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Neutron star Extreme Matter Observatory[1]
• Focus on BNS mergers

• Equation of State

• Late in-spiral and post-merger signatures

• Optimal sensitivity 1-4 kHz range
• Window comparable to 3G sensitivity

• Frequency of peak sensitivity under study
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Figure 1. Noise budget and indicative gravitational-wave signal from a binary neutron
star collision. Top panel: we show the amplitude spectral density of the various noise
components that make up the total noise budget shown as the black curve. Bottom
panel: The black curve is the same total noise budget as the top panel, now shown
as the noise amplitude hn =

√
f Sn( f ), where Sn( f ) is the power-spectral density. This

curve is shown in comparison to design sensitivity of A+ (blue), the Einstein Telescope
(ET; green), and Cosmic Explorer (CE; pink). Also shown in red is the predicted charac-
teristic gravitational-wave strain hc for a typical binary neutron star inspiral, merger,
and post-merger at 40 Mpc, where the latter are derived from numerical-relativity
simulations.

shot noise, future detectors aim to employ aggressive squeezing
(e.g., up to+10 dB). To enable increased circulating power, reduce
scattering losses, and thermal noise, future detectors may include
cryogenic silicon test masses with high-power 2-µm lasers as pro-
posed in the Voyager design (Adhikari et al. 2020). A NEMO
observatory also provides technological development for Cosmic
Explorer-like detectors while producing impactful science results
on a shorter timescale.

Figure 1 highlights both the key science case and the design
principles for a NEMO that are elucidated throughout the paper.
The top panel shows the strain sensitivity (amplitude spectral den-
sity

√
Sn( f )) and all underlying noise sources of the proposed

detector. This noise budget and the basic design principles of a
NEMO, including a detector schematic, are laid out in Section 2.
The bottom panel shows again the NEMO noise budget in black,
this time in terms of the noise amplitude hn =

√
fSn( f ), and

a comparison with the design sensitivity curves of A+ (blue),
Cosmic Explorer (pink), and the Einstein Telescope (green). The
sensitivity of a NEMO is comparable to those third-generation
instruments in the kilohertz regime. Also shown in the bottom
panel is an example signal one might expect from a binary neutron

starmerger at 40Mpc, the same distance as the first binary neutron
star merger detection GW170817. Tidal effects during the inspiral
become prominent around 500 Hz and above, while the post-
merger signal is above 1 kHz. We detail these key science deliv-
erables and more in Section 3. In Section 4, we provide concluding
remarks and sketch a path forward to a high-frequency detec-
tor within the international gravitational wave network. Finding
NEMO: a potential location for a NEMO includes Australia, where
a design concept called OzHF is eventually extended to a full-
scale broadband Cosmic Explorer South. For details, see Bailes
et al. (2019).

2. Building NEMO

Simultaneously achieving high sensitivity at low (! 50 Hz) and
high ("1 kHz) frequencies in a single detector is extremely chal-
lenging. There are two main reasons for this. First, the optical
bandwidth of high-sensitivity kilometre-scale detectors is limited.
Thus, to achieve sensitivity peaked at ≈ 2 kHz requires a loss of
optical sensitivity below ≈500 Hz. Second, the high-circulating
power required to improve high-frequency sensitivity introduces
opto-mechanical instabilities whose control strategies can easily
increase the noise in the low-frequency band. Detectors like the
Einstein Telescope (Punturo et al. 2010b) plan to limit low- and
mid-band frequency noise sources such as thermal noise by oper-
ating at 20 K, which is not compatible with high-circulating power.
Broadband operation will then be achieved by building multi-
ple detectors in a common subterranean vacuum envelope. In
NEMO, we only concentrate on the frequency regime above ≈
1 kHz, sacrificing low-frequency sensitivity and thereby decreas-
ing engineering challenges and cost. The low-frequency sensitivity
required for sky localisation will be achieved by the other detectors
in the network.

Martynov et al. (2019) have shown that the optimal length of
a detector with optimum sensitivity at 2 kHz is 16 km. At this
time, it is unlikely that the funds needed to build a dedicated high-
frequency detector of this scale could be obtained; hence, we have
compromised to an arm length of 4 km which is also compati-
ble with existing facilities. This arm length is sufficient to prevent
displacement noise sources causing concern without being pro-
hibitively expensive to build (Miao, Yang, & Martynov 2018). This
reduction in arm length reduces the maximum sensitivity that can
be obtained by about a factor of 2, whichmay in principal be recov-
ered in a future upgrade using a folded interferometer as outlined
in Ballmer & Ottaway (2013).

Our approach for achieving kilohertz sensitivity with a NEMO
that is comparable to third-generation gravitational-wave observa-
tories is outlined below. A simplified schematic of the inteferome-
ter is illustrated in Figure 2 and the design parameters are included
in Table 1.

The high-frequency sensitivity of interferometric gravitational-
wave detectors is predominantly limited by quantum phase noise,
which is due to the quantum nature of light, and not displacement
noise sources such as seismic and thermal. Increasing the circulat-
ing power within the detector reduces the impact of this quantum
phase noise proportional to the inverse of the square root of the
power (Martynov et al. 2019). Therefore, to maximise sensitivity,
the circulating power in the arms must be as large as possible.
This quantum phase noise source can also be reduced by inject-
ing squeezed vacuum into the dark port (Aasi et al. 2013). As a
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• Limited to no low-frequency sensitivity
• High bandwidth controls

• Reduced cost

• Configuration similar to LIGO/VIRGO
• Long signal recycling cavity

• Alternative signal enhancement techniques

• Next gen 3G technology pathfinder
• Use 3-4 km infrastructure

• 2um/1.5um/1um under study

• Coating facility for large optics



NEMO Technologies
• Laser

• 2um high power narrow linewidth laser[2]
• Test masses

• 74 kg Silicon

• Cryogenics Temp (ITM@123K, ETM@150K)[3]

• Coatings
• AlGaAs
• a-Si/SiO2

• Test mass suspension 
• Long signal recycling cavity
• Photodetectors @2um

• DC/RF

• Quadrant/WFS
• Cameras

Several megawatts are required to circulate in the arm
cavities to gain access to the BNS merger signature in the
waveform [6]. In addition, to achieve peak sensitivity near
2 kHz, an optical power on the order of 30 kW is needed to
be incident on the beam splitter (BS) [7]. At such power
levels, optical absorption in substrates and coatings induces
strong thermal aberration effects in the fused silica test
masses of contemporary GW detectors [8–11]. In particu-
lar, the thermal distortion caused by absorptive point
defects in the high reflection (HR) test mass coatings
introduces higher-order spatial deformations of the mirror
surface. This perturbs the wave fronts and results in severe
power-dependent scatter loss which can limit the power
build up in the arm cavities [12].
Crystalline siliconhas far higher thermal conductivity than

amorphous silica and is better suited as a substratematerial to
suppress the formation of steep temperature gradients.
Further, the thermal conductivity of silicon increases as its
temperature reduces. In addition, the coefficient of thermal
expansion (CTE) of crystalline silicon crosses zero at
123 and 18 K. Unfortunately, silicon’s thermo-optic coef-
ficient is higher than that of silica. In combination, these
factors grant silicon testmasses amassive reduction inmirror
thermal surface distortion and a less pronounced but still
significant reduction in thermal lensing when operated in the
vicinity of 123 K.
Cryogenic operation using radiative cooling of the test

masses is conceptually simpler than resorting to conductive
cooling through suspension wires. But the efficiency of
radiative cooling reduces rapidly as temperature decreases,
owing to the T4 dependence of thermal emission. At 123 K,
several watts of heat extraction can be achieved, making a
radiative-only approach feasible for the LIGOVoyager [13]
proposal. Operation below 18 K is likely only possible with
conductive cooling and limited optical power, which is
proposed for the low frequency part of Einstein Telescope
[14] and currently being pioneered by the sapphire-based
KAGRA detector [15]. The NEMO baseline requires in
excess of 10W to be extracted from the testmasses to achieve
kilohertz strain sensitivity at the 10−24 Hz−1=2 level.
A radiatively cooled dedicated kilohertz-band detector

can be designed with significant simplifications compared
to broadband detectors due to relaxed tolerances for low
frequency thermal and environmental noises. In particular,
triple-stage metal wire test mass suspensions and minimal
seismic preisolation are sufficient to suppress seismic
noise. These are much simpler than the complex systems
used in aLIGO [16,17] or Virgo’s superattenuator [18,19],
both of which feature a final monolithic silica suspension
stage to reduce suspension thermal noise. A simpler system
reduces both the cost and complexity of installation and
commissioning tasks. In this paper, we show that quantum
noise limited operation can be achieved in an NEMO
detector using three-stage steel wire and spring blade
suspensions.

The paper layout is as follows: we first describe the
configuration of the detector, followed by a discussion of its
suspensions and thermal equilibrium in the system. We
then explore an increase of the test mass temperatures to
equalize the thermal budget and the effect it has on thermal
lensing and thermal noise. Based on these considerations,
we present a conceptual noise budget for the elevated
temperature scenario. Last, we discuss the applicability of
our proposed approach for broadband GW detectors.

II. DETECTOR CONFIGURATION

The full justification for the NEMO interferometer
design is presented in Ref. [5]. Here we provide only a
brief description of the detector, which is based on the
LIGO Voyager proposal by Adhikari et al. [13]. The
proposed layout, which is illustrated in Fig. 1, is based
on the cavity-enhanced, dual-recycled Michelson configu-
ration of aLIGO [20], Advanced Virgo [21], and KAGRA
[15], with an arm length of 4 km. Table I provides a
parameter summary. NEMO uses cryogenically cooled
silicon test masses for improved power handling and
reduced thermal noise. A carrier wavelength around
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FIG. 1. Simplified optical layout of the NEMO detector
concept. The primary optics are the input and end test masses
(ITM and ETM, respectively) that form the arm cavities, the BS,
the power recycling mirror (PRM) that maximizes power buildup
in the interferometer, and the signal recycling mirror (SRM). The
signal recycling cavity (SRC) shapes the detector response, and
with 354 m it is significantly longer than the SRCs currently
featured by LIGO and Virgo. Squeezed vacuum is injected
through the output port to suppress quantum noise.
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contrast of the two materials dramatically reduces the
number of coating layers and overall coating thickness.
The mechanical loss of silica increases as temperature
reduces below room temperature [38,39], but at 123 K this
effect is still moderate, which allows LIGO Voyager to
consider a-Si=SiO2-coatings. A potential issue of these
coatings is an uncertain optical absorption of a-Si. An
estimate of 20 ppm was made for a 2 μm HR coating stack
based on measurements performed at 47 K [40]. Further, an
a-Si coating with a 7.6 ppm absorption was demonstrated at
1.55 μm [41], and an extrapolation suggesting a-Si coat-
ings may have sub-ppm absorption at 123 K and 2 μm was
made in Ref. [13].
Crystalline AlGaAs coatings offer low mechanical loss

on the order of 2 × 10−5 and low optical scatter and
absorption have been demonstrated [42,43]. Both GaAs
and AlGaAs have high refractive indices at 2 μm of 3.3 and
2.9, respectively, making individual layers very thin.
However, the small refractive index contrast requires a
significant number of layers to form an HR coating. For
example, at least 93 individual layers with a total thickness
exceeding 15 μm are required to achieve the desired 5 ppm
end test mass (ETM) transmission. AlGaAs coatings are
also not lattice matched to silicon and have to be grown on
separate GaAs wafers. Epitaxial growth and substrate
transfer have been demonstrated for 80 mm diameter
coatings with encouraging results [44], but available
GaAs wafer size and transfer technique scaling present

challenges for the application of large area AlGaAs
coatings.
Both a-Si and AlGaAs coatings are optically suited for

the 2 μm wavelength. Additional research will likely
reduce the absorption seen in a-Si coatings. However, their
fundamental absorption limit, which is a critical issue for
NEMO because of its high circulating power, remains
uncertain at this point. For this reason, we consider
crystalline AlGaAs coatings in this work, with an assumed
coating absorption of 1 ppm. We do note, however, that
scaling AlGaAs coating sizes up by the required factor of 5
is a costly and potentially time consuming process. If a
1 ppm absorption can be confirmed in a-Si coatings, they
would present a similarly, if not more viable coating
solution with negligible thermal noise impact on the
NEMO detector.
Figure 2 shows a noise budget that includes quantum,

thermal, and environmental noise traces, along with their
incoherent sum. Above 1 kHz the detector is principally
quantum-noise limited. This noise budget is contingent on
several discussion points around which this paper revolves
and which need to be justified in detail: suspension design
and materials, test mass operating temperature, and ther-
mal noise.

III. SUSPENSIONS

Gravitational wave interferometers utilize suspensions to
isolate their test masses from ground motion and to provide
a low noise actuation platform. The type of the suspension
system determines the complexity of the associated control
scheme, and adds additional noise sources—principally
suspension thermal noise [45]. Kilohertz instruments like
NEMO have relaxed requirements on seismic isolation and
suspension thermal noise, because these noises sources are
not dominant at kHz frequencies.
A conceptual triple stage suspension design, similar to

those used for the auxiliary optics in Advanced LIGO [46],

FIG. 2. Conceptual noise budget of an NEMO detector. With
the exception of a small number of violin modes in the final stage
of the triple suspension, the detector is quantum noise limited
above 500 Hz.

TABLE I. NEMO optical parameters used in the calculation of
the noise traces featured in Fig. 2. The round-trip loss contribu-
tions of input test masses (ITMs), BS, and SRM are listed
separately, and the total SRC loss is calculated as the sum of all
losses in both arms.

Parameter Value

Input power 500 W
Laser wavelength 2 μm
Arm length 4 km
SRC length 354 m
ITM and ETM mass 74.1 kg
ITM curvature 1800 m
ETM curvature 2500 m
ITM beam radius 58.8 mm
ETM beam radius 83.9 mm
ITM transmission 1.4%
ETM transmission 5 ppm
PRM transmission 3.0%
SRM rantsmission 4.8%
Arm cavity loss 40 ppm
ITM substrate absorption 400 ppm
ITM residual thermal lensing and scatter 160 ppm
SRM optical loss 150 ppm
BS optical loss 150 ppm
Total SRC loss 1500 ppm
Reduction in quantum noise 7 dB

J. EICHHOLZ et al. PHYS. REV. D 102, 122003 (2020)

122003-4

[2] D. P. Kapasi, Opt. Express, 28(3):3280–3288, Feb 2020.
[3] J. Eichholz, Phys. Rev. D, 102:122003, Dec 2020


