused-silica suspension, demonstrating its suitability for holding an increased mass of 160 kg.
We demonstrate the concepts for improving thermal noise via longer suspension fibers supporting a higher
static stress. We present a full thermal noise analysis of our prototype, meeting requirements for conceptual
third-generation detector designs such as the high frequency interferometer of the Einstein Telescope, and
closely approaching that required for Cosmic Explorer.
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I. INTRODUCTION

Advanced second-generation interferometric gravita-
tional-wave observatories, including Advanced LIGO
(aLIGO) [1] and Advanced Virgo (AdV) [2], have regu-
larly acquired signals from astronomical events following
on from aLIGO’s initial binary black hole inspiral detec-
tion in 2015 [3]. To date, over 40 confirmed black hole
mergers have been recorded [4], including one resulting
in an intermediate-mass black hole [5], and two neutron
star inspirals [6,7]. Most recently, two black hole-neutron
star inspirals were observed [8], providing further scientific
insight.

Mirrors in the interferometer’s arms have final-stage
suspensions constructed from fused-silica mirrors, each
hanging from four precisely manufactured silica fibers.
This is key in providing appropriate levels of noise at
low frequencies (10–30 Hz), as it allows the optimization
and minimization of thermal displacement noise [9], x(ω),
given by [10,11]

x(ω) =
√

4kBT
mω

(
ωo

2φ(ω)

ωo
4φ2(ω) + (ωo

2 − ω2)
2

)
, (1)

where T is the temperature, m is the pendulum mass, φ(ω)
is the mechanical loss of the pendulum mode, of reso-
nant angular frequency ωo, kB is Boltzmann’s constant,
and ω is the angular frequency of interest. Choosing ultra
low mechanical loss fused silica for the suspension fibers
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therefore permits a significant reduction in the suspension
thermal noise [12–15].

Future detectors will require a radical upscaling of the
suspended mass, from the current 40 kg to 160 kg or
even larger. This is driven by a need to reduce radia-
tion pressure noise [16]. Also, the optic’s larger-diameter
front surface allows larger beam size, reducing coating
thermal noise [17]. However, this mass upscale must also
not detrimentally affect suspension thermal noise perfor-
mance. Therefore, suspension design must be carefully
considered, and demonstrated experimentally. In this paper
we propose a set of design principles for next-generation
silica suspensions, highlighting their possibilities and lim-
itations in terms of noise performance and internal mode
frequencies. Employing these principles, we have forged
toward larger suspensions by exhibiting a successful long-
term experimental prototype suspension, hanging 160 kg
on detector-quality fibers, laser-welded to silica attachment
cones. Projected thermal noise performance is analyzed
using finite-element analysis (FEA) models. When scaled
to the proposed mirror masses, performance is seen to be
more than sufficient to meet that required for currently
proposed conceptual detector designs.

Currently, final-stage suspension designs of aLIGO
and AdV have mirrors suspended from four “dumbbell”-
shaped silica fibers [18], with the fiber shape pre-
cisely controlled [19] to minimize thermoelastic noise
[20], which results from temperature fluctuations in the
fiber [21,22]. Recent studies [23] on currently installed
aLIGO suspensions have demonstrated extremely low
mechanical loss, actually yielding better performance
than previously anticipated. There are two distinct, but
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potentially complementary, paths that final-stage suspen-
sion systems may take for future third-generation tele-
scopes. The first is to reduce thermal noise directly, via
cryogenic cooling of the mirrors and suspensions. This is
an extreme technical challenge requiring changing mate-
rial from silica to silicon or sapphire [24]. The second path
is further upgrading silica suspensions, as will be discussed
in this paper. For example, the future Einstein Telescope
(ET) proposes using enhanced room-temperature silica
suspensions in its high-frequency interferometer (ET-HF),
with the instrument envisaging use of heavier silica sus-
pensions up to 200 kg to broaden the available frequency
band to higher levels, in excess of 10 Hz [25,26]. Improved
sensitivity at frequencies below 30 Hz comes from a
cryogenic instrument with silicon suspensions and optics
(ET-LF) proposed for parallel operation with ET-HF.

Interestingly, Cosmic Explorer (CE) envisages use of
very large room-temperature suspensions of up to 320 kg,
possibly achieving similar sensitivity to ET using longer
interferometer arms, without cryogenics [27,28].

Here, we propose three core concepts for improvement
of final-stage fused-silica suspension performance.

II. CONCEPT ONE - INCREASED MASS OF THE
SUSPENDED CAVITY MIRRORS

A strong driver for increasing the mirror mass is reduc-
tion of radiation pressure noise, which is inversely propor-
tional to the mass [16]. In addition, Eq. (1) shows that the
displacement thermal noise of a mirror is also proportional
to m−1/2. Thus, by simply increasing the mirror’s mass,
the thermal noise performance can be improved. Typically,

FIG. 1. Theoretical calculation of suspension thermal dis-
placement noise of a single mirror suspension, showing the
sequence of steps taken to improve performance, by (a) increas-
ing the mass, (b) increasing the final-stage length, (c) increasing
the fiber’s suspended stress.

a mass gain of a factor of 4–8 over the current 40 kg
is envisaged for future suspensions [25], For a factor of
4, this reduces noise by a factor 2, as shown in the red
curve in Fig. 1, where fiber cross section has been scaled
to maintain fiber stress.

III. CONCEPT TWO - INCREASED FINAL-STAGE
LENGTH

The second concept is to lengthen the final stage’s sus-
pension fibers. By doubling their length to 120 cm, the
pendulum mode is pushed down in frequency by a factor of√

2. This frequency reduction effectively moves the whole
curve to the left, which results in an additional thermal
noise gain, yielding the green curve in Fig. 1.

This length increase also provides the benefit of reduc-
ing the vertical bounce mode frequency by factor of

√
2

from 8.8 to 5 Hz, opening up a greater range of frequencies
in the sub-10 Hz band. One disadvantage of this change is
the resulting decrease in frequency of the violin modes,
which encroach further into the detection band. Our third
strategy change aims to help minimize this.

IV. CONCEPT THREE - INCREASED
FINAL-STAGE SILICA FIBER STRESS

Due to the violin mode frequency’s direct dependence
on length, the fundamental mode’s frequency halves to
∼246 Hz when fiber length is doubled. However, fiber
diameter consistency improvements [29] allow a final
strategy of reduction in the diameter of the fiber’s cen-
tral section, increasing the suspended stress in this region
of the fiber. aLIGO has a static fiber stress of 770 MPa,
but fibers have been demonstrated as having ultimate ten-
sile strengths of up to 3–4 GPa [27]. As such, increasing
the stress to 1.2–1.5 GPa is a credible suspension stress
for long-term use, which pushes the violin modes back
up in frequency to above 300 Hz as shown by the yel-
low curve in Fig. 1. While the original mode frequency of
approximately 500 Hz cannot be fully recovered, this is a
necessary compromise, with the added benefit of reducing
the vertical frequency by an additional factor of

√
2.

We have successfully built a prototype suspension
employing these principles. A number of practical design
factors must also be considered, including fiber shapes and
silica attachment piece (“ear”) design, for ease of laser
welding.

V. FIBER SHAPE

The fiber design aims to follow on in concept from
those used in aLIGO and AdV, via nulling thermoelastic
noise that results from temperature fluctuations along the
fiber, that translate into motion via the material’s thermal
expansion coefficient [20]. Thermoelastic loss, φthermo, is
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given by

φthermo(ω) = YT
ρC

(
α − σo

β

Y

)2 (
ωτ

1 + (ωτ)2

)
, (2)

with

τ = 1
4.32π

ρCd2

κ
, (3)

where Y is the fiber’s Young’s modulus, C is specific heat
capacity per unit mass, κ is thermal conductivity, ρ is den-
sity, α is the linear thermal expansion coefficient, σ o is the
fiber’s loaded static stress, β = (1/Y)(dY/dT) is the ther-
mal elastic coefficient, and d is the fiber diameter. Nulling
occurs when α − σo(β/Y) = 0 , giving diameter

dnull = 2rnull = 2

√
Fβ

παY
, (4)

where F is the vertical tension on a single fiber occurring
due to the suspended mass. This yields dnull= 1644 μm, for
160 kg mass held on four fibers. A length of 30 mm at the
fiber ends was chosen to be this diameter for the nulling
region, to ensure as much elastic bending energy is stored
in a nulled area, with a minimal amount contained in the
starting (“stock”) material at the fiber’s ends used for weld-
ing to the ears [30]. Fibers for aLIGO were pulled from
3 mm diameter fused-silica rod, leaving approximately
10 mm of this material at the fiber ends. This provided
enough material to hold the fiber securely while welding
occurred, while minimizing the amount of elastic bending
energy occurring in this region. It is important to keep the
proportion of elastic energy in the weld region to an accept-
able level (typically below 10% in aLIGO), due to it having
higher loss than the surrounding material [23].

In order to understand which areas of the fiber contribute
to the dissipation, we need to consider where the elastic
bending energy resides in the fiber [31]. If the mass is
increased on a 3 mm stock fiber, significantly more elastic
energy is pushed into the stock region of the fiber and out
of the thermoelastic nulling region, as is shown in Fig. 2.
The solution to maintain a low elastic energy content in the
stock material is to increase its diameter from 3 to 5 mm.
Figure 2 shows an ANSYS FEA case study of the energy
distribution at the fiber end for three different cases:

(i) An aLIGO fiber with end diameter of 3 mm, holding
10 kg (for total mass 40 kg)

(ii) The same fiber holding 40 kg (for total mass 160 kg)
(iii) A fiber with increased end diameter of 5 mm

holding 40 kg.

Increasing the fiber end diameter to 5 mm gives a
smaller level of elastic energy in the stock material than

(a)

(b)

FIG. 2. (a) FEA model of an aLIGO fiber, with its shorter
approximately 20 mm nulling region. (b) Elastic energy distribu-
tion at equivalent position along the fiber, showing results from
different suspended masses and different stock material diame-
ters, together with the proposed thermoelastic nulling region.

for an equivalent 3 mm fiber. It also results in a lower
proportion (16%) of energy in the stock compared to the
original aLIGO situation (25%), this being an additional
improvement. The remaining 84% of the bending energy is
contained in the 30 mm nulling region, as shown in Fig. 2.

The central fiber section in aLIGO is thinned to achieve
optimal violin and vertical mode frequencies. For large-
scale suspensions, this technique will also be employed.
For a 160 kg suspension, to achieve a working stress of
1.2 GPa, a fiber of diameter 646 µm is required.

(a) (b)

(c)

FIG. 3. (a) Diameter profile of bottom thermoelastic loss
nulling region of fibers used in the prototype suspension. (b) Top
thermoelastic loss nulling region profile. (c) Central region pro-
file. Red dashed lines show a guide to the eye of ±10% from the
nominal required dimensions.
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Fibers were pulled from 5 mm diameter Suprasil-3 stock
material which was laser-polished prior to pulling to max-
imize strength [32]. All fibers were pulled on a lengthened
version of the laser pulling machine detailed in Ref. [19],
and were carefully profiled after pulling and welding on
a similarly uprated dimensional characterization machine
[33] as shown in Figs. 3(a) and 3(b), with fibers’ dimen-
sions lying well within 10% of the required dimensions.
The maximum fiber stress at any individual point was
1.29 GPa, and the average stress in the fiber’s central
section was 1.12 GPa. Their average diameter was 670 µm,
approximately 4% above the nominal 646 µm diameter.
Future loading tests may hang up to 200 kg, with the abso-
lute maximum stress in this case being envisaged to be a
reasonable 1.60 GPa.

VI. LASER WELDING

Attachment of the fibers uses the same principle of
10.6 µm wavelength CO2 laser welding that was success-
fully used in aLIGO. However, for thicker stock material,
testing has shown that the nominal 120 W laser power
available was insufficient. Therefore, a laser with increased
power of up to 450 W was used. Welding was undertaken
using a conical mirror arrangement of the fiber pulling
machine [19], allowing uniform heating from all sides of
the fiber and ear tip (“horn”). Additional visibility was sup-
plied using multiple 14-bit cameras [29]. This improved
procedure has resulted in extremely good-quality consis-
tent welds, achievable more quickly. Research is ongoing
towards a miniature portable version of this optical system
for use at detector sites, to allow more amenable welding of
suspensions on site at the ends of the interferometer arms.

The horn of the projected ear has been simplified from
the rectangular horn with curved edges used in aLIGO, to a
circular cone tip with 45° angle. This eases welding further
by keeping both surface geometries circular at the interface
point. The sharpness of the cone angle helps keep elastic
energy out of the ear and deeper weld region, maintain-
ing as much of it in the fiber as possible. The horns were
clamped to bespoke metal clamps for this test, however
it is ultimately envisaged that that a conical horn would
be incorporated into an upscaled aLIGO style ear [30],
research on which is ongoing.

The completed welded four-fiber prototype suspension
is shown in Fig. 4.

Fiber profiles and welding were initially tested on two
single-fiber 40 kg suspensions, prior to the four-fiber full
hang, with the single-fiber tests successfully lasting multi-
ple months prior to the full suspension build. The four-fiber
prototype suspension has been hanging in a standard lab-
oratory setting in air for more than 3 years since 2018,
accumulating just over 100 000 cumulative fiber hanging
hours to date.

FIG. 4. Completed monolithic conceptual prototype using
160 kg mass and four fibers, 1.2 m in length, supporting approx-
imately 1.2 GPa stress. Insets show 5 mm stock at ends of fibers
welded to cone attachment ears and clamped to mass sides.

VII. PROJECTED PERFORMANCE

The profile data for Figure 3 were directly imported into
ANSYS to construct an accurate FEA model of the suspen-
sion using techniques described in Refs. [30,31], here also
including accurate weld geometries. The FEA model was
used to evaluate the elastic energy distribution for each of
the suspension’s resonant modes to weight the mechani-
cal loss contribution of each loss mechanism as previously
outlined in Ref. [30].

The first mechanism is residual thermoelastic loss in
sections of the fiber outside the nulling region described
by Eq. (2). Secondly, surface loss in the ith element of the
fiber model is given by [21]

φsurface = 8hφs

di
, (5)

where hφs is the product of the mechanical loss of the
material surface, φs, and the depth, h, over which sur-
face loss mechanisms are believed to occur, and di is the
average diameter of the ith element along the fiber length.
Using the analyses recently undertaken by the authors, hφs
was taken to be 2.5 × 10−12 m [23].

The third mechanism is weld loss, the excess loss asso-
ciated with the welded attachment regions at the fiber
ends. The value taken was 1.4× 10−7, again from the
authors’ recent analyses [23], with the observed weld
region being 2 mm in length at the fiber ends [30], typi-
cally containing less than 5% of the elastic energy in this
suspension.
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Finally, bulk loss is the internal friction of the fiber
material given by

φbulk(ω) = C2

( ω

2π

)0.77
, (6)

where C2 is an empirically evaluated constant [13]. For the
fiber material, Suprasil-3, C2= 1.18 ± 0.04 × 10−11.

The total mechanical loss is the sum of these effects, was
evaluated as previously [23], using

φresonance j (ω) = Etotal j

Egravity

(
n∑

i=1

Ei

Etotal j
(φthermo(ω) + φsurface

+ φbulk(ω)) + Ewelds

Etotal j
φwelds

)
, (7)

where, Ei is the energy stored in the ith FEA model ele-
ment, Ewelds is the energy in the weld region, and Etotal j
is jth mode’s total elastic energy. Etotal j /Egravity is the jth
mode’s “dissipation dilution,” a reduction factor occurring
because a significant proportion of the pendulum’s poten-
tial energy is stored in the lossless gravitational field, and
is evaluated from FEA [31].

The thermal horizontal displacement noise was then
evaluated from Eq. (1). Vertical noise was calculated via
Eq. (17) in Ref. [30], and the violin-mode thermal noise
[34] was determined via Eq. (18) in Ref. [30]. The resulting
thermal noise displacement curve is shown in Fig. 5.

ET-HF will eventually operate in combination with ET-
LF, with the latter dominant below 30 Hz. However, with
the technological challenge of ET-LF’s cryogenics [35], it
is plausible that there may be operational periods, partic-
ularly in ET’s early days, when ET-HF could be running

FIG. 5. Displacement thermal noise spectrum of large suspen-
sion prototype, compared to the ET-HF design requirement [35],
and the CE room-temperature design. CE has heavier masses of
320 kg and 2 m suspension fibers 2 m in length here [28].

solo. ET-HF will be dominated strongly by suspension
thermal noise between 7 and 30 Hz, this being some
six times higher than the next contributing noise source,
radiation pressure noise. At 10 Hz, the design requires
a total noise of 9.90 × 10−20 mHz−1/2; this being dom-
inated primarily by suspension thermal noise, and our
proposed suspension provides a considerably lower value
of 2.85 × 10−20 mHz−1/2. Thus, deployment of the pro-
posed suspension would yield an immediate gain of a
factor 3.5× in detector sensitivity. This room tempera-
ture gain with proven technology could enhance any early
rollout of third-generation room-temperature instruments,
increasing astronomical reach between 7 and 30 Hz. The
reduced suspension thermal noise is also less than a factor
2 above radiation pressure noise, and further gains may be
achievable to make suspension noise no longer dominant
using a test mass of 200 kg or higher, for example.

Cosmic Explorer’s room temperature curve is an exam-
ple of this, with anticipated use of 320 kg silica payloads,
and fibers of length 2 m [28]. By using a simple scaling
of our 160 kg, 1.2 m suspension, a mass of 320 kg would
give a factor of

√
2 improvement, and a 2 m suspension

a factor of
√

1.7 improvement, meaning a cumulative fac-
tor of

√
3.4 = 1.8. Simple scaling of our prototype shows

that it approaches what would be required for CE. At
10 Hz for example, CE requires 1.33 × 10−20 mHz−1/2,
and our suspension, simply scaled, approaches this with
value approximately 1.58 × 10−20 mHz−1/2. Further gain
with use of even thicker stock material of up to 6 or 7 mm
for higher masses is anticipated. Thus, with the ground-
work laid with the prototype suspension demonstrated in
this paper, future research will focus on practical demon-
stration of a 320 kg CE-capable payload, and this research
is ongoing.

VIII. CONCLUSIONS

We have proposed three distinct concepts for radically
upscaling final-stage fused-silica quasi-monolithic suspen-
sions for gravitational-wave detectors, including increas-
ing the test mass size, increasing suspension length, and
increasing stress in the fibers. We have demonstrated pro-
duction of suitable fibers, and welds suitable for future
detector use, and have constructed a large-scale long-term
quadruple-fiber suspension, which has been successfully
hanging for over 3 years. Projected noise performance,
using FEA, has shown significantly lower suspension ther-
mal noise than previous conceptual designs such as ET-HF,
providing a potential factor of 3.5 improvement between 7
and 30 Hz, and lays the groundwork for future upscaling
to 320 kg for CE.

ACKNOWLEDGMENTS

We are grateful for the financial support provided by
the Science and Technology Facilities Council (STFC)

024044-5



A. V. CUMMING et al. PHYS. REV. APPLIED 17, 024044 (2022)

(awards ST/N005422/1, ST/V001736/1), the Scottish
Funding Council (SFC), the Royal Society, the Wolfson
Foundation, and the University of Glasgow in the United
Kingdom. LIGO is a facility operated on behalf of the NSF
by Caltech and MIT. We would like to thank our colleagues
in the LIGO Scientific Collaboration (LSC) and Virgo col-
laboration and within SUPA for their interest in this work.
This paper has LIGO document number P2100290.

[1] J. Aasi, B. P. Abbott, R. Abbott, T. Abbott, M. R. Aber-
nathy, K. Ackley, C. Adams, T. Adams, P. Addesso, R. X.
Adhikari, et al., Advanced LIGO, Class. Quantum Gravity
32, 074001 (2015).

[2] F. Acernese, M. Agathos, K. Agatsuma, D. Aisa, N. Alle-
mandou, A. Allocca, J. Amarni, P. Astone, G. Balestri,
G. Ballardin, et al., Advanced Virgo: A second-generation
interferometric gravitational wave detector, Class. Quan-
tum Gravity 32, 024001 (2014).

[3] B. P. Abbott, R. Abbott, T. D. Abbott, M. R. Abernathy,
F. Acernese, K. Ackley, C. Adams, T. Adams, P. Addesso,
R. X. Adhikari, et al., Observation of Gravitational Waves
From a Binary Black Hole Merger, Phys. Rev. Lett. 116,
061102 (2016).

[4] R. Abbott, T. D. Abbott, S. Abraham, F. Acernese, K.
Ackley, A. Adams, C. Adams, R. X. Adhikari, V. B.
Adya, C. Affeldt, et al., GWTC-2: Compact Binary Coa-
lescences Observed by LIGO and Virgo during the First
Half of the Third Observing Run, Phys. Rev. X 11, 021053
(2021).

[5] R. Abbott, T. D. Abbott, S. Abraham, F. Acernese, K. Ack-
ley, C. Adams, R. X. Adhikari, V. B. Adya, C. Affeldt, M.
Agathos, et al., GW190521: A Binary Black Hole Merger
with a Total Mass of 150 M�, Phys. Rev. Lett. 125, 101102
(2020).

[6] B. P. Abbott, R. Abbott, T. D. Abbott, F. Acernese, K. Ack-
ley, C. Adams, T. Adams, P. Addesso, R. X. Adhikari1, V.
B. Adya, et al., GW170817: Observation of Gravitational
Waves From a Binary Neutron Star Inspiral, Phys. Rev.
Lett. 119, 161101 (2017).

[7] B. P. Abbott, R. Abbott, T. D. Abbott, S. Abraham, F. Acer-
nese, K. Ackley, C. Adams, R. X. Adhikari, V. B. Adya,
C. Affeldt, et al., GW190425: Observation of a compact
binary coalescence with total mass ∼3.4 M�, Astrophys. J.
Lett. 892, L3 (2020).

[8] R. Abbott, T. D. Abbott, S. Abraham, F. Acernese, K. Ack-
ley, A. Adams, C. Adams, R. X. Adhikari, V. B. Adya, C.
Affeldt, et al., Observation of gravitational waves from Two
neutron star–black hole coalescences, Astrophys. J. Lett.
915, L5 (2021).

[9] P. R. Saulson, Thermal noise in mechanical experiments,
Phys. Rev. D 42, 2437 (1990).

[10] H. B. Callen and T. A. Welton, Irreversibility and gener-
alised noise, Phys. Rev. 83, 34 (1951).

[11] H. B. Callen and R. F. Greene, On a theorem of irreversible
thermodynamics, Phys. Rev. 86, 702 (1952).

[12] S. Rowan and J. Hough, Gravitational wave detection by
interferometry (ground and space), Living Rev. Relativ. 3,
3 (2000).

[13] V. B. Braginsky, V. P. Mitrofanov, and K. V. Tokmakov, On
the thermal noise from the violin modes of the test mass
suspension in gravitational wave antennae, Phys. Lett. A
186, 18 (1994).

[14] V. B. Braginsky, V. P. Mitrofanov, and K. V. Tokmakov,
Energy dissipation in the pendulum mode of the test mass
suspension of a gravitational wave antenna, Phys. Lett. A
218, 164 (1996).

[15] S. D. Penn, G. M. Harry, A. M. Gretarsson, S. E. Kit-
telberger, P. R. Saulson, J. J. Schiller, J. R. Smith, S. O.
Swords, et al., High quality factor measured in fused silica,
Rev. Sci. Instrum. 72, 3670 (2001).

[16] S. Sakata, V. Leonhardt, S. Kawamura, K. Numata,
O. Miyakawa, S. Sato, A. Nishizawa, T. Yamazaki,
M. Fukushima, A. Furusawa, et al., A study for
reduction of radiation pressure noise in gravitational
wave detectors, J. Phys.: Conf. Ser. 122, 012020
(2008).

[17] G. M. Harry, A. M. Gretarsson, P. R. Saulson, S. E. Kittel-
berger, S. D. Penn, W. J. Startin, S. Rowan, M. M. Fejer,
D. R. M. Crooks, G. Cagnoli, et al., Thermal noise in
interferometric gravitational wave detectors due to dielec-
tric optical coatings, Class. Quantum Gravity 19, 897
(2002).

[18] P. Willems, Dumbbell-shaped fibers for gravitational wave
detectors, Phys. Lett. A 300, 162 (2002).

[19] A. Heptonstall, M. A. Barton, A. Bell, G. Cagnoli, C. A.
Cantley, D. R. M. Crooks, A. Cumming, A. Grant, G. D.
Hammond, G. M. Harry, et al., CO2 laser production of
fused silica fibers for use in interferometric gravitational
wavedetector mirror suspensions, Rev. Sci. Instrum. 82,
011301 (2011).

[20] G. Cagnoli and P. Willems, Effects of nonlinear thermoe-
lastic damping in highly stressed fibers, Phys. Rev. B 65,
174111 (2002).

[21] A. Gretarsson and G. M. Harry, Dissipation of mechanical
energy in fused silica fibers, Rev. Sci. Instrum. 70, 4081
(1999).

[22] C. J. Bell, S. Reid, J. Faller, G. D. Hammond, J. Hough,
I. W. Martin, S. Rowan, and K. V. Tokmakov, Experi-
mental results for nulling the effective thermal expansion
coefficient of fused silica fibers under a static stress, Class.
Quantum Gravity 31, 065010 (2014).

[23] A. V. Cumming, B. Sorazu, E. Daw, G. D. Hammond, J.
Hough, R. Jones, I. W. Martin, S. Rowan, K. A. Strain, and
D. Williams, Lowest observed surface and weld losses in
fused silica fibers for gravitational wave detectors, Class.
Quantum Gravity 37, 195019 (2020).

[24] S. Miyoki, in Proc. SPIE, Ground-Based and Airborne
Telescopes VIII, 11445, 114450Z (13 December 2020).
doi:10.1117/12.2560824

[25] Science Case for the Einstein Telescope https://arxiv.org/
abs/1912.02622

[26] Einstein gravitational wave Telescope Conceptual Design
Study (2011) https://tds.virgo-gw.eu/?call_file=ET-0106C-
10.pdf

[27] B. P. Abbott, R. Abbott, T. D. Abbott, M. R. Abernathy, K.
Ackley, C. Adams, P. Addesso, R. X. Adhikari, V. B. Adya,
C. Affeldt, et al., Exploring the sensitivity of next genera-
tion gravitational wave detectors, Class. Quantum Gravity
34, 044001 (2017).

024044-6

https://doi.org/10.1088/0264-9381/32/11/115012
https://doi.org/10.1088/0264-9381/32/2/024001
https://doi.org/10.1103/PhysRevLett.116.061102
https://doi.org/10.1103/PhysRevX.11.021053
https://doi.org/10.1103/PhysRevLett.125.101102
https://doi.org/10.1103/PhysRevLett.119.161101
https://doi.org/10.3847/2041-8213/ab75f5
https://doi.org/10.3847/2041-8213/ac082e
https://doi.org/10.1103/PhysRevD.42.2437
https://doi.org/10.1103/PhysRev.83.34
https://doi.org/10.1103/PhysRev.86.702
https://doi.org/10.12942/lrr-2000-3
https://doi.org/10.1016/0375-9601(94)90915-6
https://doi.org/10.1016/0375-9601(96)00441-0
https://doi.org/10.1063/1.1394183
https://doi.org/10.1088/1742-6596/122/1/012020
https://doi.org/10.1088/0264-9381/19/5/305
https://doi.org/10.1016/S0375-9601(02)00825-3
https://doi.org/10.1063/1.3532770
https://doi.org/10.1103/PhysRevB.65.174111
https://doi.org/10.1063/1.1150040
https://doi.org/10.1088/0264-9381/31/6/065010
https://doi.org/10.1088/1361-6382/abac42
https://arxiv.org/abs/1912.02622
https://tds.virgo-gw.eu/?call_file=ET-0106C-10.pdf
https://doi.org/10.1088/1361-6382/aa51f4


LARGE-SCALE MONOLITHIC. . . PHYS. REV. APPLIED 17, 024044 (2022)

[28] A Horizon Study for Cosmic Explorer Science, Observato-
ries, and Community LIGO Public Document P2100003.

[29] K. Lee, G. Hammond, J. Hough, R. Jones, S. Rowan, and
A. Cumming, Improved fused silica fibers for the advanced
LIGO monolithic suspensions, Class. Quantum Gravity 36,
185018 (2019).

[30] A. V. Cumming, A. S. Bell, L. Barsotti, M. A. Barton, G.
Cagnoli, D. Cook, L. Cunningham, M. Evans, G. D. Ham-
mond, G. M. Harry, et al., Design and development of the
advanced LIGO monolithic fused silica suspension, Class.
Quantum Gravity 29, 035003 (2012).

[31] A. Cumming, A. Heptonstall, R. Kumar, W. Cunningham,
C. Torrie, M. Barton, K. A. Strain, J. Hough, and S. Rowan,
Finite element modelling of the mechanical loss of silica
suspension fibers for advancedgravitational wave detectors,
Class. Quantum Gravity 26, 215012 (2009).

[32] A. Heptonstall, M. A. Barton, A. S. Bell, A. Bohn, G.
Cagnoli, A. Cumming, A. Grant, E. Gustafson, G. D. Ham-
mond, J. Hough, et al., Enhanced characteristics of fused
silica fibers using laser polishing, Class. Quantum Gravity
31, 105006 (2014).

[33] A. Cumming, R. Jones, M. Barton, G. Cagnoli C, A. Cant-
ley, D. R. M. Crooks, G. D. Hammond, A. Heptonstall,
J. Hough, S. Rowan, et al., Apparatus for dimensional
characterization of fused silica fibers for the suspensions
ofadvanced gravitational wave detectors, Rev. Sci. Instrum.
82, 044502 (2011).

[34] C. Brif, Notes on anelastic effects and thermal noise in
suspensions of test masses in interferometric gravitational-
wave detectors LIGO Document T990041 (1999).

[35] Design Report update 2020 for Einstein Telescope https://
apps.et-gw.eu/tds/?content=3&r=17245

024044-7

https://doi.org/10.1088/1361-6382/ab28bd
https://doi.org/10.1088/0264-9381/29/3/035003
https://doi.org/10.1088/0264-9381/26/21/215012
https://doi.org/10.1088/0264-9381/31/10/105006
https://doi.org/10.1063/1.3581228
https://apps.et-gw.eu/tds/?content=3&r=17245

	I. INTRODUCTION
	II. CONCEPT ONE - INCREASED MASS OF THE SUSPENDED CAVITY MIRRORS
	III. CONCEPT TWO - INCREASED FINAL-STAGE LENGTH
	IV. CONCEPT THREE - INCREASED FINAL-STAGE SILICA FIBER STRESS
	V. FIBER SHAPE
	VI. LASER WELDING
	VII. PROJECTED PERFORMANCE
	VIII. CONCLUSIONS
	ACKNOWLEDGMENTS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


