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ABSTRACT

The toolbox to study the Universe grew on 14 September 2015 when the LIGO-Virgo collaboration heard a signal from two colliding black
holes between 30 and 250 Hz. Since then, many more gravitational waves have been detected as detectors continue to increase sensitivity.
However, the current and future interferometric detectors will never be able to detect gravitational waves below a few Hz due to oceanic
activity on Earth. An interferometric space mission, the laser interferometer space antenna, will operate between 1 mHz and 0.1 Hz, leaving
a gap in the decihertz band. To detect gravitational-wave signals also between 0.1 and 1 Hz, the Lunar Gravitational-wave Antenna will use
an array of seismic stations. The seismic array will be deployed in a permanently shadowed crater on the lunar south pole, which provides
stable ambient temperatures below 40 K. A cryogenic superconducting inertial sensor is under development that aims for fm//Hz
sensitivity or better down to several hundred mHz, and thermal noise limited below that value. Given the 10° m size of the Moon, strain
sensitivities below 1072 1/,/Hz can be achieved. The additional cooling is proposed depending on the used superconductor technology.
The inertial sensors in the seismic stations aim to make a differential measurement between the elastic response of the Moon and the
inertial sensor proof-mass motion induced by gravitational waves. Here, we describe the current state of research toward the inertial sensor,
its applications, and additional auxiliary technologies in the payload of the lunar gravitational-wave detection mission.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0144687

I. INTRODUCTION three observation runs’ using the LIGO" and Virgo® detectors.

The future of gravitational waves (GWs) is bright. After the KAGRA,® the first underground and cryogenic detector, will join in
first detection of a binary black hole merger in 2015 and a binary the coming observation run. All measured signals entered the

neutron star merger Wlth electromagnetic Counterpart in 2017’2 the LIGO/VirgO sensitive band at arOund 30 Hz. TeChniCal noise frOm
LIGO-Virgo-KAGRA collaboration has detected more than 90 many cross couplings between angular and translational control is
signals from black hole and/or neutron star mergers in their first the dominant noise source below 30Hz. By improving the
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low-frequency performance, signals could be longer in-band and
we could have access to a population of binary black hole (BBH)
systems with a total mass greater than 200 M.

The Lunar GW Antenna (LGWA)’ will detect GWs in the
decihertz region (0.1-1Hz), giving access to even more massive
BBH systems, white dwarf binaries, and tidal disruption events
such as a star plunging into a black hole. LGWA uses an array of
four seismic stations that each hold two extremely sensitive inertial
sensors to probe directly the deformation of the lunar body as a
result of the passing GW. In summary, the lunar surface—and the
rigidly attached inertial sensor suspension frame—displaces accord-
ing to an elastic response to GWs determined by the stiffness of
the lunar body; the proof mass of the inertial sensor, however, dis-
places inertially and follows the GW induced changing potential.
Therefore, the differential displacement between proof mass and
suspension frame holds the GW signal. More details on this detec-
tion principle are found in Ref. 8.

The paper is organized as follows. First, the mission concept is
described in Sec. II, focusing on the heart of the antenna: the
seismic station. In order to achieve sufficient sensitivity to strain,
we propose using an array of high-performance inertial sensors;
Sec. 111 describes the development of such (sub-)fm/\/Hz class
inertial sensors. A necessity to reach such sensitivity also down to
low frequency is the use of cryogenics which will lower thermal
noise and enable the use of high-Q superconducting technology to
lower actuation and sensing noise. The cooling strategy, based on
extremely low-vibration sorption cooling, and thermal management
are described in Sec. IV. High mechanical sensitivity and low
thermal noise are obtained by extremely soft proof-mass suspen-
sion. This sets strict requirements on the leveling system, described
in Sec. V. Finally, we detail the synergy of LGWA inertial sensor
development with the next-generation terrestrial GW detector
Einstein Telescope (ET) in Sec. VI.

Il. MISSION CONCEPT AND SEISMIC STATIONS

Each seismic station with its two single-axis, horizontal iner-
tial sensors measures the horizontal surface displacement along two
orthogonal directions. The horizontal direction is chosen to be able
to build softer proof-mass suspensions, which benefits the instru-
ment sensitivity. The LGWA deployment site is one of the perma-
nently shadowed regions inside a crater at the lunar north or south
pole. Without direct sunlight, alternatives to solar panels on our
stations are investigated. A possible power system for LGWA is a
laser-power beaming using solar panels on the crater edge.’

While each seismometer has the capability to observe a GW
signal, the array is proposed as a tool for the reduction of the
seismic background in LGWA data. The models of the seismic
background still need to be improved, but the preliminary results
indicate that a background limitation of GW measurements with
LGWA should be expected above 0.1 Hz.”*'’ Work is under way to
generalize noise-cancelation methods developed for current GW
detectors'' to be applicable to LGWA. The star-like array configu-
ration shown in Fig. 1 is proposed with the idea to achieve best
noise cancelation in the central sensor.

Crucial for the success of LGWA is the excellent quality of the
Moon as an ultra-quiet elastic body responding to the extremely

ARTICLE pubs.aip.org/aip/jap
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FIG. 1. Lunar mosaic of about 1500 Clementine images of the lunar
south polar region. The projection is orthographic, centered on the south pole
out to 70° S. The Schrédinger Basin (320 km in diameter) is located in the
lower right. The inset shows an example crater near the south pole with a star-
like deployment configuration of a lander and four seismic stations in a
kilometer-scale array of seismic stations containing cryogenic inertial sensors.
Copyright photo archive of the European Space Agency, 1998, licensed under
a Creative Commons Attribution (CC BY) license. Adapted from https:/www.
esa.int/ESA_Multimedia/lmages/1998/01/South_Pole_region_of the_Moon_
seen_by_Clementine2 (Ref. 12).

weak spacetime fluctuations. The lunar seismic background from
meteoroid impacts is predicted to be several orders of magnitude
quieter than the terrestrial seismic background.'” Other sources of
surface displacement must generally be considered. Albeit higher in
magnitude when compared to other types of moonquakes, shallow
moonquakes are rare and not expected to significantly reduce
observation time of lunar GW detectors. Deep moonquakes are
more frequent, but the corresponding background noise is expected
to lie below the one from meteoroid impacts. Also, thermal effects
can lead to seismic events. The so-called thermal moonquakes were
observed in large numbers with the Apollo seismic stations around
sunset and sunrise.'” It is also to be expected that temperature
changes lead to ground tilts and deformations of payload and
lander causing additional disturbances of seismic measurements.'*

In order to avoid performance limitations from thermal
effects, it was proposed to deploy LGWA inside a permanently
shadowed region (PSR). The PSRs are formed by craters at the
lunar poles. They can have temperatures continuously below 40 K
and be thermally stable with temperature fluctuations driven by
heat flow from the lunar interior, infrared light emitted by sunlit
parts of the lunar surface, and by scattered sunlight.'” The cold
temperatures of a PSR will have the additional benefit to act as a
natural cryocooler of the proof mass, which lowers thermal noise
and enables a sorption-based technology to cool the LGWA proof
masses to 4 K. A concept drawing of an LGWA seismic station con-
taining the inertial sensor, a sorption cooler and leveling systems is
shown in Fig. 2.
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FIG. 2. Conceptual overview of a seismic station on a tilted surface on the
lunar regolith. Roughness and tilt of lunar surface exaggerated for illustrative
purposes. Several subsystems vital to successful operation are depicted and
further detailed in the text. Subsystems are not shown to scale here.

Since it is important to have reliable models of the seismic
background for the planning of LGWA, it was proposed to deploy
a geophysical explorer mission inside a PSR called LGWA
Soundcheck.” The sensitivity target is less ambitious (picometer
resolution in the decihertz band), but nevertheless, it will mark a
major step forward in lunar seismometer technology and beat the
sensitivity of Apollo seismometers by 2-3 orders of magnitude
below 1 Hz. LGWA Soundcheck will allow us to make a greatly
improved prediction of the seismic background spectrum based on
the observed distribution of seismic events inside a PSR.

l1l. INERTIAL SENSOR DEVELOPMENT

An LGWA inertial sensor has stringent requirements such as
fm//Hz sensitivity down to several hundred mHz, deployablility, low
heat dissipation, and favorable electronic characteristics. While still
under development, we describe the current R&D efforts here. The
proof mass will be suspended by means of a folded Watt’s linkage, a
common way'® to achieve a compact, low-resonance-frequency
device. To achieve low thermal noise, the target proof mass will be
10kg. By using niobium, which has a 8.4 g/cm® density, such device
with all auxiliary sensing and actuation system can fit in a volume
200 x 200 x 100 mm>.

The readout of the proof-mass motion, and, therefore, ulti-
mately the differential signal (between the elastic response of the
Moon to passing GWs and the inertial proof mass) which holds
the GW signal, is a cm-scale interferometer. An example of such
opto-mechanical device is a room-temperature version of an inter-
ferometrically Watt’s linkage that reached 8 fm//Hz from 30 Hz."”

ARTICLE pubs.aip.org/aip/jap

The used interferometric readout, based on Ref. 18, reached
4 fm/\/Hz from 4 Hz onward."” This readout needs feedback to
keep the working point halfway up the fringe (the linear part of the
sinusoid) as any deviation makes the output non-linear and
degrades the subtraction of common mode noise between the two
interferometer output ports. Without feedback, the typical micro-
meter motion on Earth of the sensor frame would cause the sinus-
oidal error signal to move between fringes.

The feedback is provided by an actuator that locks the proof
mass to the suspension frame. The signal sent to the actuator is
then proportional to force and acceleration and serves as the sensor
output. Often, a coil-magnet actuator is used in force-feedback
inertial sensors. However, in the previously discussed 8 fm/\/Hz
results, thermal noise was expected to be dominant below 10 Hz.
While the used Watt’s linkages can have mechanical quality factors
above 5000, the permanent magnet and its eddy current damping
of the moving metal pieces had degraded the Q to below 100."”
LGWA requires lower-frequency fm/,/Hz sensitivity which can
only be obtained by lowering thermal noise which goes as*’

4kp Tew?
. slogd o)
mo [(a)g — w?) —l—a)gdﬂ}

where x4, denotes the thermal noise displacement amplitude spec-
tral density (ASD), kg Boltzmann’s constant, T the temperature,
the angular resonance frequency, ¢(=1/Q for structurally
damped suspensions) the loss angle, and o the angular frequency.
Low temperatures and increased mass will obviously help, but dif-
ferent actuators that will not (dominantly) damp the Watt’s linkage
are necessary. Therefore, superconducting actuators that use the
Meissner effect rather than a magnet to exert a force on the proof
mass are investigated.”"”* The superconducting thin film coils and
superconducting surface (depicted by orange rectangles in Fig. 3)
can, depending on the achieved cooling level or other application,
be manufactured from, e.g, niobium (T.=9.2K), MgB2
(T. = 40K), or YBCO (T. =93K). To be in the necessary full
magnetic expulsion state, temperatures around 60% of Tc or lower
is needed.

The current design follows from an initial cryogenic inertial
sensor concept first proposed in Ref. 23, which was subsequently
updated.”” Currently, we investigate what is depicted in Fig. 3. The
resonance frequency of the Watt’s linkage can be coarsely set by
the sliding tuning mass, which changes mass distribution between
inverted and regular pendulum. After cooldown of the mechanics,
the resonance frequency will have changed. Typically, Young’s
modulus and, therefore, the flexure stiffness increase 10% during
cooldown, and, therefore, the resonance frequency is expected to
have increased 5%. A usual resonance frequency of the Watt’s
linkage is 0.25 Hz. A DC current on the tuning coils can effectively
change the mass distribution, thereby tuning the resonance fre-
quency (back).

The estimate of sensitivity is made by modeling the displace-
ment noises of mechanical and interferometric nature. Most
models for these noises are described in Refs. 17 and 23, where the
thermal noise and shot noise are dominant at low and high fre-
quency, respectively, crossing over at about 1Hz in the case
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FIG. 3. A cryogenic superconducting monolithic inertial sensor. The proof mass is suspended from the frame by a regular pendulum and inverted pendulum. This mono-
lithic configuration is known as a Watt's linkage and allows for an arbitrarily low natural frequency, which increases the mechanical sensitivity. The proof-mass motion is
monitored by an interferometric readout, and the custom cryo-chip is under development using 65 nm CMOS technology. More details are found in the text.

presented here. The Relative Intensity Noise (RIN), the frequency
noise, the actuator noise, and all electronic noise can be designed
to be below those two dominant noises. The actuator noise model
is a simple current driver model.'” We use the parameters in
Table T and arrive at the noise budget shown in Fig. 6(a). This
noise budget is roughly the same as the “opto-mechanical” trace in

TABLE I. Mechanical, readout, and electronic parameters for the analyzed inertial
sensor configuration. The second set of parameters pertain to the used proof-mass
readouts: the homodyne interferometer and inductive SQUID readout.

Parameter Value Unit
Proof mass 10 kg
Natural frequency 0.25 Hz
Temperature 5 K
Nb quality factor 1-10*

Si quality factor 1-10°
Coil-superconductor gap 0.1 mm
Actuator strength 5 UN/A
Frequency noise” 500 x ' Hz/\/Hz
Static differential arm length 0.5 mm
Injected laser power 10 mW
Wavelength 1550 nm
TIA feedback resistor 20 kQ
SQUID energy resolution, E 507 J/Hz
Signal to SQUID coupling efficiency, nS 0.25"
1//f corner frequency, f; 10" Hz

*Typical value for high-end lasers, e.g., The Rock™ from NP Photonics."'

Figs. 2-5 of Ref. 7. The sensitivity of the eight-sensor array (two
per seismic station) is a factor /8 lower. LGWA sensitivity is
obtained by dividing out Moon’s response, i.e., the expected surface
motion per unit strain. An example of such modeled response is
found in Fig. 1 of Ref. 7.

The used readout scheme is an example of a femtometer-class
interferometer. Though the above homodyne readout scheme is the
one analyzed with a noise budget later in this section, there are
other options to realize an optical readout with similar or even
higher predicted sensitivity. The trade-off between displacement
readout schemes relies heavily on the required dynamic range and
the ability, and corresponding benefits, of operating at a specific or
a random operating point. So-called multi-fringe interferometric
sensors implement phasemeters to read out the phase at any operat-
ing point and with large, mostly multi-fringe, dynamic range.”*
These types of interferometers are limited to femtometer-level sen-
sitivities by effective technical-fundamental limitations in their
readout, especially by digitization noise.”” To provide linear sensing
over a wide range, such interferometers typically do not employ
optical resonators to enhance the signals.

The best space-based demonstration of such displacement
sensors is the multi-fringe heterodyne interferometry realized in
LISA pathfinder,”® which achieved a displacement measurement
noise floor of 30 fm/\/Hz around 1Hz, mostly limited by ADC
quantization noise in the digital phasemeter. A lower digitization
noise floor could be realized with commercially available ADCs.
Heterodyne interferometry uses the interference of two laser beams
with a frequency difference to generate sinusoidal photodiode
signals. From these signals, the phase can be extracted using
demodulation or a phase-locked loop and such interferometers can
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FIG. 4. Heterodyne cavity-tracking readout scheme with co-located ultra-stable optical cavity. Tracking the motion of the proof mass requires a high-dynamic range phase
readout system. Cavity length L, wavelength A, and phase readout bandwidth BW determine the maximum one-way displacement tracking range
Almax = A/2 - BW/(c/(2L)) = A/2 - BW/FSR, with FSR being the free spectral range of the cavity.

achieve very high-dynamic ranges.”” The necessity to create at least
two interferences, one for the measurement and one as phase refer-
ence, and the use of the two laser beams limit the ability to make
such interferometers very compact. Additionally, effects like the rel-
ative beam pointing between the two beams are an additional noise
source that can be suppressed in schemes with only a single beam
going into the interferometer.

A critical part of the low-frequency noise floor that has to be
evaluated for LGWA is the achievable temperature stability and the
corresponding thermally driven couplings, namely, thermoelastic
and thermorefractive noise, which were suppressed in LISA
Pathfinder by the exceptional temperature stability.”” These ther-
mally driven noise sources will be critical for any interferometric
readout scheme and need to be studied with respect to the cryo-
genic environment of the proof mass. Thermal compensation strat-
egies can be employed, but are complicated, in design and in
testing, by the cryogenic operating temperatures. These noise
source are also critical for any opto-mechanical laser frequency ref-
erence. This reference is either a 2nd, equally long and stable inter-
ferometer arm, or it is a separately located laser frequency
reference, as discussed below for other readout schemes.

For the LGWA and especially LGWA Soundcheck, the power
consumption of the payload might be a critical factor, with the
laser sources being a significant driver of such a budget.
Accordingly, the power consumption of any given interferometric
readout has to be taken into account, as well as their influence on
the potentially reduced power consumption in the active feedback
to control the proof mass. This might benefit interferometric
readout schemes that require little or no opto-electronic elements,
slow signal digitization, and little signal post-processing. In addi-
tion to the readout scheme shown in Fig. 3, a higher dynamic
range option that can achieve femtometer-level displacement noise
with no additional active components is quadrature homodyne
interferometry, which has already been used to demonstrate

compact interferometric readout of inertial sensors’” and demon-
strated a noise floor of 20 fm/,/Hz.”’ Quadrature homodyne inter-
ferometry uses polarization optics to create quadrature signals on a
set of photodetectors from which the phase can be extracted. Only
a single input laser beam is necessary, which is why it is considered
as a technique for realizing compact sensors, and the photodiode
signals are at baseband frequencies. Depending on the dynamic
range and the optical design, especially with regard to ghost beams
and polarization contamination,”’ such a readout might require

additional digital signal processing with a Lissajous fit to suppress ¢
periodic non-linearity, which again might limits its advantage in ¢

terms of power consumption.

Finally, optical resonators can be employed in compact dis-
placement sensors to achieve sub-femtometer displacement readout
noise floors at the cost of readout range and linearity, for example,
using fiber-based implementations, as demonstrated in Ref. 32. A
recent analysis shows that another scheme to realize compact inter-
ferometers, Deep-Frequency Modulation Interferometry,” can, in
principle, be combined with optical resonators to reduce the
readout noise below the femtometer level.”” Combining optical cav-
ities with operation-point independent, wider-range readout is,
however, non-trivial. Using a strong frequency-modulated laser
with an optical resonator promises noise floors of 1071 m/,/Hz,”
but might require too much effort with respect to opto-electronics
and signal processing for the readout of only two displacements in
a single LGWA station.

A more relevant approach might be the technique we refer to
here as heterodyne cavity-tracking. In this technique, we lock one
laser to an optical cavity between the proof mass and an external
mirror and then measure the frequency variations with changing
length. The interferometer at the inertial sensor can again be very
compact, and a second laser is necessary to generate a beat-note of
which the frequency can be tracked. Since no arm-length matching
can be used this scheme requires that the second laser is
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FIG. 5. (a) A silicon Watt's linkage with superconductive readout and actuation
where both are in a u-metal or superconducting box (green) in order to shield
against stray fields and ensure magnetic fields interact outside the box. (b) Dual
coil sandwich configuration used for sensing and actuation. More details found
in the text and (c) a zoom of the monolithic niobium and quasi-monolithic silicon
flexures.

ultra-stable, but, combined with a corresponding real-time digital
signal-processing system, this scheme can also realize the locking of
both lasers to their respective optical resonators,” as depicted in Fig. 4.

This readout senses one degree-of-freedom, adding another
axis demands an additional laser that is locked to the correspond-
ing cavity. Hence, in order to measure the horizontal surface dis-
placement along two orthogonal directions, each seismic station
requires in total three single-sideband laser sources. For resonator
lengths of 5cm, the beat frequency will shift by 3 GHz for a dis-
placement of 1/2, a frequency shift that could be tracked with a
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high-bandwidth, and frequency-tracking phasemeter’” with negligi-
ble frequency-tracking noise. Field-programmable gate arrays with
integrated high-speed data converters are available to implement
such tracking systems with several GHz of bandwidth. A hetero-
dyne cavity-tracking readout scheme can, in principle, achieve
readout noise levels of 1077 m/\/Hz with reasonable levels of
cavity Finesse, because they are not directly limited by digitization
noise and the influence of shot noise is suppressed by the optical
enhancement. In practise, this readout will be limited by the stabil-
ity of the available frequency reference, which could be a separate
cavity as developed for space-based optical clocks or fundamental
physics experiments™ that is co-located within the cryostat to
reduce thermal effects like coating thermal noise, as shown in
Fig. 4. If available, the ultra-stable laser can also be a fully separate
device connected only via fiber. The lasers, the phase readout
system, and the fiber-optics do, to first order, not have stringent
environmental noise couplings and can be placed outside the cryo-
stat. The additional complexities and power consumption of a het-
erodyne cavity locking scheme make it unsuited for LGWA
Soundcheck, but the promise of mid-range dynamic range and
extremely low readout noise floor make it a promising candidate
for the full LGWA readout, assuming other noise sources can be
brought to sufficiently low levels, at least at the higher readout fre-
quencies. Detailed studies of amplitude noise’” and of tilt-to-length
coupling”® will have to be done for any design and readout scheme.

Besides the different interferometric readout strategies
described above, superconductivity can be used to read out the
proof-mass position with high precision. If a superconductor
moves with respect to a superconducting coil carrying a persistent
current, the inductance of coil-superconductor system changes.
The current in the coil will change correspondingly to keep the
flux in the system conserved due to flux conservation in supercon-
ducting loops. The current change can be converted to a magnetic
field change simply by connecting another coil. This changing
magnetic field can subsequently be picked up by a
Superconducting QUantum Interference Device (SQUID), which is
known for its extreme sensitivity to changing magnetic fields. This
readout strategy has been suggested, e.g., in Ref. 39 for gravity gra-
diometry. Using two sensing coils in parallel and sandwiching a
superconductor, and a third one to convert the current signal into
magnetic signal, the motion of the superconductor can be read out
with sub-femtometer precision. On the right side of Fig. 5(a), such
dual coil sandwich configuration is shown.

The superconducting readout provides an error signal for a
feedback loop with a superconducting actuator, which can also
employ a dual coil sandwich architecture. The superconducting
coils can be loaded with a persistent current as shown in Fig. 5(b).
By sending an actuation current running in parallel in the two
coils, we can increase the current, and corresponding magnetic
force, on one side and reduce the magnetic force on the other side,
generating a net (feedback) force on the superconductor. The mag-
netic force between a coil and a superconducting surface is propor-
tional to the square of the current in the coil
Upers + Lct)* = I}fers + 2lperskact + I%,. Large persistent currents
(>1 A currents are common"’) will give the largest coupling to the
signal current. However, because the persistent currents in the coils
push from either side, there is a positive stiffness roughly equal to
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the DC force from each coil, divided by the coil-surface gap. This
added stiffness can be corrected for using the tuning mass pre-
launch and the tuning coils when deployed. The main advantage of
this strategy is that only small currents (<100uA) will have to be
generated by the on-chip current driver. Moreover, the dual coil
architecture linearizes the relation between the actuation current
and the feedback force which will simplify the control and data
analysis.

To decrease the thermal noise even further, a silicon Watt’s
linkage is proposed. Silicon is a crystalline material exhibiting low
mechanical loss at cryogenic temperatures, with a bulk Q of 108.*
The thin flexures allowing for their low stiffness of metallic Watt’s
linkages have historically been fabricated using electro-discharge
machining (EDM) techniques as shown in Fig. 5(c). A more diffi-
cult hybrid procedure for silicon must be followed as using EDM
to cut the delicate flexures is expected to result in surface damage
and, thus, lossy flexures. The frame and proof mass are manufac-
tured from highly doped silicon, which can be cut using EDM. The
legs including the flexures are (laser assisted plasma) etched out of
a thick 500 um wafer and hydro catalysis bonded (HCB) to the
frame and proof mass. HCB is famous for producing quasi-
monolithic bonds in mirror suspensions of the current interfero-
metric GW detectors.”” Figure 2 in Ref. 21 shows a possible HCB
assembly procedure for a silicon Watt’s linkage. The quasi-
monolithic silicon Watt’s linkage is expected to have a Q of 105,
thereby lowering the thermal noise by an order of magnitude with
respect to the niobium variant.

The SQUID readout has a sub-fm/,/Hz sensitivity corrected
for the sensor mechanics as*”

> 2E\(L+f/f) @

2
- )" +0j/Q
squid — >

mwonp w*

@)

where most symbols have been denoted in Table I. White noise
levels of 10/ at 0.1 K have been demonstrated by using two-stage
dc SQUIDs, in which a commercial sensor was used as the pream-
plifier for the first SQUID." The energy resolution at 4.5 K is esti-
mated to be Ex = 50 i from Fig. 2 of Ref. 43. The SQUID has a 1/f
characteristic below f; in its power spectral density. The same actu-
ator noise model as the niobium version and the silicon proof-mass
suspension thermal noise model complete the noise budget as pre-
sented in Fig. 6(b). SQUID technology for space missions is cur-
rently being brought to high technology readiness level (TRL) by
the X-IFU detector on the Athena space telescope.”® Further com-
parison between the analyzed homodyne interferometric and
superconducting readout is presented in Table II. The choice
between interferometric—where the homodyne variant is used here
as an example—and superconductive readout will depend on tech-
nology readiness levels at the time of need as well as findings on
the seismic background level by the Soundcheck mission. As they
are expected to be low, the dynamic range requirement seems
relaxed. However, the homodyne interferometer will always require
some actuator to keep the device locked halfway up the fringe.
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FIG. 6. Minimum detectable inertial displacement for a structurally damped
accelerometer with (a) niobium mechanics and interferometric readout and
(b) silicon mechanics and SQUID readout.

IV. SORPTION COOLING AND THERMAL
MANAGEMENT

Cryogenic cooling of the inertial sensor will be established by
combining two vibration-free cooling technologies; high-emissivity
radiator panels will be used to provide heat-sink platforms at tem-
perature levels of about 50 and 90 K. Next, a two-stage sorption-
based Joule-Thomson cooler will be heat sunk to these platforms
and will cool further down to 14.5 and 4.5 K. This sorption-based
cooling technology has been developed at the University of Twente
in the past two decades. It operates with a thermal compressor
rather than a mechanical compressor as conventional cryogenic
coolers do. Apart from a few passive valves, it has no mechanical
moving parts and, therefore, offers operation at an extremely low
level of emitted vibrations and a long lifetime because of the
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TABLE Il. Comparison between the homodyne interferometer and inductive SQUID

readout.

Parameter Homodyne SQUID
Power dissipation 0.5 mW* <UW
Open loop? No" Yes*
Sensitivity at 1 Hz 3 fm//Hz 0.2 fm/\/Hz
Upper range” ~0.1 ym rms ~10 nm rms
Temperature needed 290 K for laser® <60% of T,!

*Conservative 5% of injected laser power absorbed in optical elements.
"Homodyne interferometer must be locked halfway up the fringe for best

performance.
“If seismic noise is low.

dAssumed realistic electronics operating over 8 orders of magnitude.

“In separate thermal box.

"To be in the full Meissner state of used superconductor.

absence of wear. Both aspects are obviously attractive in space
applications. The operation of a sorption compressor is based on
the cyclic adsorption and desorption of a working gas at a sorber
material such as, in our case, activated carbon. Activated carbon is
a material that by its highly porous structure has a very large inter-
nal surface so that it can adsorb large quantities of gas. By heating
the sorber, the gas is desorbed and a high pressure can be estab-
lished. By expanding this high-pressure gas in a Joule-Thomson
(JT) cold stage, cooling can be obtained. The operating principles
and the thermodynamics involved are discussed in Refs. 47-51.
The baseline cooler chain of the LGWA project is schemati-
cally depicted in Fig. 7 and resembles the Darwin cooler that was
developed in an earlier ESA-TRP project."® The first stage of the
LGWA sorption cooler operates with hydrogen gas and realizes a
temperature of 15K. The second-stage sorption cooler operates
with helium gas and, precooled by the hydrogen stage, it reaches
4.5K. The hydrogen compressor is thermally linked to the 90 K
radiator heat sink. The hydrogen gas is precooled by a 50 K radiator
that also serves as the heat sink for the helium compressor. Based
on the performance of the two stages of the Darwin cooler, the
gross cooling powers at both stages in the LGWA project are
expected to be 36 mW at the 15K stage (of which 6 mW are used
to precool the helium gas in the second stage) and 4.5 mW at the
4.5K stage. The total electric input power to the coolers is slightly
more than 6 W; 42 W in the compressor of the hydrogen stage;
and 1.9 W in that of the helium stage. This input power plus the
power taken from the cold interfaces is emitted to deep space at the

two radiator panels.

In previous work, the radiator temperatures were optimized
aiming at minimum radiator size, resulting in actual temperatures
of 87 and 51 K. The required radiator panel areas are 1.6 and
7.8 m?, respectively.”” This setup is schematically depicted in Fig. 7.
The cooler mass is expected to be 10kg of which both stages are
about half of that.*>** The heat load budgets are listed in
Table III. The heat load at 4.5 K caused by sensors and electronics
is expected to be below 3 mW. The other heat load budgets that are
listed are all parasitic loads that were evaluated for the targeted

configuration based on previous designs

and hardware
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4.5 mW/ 45K

FIG. 7. Schematic diagram of the two-stage sorption-based cooler with a
cooling power of 30mW at 15K and 4.5mW at 4.5K; electric input power is

indicated in blue; and heat flows in red.

. 44,48
realized.***®

°% These heat load budgets will be used as design con-
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straints and actual loads should be within these budgets. In this
respect, it is important to note that the sorption-based cooling
technology is easily scalable. Input power and radiator area both

TABLE Il Heat load budgets at the 15 and 4.5K cold-tip interfaces. These should
be interpreted as realistic goals. In both stages, we assume an emissivity of 0.1.

15K

Total gross cooling power 36 mW
Precooling He stage 6 mW

Radiation from 50 K environment 20 mW
Conductive load through support (G10 struts) 9mW

Conductive load via cooler tubing 1 mW

45K

Total gross cooling power 4.5mW
Radiation from 15 K environment 02mW
Conductive load through support (Kevlar straps) 1 mW
Conductive load via cooler tubing 0.3 mW
Dissipation and conductive load of sensor” 3 mW
*Worst case: interferometric readout (0.5mW absorption) and 2.5mW

wiring to chip at 50 K, see Fig. 2.
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scale directly with the required cooling power at 4.5 K (roughly
1.5W and 22m? per mW, respectively). The cooler chain as
depicted in Fig. 7 remains the same. In order to withstand launch
loads, all frames will be mechanically fixed. Once positioned on the
moon surface, these launch-load connections will be disconnected
allowing for the 15K frame to be leveled with respect to the moon
surface, as illustrated in Fig. 2. The remaining support structures
are anticipated to be G10 struts between the leveling platform and
15K frame and Kevlar straps between the 15K frame and 4.5K
cold mass.

A sorption-based Joule-Thomson cooler has been launched
and successfully operated in space in the ESA-Planck mission
(2009-2013).”>° It provided cooling power of 1 W at about 20 K
using hydrogen as the working fluid. However, the compressor
sorber material was a metal hydride which is a chemical absorber,
whereas in our compressor technology, activated carbon is applied
which is a physical adsorber. The big difference is that a chemical
absorber degenerates over time limiting the lifetime of the cooler in
mission (in Planck 2 years), whereas the adsorption process with
carbon is fully reversible and does not limit the lifetime of the
cooler. Our carbon based sorption compressor technology was
qualified at TRL5 (surviving launch vibrations) in one of the recent
ESA projects.”” Furthermore, it is important to note that the com-
pressor will comprise of a number of cells that are operated in par-
allel.”’ Redundancy is realized by adding one or more cells in this
parallel arrangement. In the case of failure, the failing cell can
simply be switched off and a redundant cell can take over.”® These
redundant compressor cells can also be switched on and included
in operation to increase the mass flow through the cold stage and,
thus, to increase cooling power if needed for whatever unexpected
reason.

V. SEISMOMETER LEVELING SYSTEM

A leveling system is needed to achieve an initial alignment of
the seismometer platform to compensate ground slope and then to
keep it aligned within a few microradians. The requirement of the
alignment accuracy is set by the softness of the proof-mass suspen-
sion through the tilt-to-horizontal coupling dpm = g6/w?. The crit-
ical dimension in Figs. 3 and 5(a) is the 100 um gap between coils
and superconductor in the actuator. The leveling system should be
more precise than 30 um in proof-mass positioning to ensure that
the superconductor does not make contact with the sandwiched
coils.

A platform meeting similar requirements was developed for
the SEIS experiment of the Mars InSight mission.”** This system
features a MEMS-based rough alignment to compensate for up to
15° of ground slope, and a precision alignment system that reaches
a few microradians using high-precision tiltmeters. An important
new requirement for the LGWA platform is that it must be compat-
ible with the cold environment of a PSR, which constraints above
all the technologies that can be used for the high-precision
tiltmeters.

An alternative to using high-precision tiltmeters might be to
realize the LGWA seismic sensors with a high-dynamic range laser-
interferometric readout of the proof-mass displacement.’’
Exploiting the tilt-to-horizontal coupling, tilt can be measured and
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compensated by observing the movement of the proof mass. With
the rough tilt alignment stage, one can assess what sign the high-
precision adjustment must have, ie., with which side of its frame
the proof mass makes contact before the fine-alignment is engaged.

VI. SYNERGY WITH EINSTEIN TELESCOPE

On Earth, ET features an underground and cryogenic design
and aims to be sensitive to GWs down to 3 Hz. Methods to apply
low-vibration cryogenic cooling of the mirrors in a cryostat to
lower thermal noise are currently investigated in research
facilities.”” ' New inertial sensors such as described here are neces-
sary to monitor the lower cryogenic stages as the application of
heat links could introduce spurious vibrations close to the mirror.

ET aims to be ten times more sensitive than current detectors
above 10 Hz and stretch its lower bandwidth limit down to 3 Hz.
Cooling down of the input and end mirrors down to around 10 K
is needed to reduce the dominant noise at low frequency: thermal
noise. To extract heat, the penultimate mass above the mirror
shown in Fig. 8 (right) operates at about 5 K. Cooling the penulti-
mate mass cannot be done radiatively due to the low temperature
and required power (several 100 mW), and, therefore, some physi-
cal connection between cryocoolers and the suspension final stages
is required. The cooling power is applied by low-vibration cryo-
coolers and using flexible heat links. However, there is still a risk
that unwanted vibrations end up in the penultimate stages, close to
the mirrors where extremely tiny displacements in the detection
bandwidth are required. The cryogenic temperatures provide
opportunities for new, superconductive actuators and (inertial)
sensors. The use of superconductive coils reduces the cooling

flexible
7 rest of the . heat links -~
suspension chain 5 k9]
cryo-shields L0
v o
=9
Q 3o
26
Sg
39
O

cryo-inertial
sensors

va

cryo-
actuators
penultimate
mass

coil-magnet
actuator

FIG. 8. The final stages of (left) current room-temperature mirror suspensions
and (right) future cryogenic mirror suspensions. The low temperatures provide
opportunities for new actuators and (inertial) sensors at the marked locations.
Ultimate configuration for ET may differ, but similar sensing and actuation solu-
tions will be necessary.

11:00:20 €202 4oquiydes Gz

J. Appl. Phys. 133, 244501 (2023); doi: 10.1063/5.0144687
Published under an exclusive license by AIP Publishing

133, 244501-9


https://pubs.aip.org/aip/jap

Journal of
Applied Physics

power (and, therefore, vibrations) otherwise needed for dissipative
elements, such as the resistive copper actuator coils in Fig. 8 (left).
Extremely sensitive inertial sensors, such as presented here, are
needed to monitor the platform motion.

In GW detector suspensions, actuators are used in an hierar-
chical way in terms of strength and range; the most low-noise,
short-range actuators are needed close to the mirror where residual
acceleration is extremely small. At the top of the suspension chain,
actuation noise requirements are less stringent, but those actuators
will have to operate over a larger range. Most actuators used in
today’s GW detectors are (some form of) coil-magnet actuator as
these are easy develop, install, and use. The use of permanent
magnets close to moving metals can cause harmful eddy currents
and stray magnetic field can exert unwanted forces on the sus-
pended objects. The former is largely solved by using plastics (e.g.,
PEEK) near the magnets and the latter is often solved by placing
the magnets on the same object in opposite polarity. The supercon-
ducting sensors and actuators proposed here are in a g-metal or
superconducting box as depicted in Fig. 5(a) to avoid interaction
outside this volume.

The cryogenic GW detector KAGRA operates 23 kg mirrors
dissipating 0.5 mW®” at the actuators and ET mirrors are ten times
as massive,”® thus dissipating >10 mW if old resistive actuators are
used. This is of order 10% compared to the absorption already
expected from laser light and thermal radiation of mirror and
payload, respectively. An added benefit of using superconducting
actuators is the practically operation without electrical dissipation.
Lastly, the sub-fm/\/Hz dual coil position sensor with SQUID
readout can be used as differential sensors between actuation cage
and (pen)ultimate stage(s).

VII. CONCLUSION AND FUTURE WORK

To open up GW science in the decihertz range, there have
been space-borne proposals, such as DECIGO®” and BBO.”* While
they promise higher sensitivity than LGWA, many technological
challenges remain and a longer timeline is expected. Here, we have
presented several technologies that makeup the payload and detail
several different options in the inertial sensor design.

We have presented horizontal (sub-)femtometer-class inertial
sensors using the Watt’s linkage architecture, a proof-mass suspen-
sion combining a pendulum and inverted pendulum resulting in a
compact low-frequency oscillator. Above a homodyne interferomet-
ric readout is compared to a conductive readout. Other interfero-
metric readouts, such as homodyne quadruature or cavity
enhanced heterodyne, are discussed but their analysis is beyond the
scope of this paper. While the niobium Watt’s linkage and interfer-
ometric readout technology is more mature, the silicon Watt’s
linkage with SQUID readout may result in roughly one order of
magnitude lower thermal and readout noise. Note that a tenfold
sensitivity improvement will lead to larger range and, thus, an
expected factor thousand more GW signals. In both designs, we
propose actuators with superconducting coils which are also neces-
sary for the sensing part in the SQUID readout. The development
of the inertial sensor as well as the sensing and actuation technol-
ogy shows strong synergy with future cryogenic GW detector ET.
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The inertial sensors with extreme sensitivity have to be tested
in extremely quiet and cold environments. Such test facilities in the
form of actively isolated platforms inspired by the LIGO HAM
table designs®® are being developed as part of the E-TEST effort in
Belgium®>** and the GEMINI facility in the underground National
Laboratories of Gran Sasso.”’ The aimed-for sensitivity at 1 Hz is
about 5 orders of magnitude smaller than the Earth’s seismic
motion at that frequency. Placing two or three identical sensors on
the isolated platform allows for subtraction of common mode noise
using the Wiener filter’' or three-channel correlation techniques’
resulting in a sensor self-noise measurement.

The technology necessary for LGWA will either be specific
development of existing space technology (leveling system, sorption
cooler, thermal management systems, etc.) or in parallel with ter-
restrial GW instrumentation R&D in inertial sensing and active iso-
lation. Future terrestrial GW detector isolation has to stretch to
lower frequencies and needs better low-frequency inertial sensors
and active isolation performance for that. For a space application as
LGWA, however, there will be extra (space) engineering necessary.
Before LGWA will fly, the aforementioned LGWA Soundcheck also
requires some technology development. Its strategy is to combine
technologies that have already flown in space. For instance, ele-
ments of the interferometer topology developed for LISA
(Pathfinder) can be adopted for the readout of Soundcheck. R&D
for LISA and other space missions will also have overlap with the
technologies presented here. In this context, payload technology
development continues toward cryogenic, (sub-)fm/\/Hz inertial
sensing on the lunar surface for GW detection and lunar
geophysics.

ACKNOWLEDGMENTS

Oliver Gerberding and Shreevathsa Chalathadka Subrahmanya
are funded by the Deutsche Forschungsgemeinschaft (DFG,
German Research Foundation) under Germany’s Excellence
Strategy—EXC 2121 “Quantum Universe”—390833306. Filip
Tavernier and Alberto Gatti are funded by internal KU Leuven
Funds (iBOF-21-084). Filip Tavernier, Alberto Gatti, Christophe
Collette, Joris van Heijningen, and this research are partially
funded by Interreg V-A Euregio Maas-Rijn under the E-TEST
project (EMR113). Morgane Zeoli is funded by the Fonds National
de la Recherche Scientifique (FNRS) under projet de recherche
STELLAR (T.0022.22).

AUTHOR DECLARATIONS
Conflict of Interest

The authors have no conflicts to disclose.

Author Contributions

J. V. van Heijningen: Conceptualization (equal); Methodology
(equal); Writing — original draft (lead); Writing - review & editing
(equal). H. J. M. ter Brake: Conceptualization (equal); Writing -
original draft (equal); Writing - review & editing (equal).
O. Gerberding: Conceptualization (equal); Writing — original draft
(equal); Writing - review & editing (equal). S. Chalathadka
Subrahmanya: Conceptualization (equal); Writing - original draft

11:00:20 €202 4oquiydes Gz

J. Appl. Phys. 133, 244501 (2023); doi: 10.1063/5.0144687
Published under an exclusive license by AIP Publishing

133, 244501-10


https://pubs.aip.org/aip/jap

Journal of

Applied Physics

(equal); Writing - review & editing (equal). J. Harms:
Conceptualization (equal); Writing - original draft (equal);
Writing - review & editing (equal). X. Bian: Conceptualization
(equal); Writing - review & editing (equal). A. Gatti:
Conceptualization (equal); Writing - review & editing (equal).
M. Zeoli: Conceptualization (equal); Writing - review & editing
(equal). A. Bertolini: Conceptualization (equal). C. Collette:
Conceptualization (equal). A. Perali: Conceptualization (equal).
N. Pinto: Conceptualization (equal). M. Sharma: Conceptualization
(equal). F. Tavernier: Conceptualization (equal). J. Rezvani:
Conceptualization (equal).

DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

REFERENCES

TB. P. Abbott et al., “Observation of gravitational waves from a binary black hole
merger,” Phys. Rev. Lett. 116, 061102 (2016).

2B. P. Abbott et al., “Observation of gravitational waves from a binary neutron
star inspiral,” Phys. Rev. Lett. 119, 161101 (2017).

3R. Abbott et al, “GWTC-3: Compact binary coalescences observed by LIGO
and Virgo during the second part of the third observing run,” arXiv:2111.03606
(accepted ApJ) (2021).

1. Aasi et al., “Advanced LIGO,” Class. Quant. Grav. 32, 074001 (2015).

SE. Acernese et al., “Advanced virgo: A second-generation interferometric gravi-
tational wave detector,” Class. Quant. Grav. 32(2), 024001 (2015).

ST. Akutsu et al, “Overview of KAGRA: Detector design and construction
history,” Prog. Theor. Exp. Phys. 2021(5), 05A101 (2020).

7]. Harms ef al., “Lunar Gravitational-wave Antenna,” Astrophys. J. 910(1), 1
(2021).

8], Harms, “Seismic background limitation of Lunar Gravitational-wave detec-
tors,” Phys. Rev. Lett. 129, 071102 (2022).

9p. Gliser, J. Oberst, G. A. Neumann, E. Mazarico, E. J. Speyerer, and
M. S. Robinson, “Illumination conditions at the Lunar poles: Implications for
future exploration,” 162, 170-178 (2018). ,
Reconnaissance Orbiter—Seven Years of Exploration and Discovery.
1%p, Lognonné, M. L. Feuvre, C. L. Johnson, and R. C. Weber, “Moon meteoritic
seismic hum: Steady state prediction,” J. Geophys. Res.: Planets 114(E12), 21
(2009).

"F. Badaracco, J. Harms, A. Bertolini, T. Bulik, I. Fiori, B. Idzkowski,
A. Kutynia, K. Nikliborc, F. Paoletti, A. Paoli, L. Rei, and M. Suchinski,
“Machine learning for gravitational-wave detection: Surrogate Wiener filtering
for the prediction and optimized cancellation of Newtonian noise at virgo,”
Classical Quantum Gravity 37(19), 195016 (2020).

125ee https://www.esa.int/ESA_Multimedia/Images/1998/01/South_Pole_region_
of_the_Moon_seen_by_Clementine2 for “South Pole Region of the Moon Seen
by Clementine, European Space Agency” (last accessed January 31, 2023).

13E. Duennebier and G. H. Sutton, “Thermal moonquakes,” J. Geophys. Res.
79(29), 4351-4363, https://doi.org/10.1029/JB079i029p04351 (1974).

143, C. stihler, R. Widmer-Schnidrig, J.-R. Scholz, M. van Driel, A. Mittelholz,
K. Hurst, C. L. Johnson, M. T. Lemmon, P. Lognonné, R. D. Lorenz,
N. T. Miller, L. Pou, A. Spiga, D. Banfield, S. Ceylan, C. Charalambous,
J. Clinton, D. Giardini, F. Nimmo, M. Panning, W. Ziirn, and W. B. Banerdt,
“Geophysical observations of phobos transits by insight,” Geophys. Res. Lett.
47(19), €2020GL089099, https://doi.org/10.1029/2020GL089099 (2020).

15p_ Gliser, A. Sanin, J.-P. Williams, I. Mitrofanov, and J. Oberst, “Temperatures
near the Lunar poles and their correlation with hydrogen predicted by lend,”
J. Geophys. Res. Planets 126(9), €2020JE006598, https:/doi.org/10.1029/
2020JE006598 (2021).

Planet. Space Sci. Lunar

ARTICLE pubs.aip.org/aip/jap

8. Bertolini, R. DeSalvo, F. Fidecaro, M. Francesconi, S. Marka, V. Sannibale,
D. Simonetti, A. Takamori, and H. Tariq, “Mechanical design of a single-axis
monolithic accelerometer for advanced seismic attenuation systems,” Nucl.
Instrum. Methods Phys. Res. A 556(2), 616-623 (2006).

7], V. van Heijningen, A. Bertolini, and J. F. J. van den Brand, “A novel interfer-
ometrically read out inertial sensor for future gravitational wave detectors,” in
IEEE SAS Proceedings (Institute of Electrical and Electronics Engineers, 2018),
pp. 76-80.

18M. B. Gray, D. E. McClelland, M. Barton, and S. Kawamura, “A simple high-
sensitivity interferometric position sensor for test mass control on an advanced
LIGO interferometer,” Opt. Quantum Electron. 31(5/7), 571-582 (1999).

19], V. van Heijningen, “Low-frequency performance improvement of seismic
attenuation systems and vibration sensors for next generation gravitational wave
detectors,” Ph.D. thesis (Vrije Universiteit, 2018), https://www.nikhef.nl/pub/
services/biblio/theses_pdf/thesis_]_van_Heijningen.pdf.

20p_ R. Saulson, “Thermal noise in mechanical experiments,” Phys. Rev. D 42,
2437-2445 (1990).

21E, C. Ferreira, F. Bocchese, E. Badaracco, J. V. van Heijningen, S. Lucas, and
A. Perali, “Superconducting thin film spiral coils as low-noise cryogenic actua-
tors,” J. Phys.: Conf. Ser. 2156(1), 012080 (2021).

22J V. van Heijningen, A. Gatti, E. C. Ferreira, F. Bocchese, F. Badaracco,
S. Lucas, A. Perali, and F. Tavernier, “A cryogenic inertial sensor for terrestrial
and Lunar Gravitational-wave detection,” Nucl. Instrum. Methods Phys. Res. A
1041, 167231 (2022).

23], V. van Heijningen, “A fifty-fold improvement of thermal noise limited iner-
tial sensitivity by operating at cryogenic temperatures,” J. Instrum. 15(06),
P06034 (2020).

2%, Watchi, S. Cooper, B. Ding, C. M. Mow-Lowry, and C. Collette,
“Contributed review: A review of compact interferometers,” Rev. Sci. Instrum.
89(12), 121501 (2018).

25T, Eckhardt and O. Gerberding, “Noise limitations in multi-fringe readout of
laser interferometers and resonators,” Metrology 2(1), 98-113 (2022).

26M. Armano, H. Audley, J. Baird, P. Binetruy, M. Born, D. Bortoluzzi,
N. Brandt, E. Castelli, A. Cavalleri, A. Cesarini, A. M. Cruise, K. Danzmann,
M. de Deus Silva, I. Diepholz, G. Dixon, R. Dolesi, L. Ferraioli, V. Ferroni,
E. D. Fitzsimons, R. Flatscher, M. Freschi, A. Garcia, R. Gerndt, L. Gesa,
D. Giardini, F. Gibert, R. Giusteri, C. Grimani, J. Grzymisch, F. Guzman,
I. Harrison, M.-S. Hartig, G. Heinzel, M. Hewitson, D. Hollington, D. Hoyland,
M. Hueller, H. Inchauspé, O. Jennrich, P. Jetzer, U. Johann, B. Johlander,
N. Karnesis, B. Kaune, C. J. Killow, N. Korsakova, J. A. Lobo, L. Liu,
J. P. Lopez-Zaragoza, R. Maarschalkerweerd, D. Mance, V. Martin,
L. Martin-Polo, F. Martin-Porqueras, J. Martino, P. W. McNamara, J. Mendes,
L. Mendes, N. Meshksar, A. Monsky, M. Nofrarias, S. Paczkowski,
M. Perreur-Lloyd, A. Petiteau, P. Pivato, E. Plagnol, J. Ramos-Castro, ]. Reiche,
E. Rivas, D. I. Robertson, G. Russano, J. Sanjuan, J. Slutsky, C. F. Sopuerta,
E. Steier, T. Sumner, D. Texier, J. I. Thorpe, D. Vetrugno, S. Vitale, V. Wand,
G. Wanner, H. Ward, P. ]J. Wass, W. J. Weber, L. Wissel, A. Wittchen, and
P. Zweifel, “Sensor noise in LISA pathfinder: In-flight performance of the optical
test mass readout,” Phys. Rev. Lett. 126(13), 131103 (2021).

27T, S. Schwarze, G. Fernandez Barranco, D. Penkert, M. Kaufer, O. Gerberding,
and G. Heinzel, “Picometer-stable hexagonal optical bench to verify LISA phase
extraction linearity and precision,” Phys. Rev. Lett. 122(8), 081104 (2019).

28M. Armano, H. Audley, J. Baird, P. Binetruy, M. Born, D. Bortoluzzi,
E. Castelli, A. Cavalleri, A. Cesarini, A. M. Cruise, K. Danzmann, M. de Deus
Silva, I. Diepholz, G. Dixon, R. Dolesi, L. Ferraioli, V. Ferroni, E. D. Fitzsimons,
M. Freschi, L. Gesa, F. Gibert, D. Giardini, R. Giusteri, C. Grimani, J. Grzymisch,
L. Harrison, G. Heinzel, M. Hewitson, D. Hollington, D. Hoyland, M. Hueller,
H. Inchauspé, O. Jennrich, P. Jetzer, N. Karnesis, B. Kaune, N. Korsakova,
C. J. Killow, J. A. Lobo, I [Lloro, L. Liu, J. P. Lopez-Zaragoza,
R. Maarschalkerweerd, D. Mance, C. Mansanet, V. Martin, L. Martin-Polo,
J. Martino, F. Martin-Porqueras, I. Mateos, P. W. McNamara, J. Mendes,
L. Mendes, N. Meshksar, M. Nofrarias, S. Paczkowski, M. Perreur-Lloyd,
A. Petiteau, P. Pivato, E. Plagnol, J. Ramos-Castro, J. Reiche, D. 1. Robertson,

11:00:20 €202 4oquiydes Gz

J. Appl. Phys. 133, 244501 (2023); doi: 10.1063/5.0144687
Published under an exclusive license by AIP Publishing

133, 244501-11


https://doi.org/10.1103/PhysRevLett.116.061102
https://doi.org/10.1103/PhysRevLett.119.161101
http://arxiv.org/abs/arXiv:2111.03606
https://doi.org/10.1088/0264-9381/32/11/115012
https://doi.org/10.1088/0264-9381/32/2/024001
https://doi.org/10.1093/ptep/ptaa125
https://doi.org/10.3847/1538-4357/abe5a7
https://doi.org/10.1103/PhysRevLett.129.071102
https://doi.org/10.1016/j.pss.2017.07.006
https://doi.org/10.1088/1361-6382/abab64
https://www.esa.int/ESA_Multimedia/Images/1998/01/South_region_of_the_Moon_seen_by_Clementine2
https://www.esa.int/ESA_Multimedia/Images/1998/01/South_region_of_the_Moon_seen_by_Clementine2
https://www.esa.int/ESA_Multimedia/Images/1998/01/South_region_of_the_Moon_seen_by_Clementine2
https://doi.org/10.1029/JB079i029p04351
https://doi.org/10.1029/2020GL089099
https://doi.org/10.1029/2020JE006598
https://doi.org/10.1016/j.nima.2005.10.117
https://doi.org/10.1016/j.nima.2005.10.117
https://doi.org/10.1023/A:1006991717589
https://www.nikhef.nl/pub/services/biblio/theses_pdf/thesis_J_van_Heijningen.pdf
https://www.nikhef.nl/pub/services/biblio/theses_pdf/thesis_J_van_Heijningen.pdf
https://doi.org/10.1103/PhysRevD.42.2437
https://doi.org/10.1088/1742-6596/2156/1/012080
https://doi.org/10.1016/j.nima.2022.167231
https://doi.org/10.1088/1748-0221/15/06/P06034
https://doi.org/10.1063/1.5052042
https://doi.org/10.3390/metrology2010007
https://doi.org/10.1103/PhysRevLett.126.131103
https://doi.org/10.1103/PhysRevLett.122.081104
https://pubs.aip.org/aip/jap

Journal of

Applied Physics

F. Rivas, G. Russano, J. Sanjudn, J. Slutsky, C. F. Sopuerta, T. Sumner, D. Texier,
J. L. Thorpe, C. Trenkel, D. Vetrugno, S. Vitale, G. Wanner, H. Ward, P. J. Wass,
D. Wealthy, W. J. Weber, L. Wissel, A. Wittchen, and P. Zweifel, “Temperature
stability in the sub-milliHertz band with LISA pathfinder,” Mon. Not. R. Astron.
Soc. 486(3), 3368-3379 (2019).

29g, J. Cooper, C. J. Collins, L. Prokhorov, J. Warner, D. Hoyland, and
C. M. Mow-Lowry, “Interferometric sensing of a commercial geophone,”
arXiv:2109.03147 [astro-ph, physics:physics] (2021).

305, J. Cooper, C. J. Collins, A. C. Green, D. Hoyland, C. C. Speake, A. Freise,
and C. M. Mow-Lowry, “A compact, large-range interferometer for precision
measurement and inertial sensing,” Classical Quantum Gravity 35(9), 095007
(2018).

310. Gerberding and K.-S. Isleif, “Ghost beam suppression in deep frequency
modulation interferometry for compact on-axis optical heads,” Sensors 21(5),
1708 (2021).

32E, G. Cervantes, L. Kumanchik, J. Pratt, and J. M. Taylor, “High sensitivity
optomechanical reference accelerometer over 10 kHz,” Appl. Phys. Lett. 104(22),
221111 (2014).

330. Gerberding, “Deep frequency modulation interferometry,” Opt. Express
23(11), 14753-14762 (2015).

3%, Eichholz, D. B. Tanner, and G. Mueller, “Heterodyne laser frequency stabili-
zation for long baseline optical interferometry in space-based gravitational wave
detectors,” Phys. Rev. D 92(2), 022004 (2015).

350. Gerberding, B. Sheard, I. Bykov, J. Kullmann, J. J. E. Delgado,
K. Danzmann, and G. Heinzel, “Phasemeter core for intersatellite laser hetero-
dyne interferometry: Modelling, simulations and experiments,” Classical
Quantum Gravity 30(23), 235029 (2013).

38N. Giirlebeck, L. Wérner, T. Schuldt, K. Déringshoff, K. Gaul, D. Gerardi,
A. Grenzebach, N. Jha, E. Kovalchuk, A. Resch, T. Wendrich, R. Berger,
S. Herrmann, U. Johann, M. Krutzik, A. Peters, E. M. Rasel, and C. Braxmaier,
“BOOST: A satellite mission to test lorentz invariance using high-performance
optical frequency references,” Phys. Rev. D 97, 124051 (2018).

37L. Wissel, A. Wittchen, T. S. Schwarze, M. Hewitson, G. Heinzel, and
H. Halloin, “Relative-intensity-noise coupling in heterodyne interferometers,”
Phys. Rev. Appl. 17(2), 024025 (2022).

38)M.-S. Hartig, S. Schuster, and G. Wanner, “Geometric tilt-to-length coupling
in precision interferometry: Mechanisms and analytical descriptions,” J. Opt.
24(6), 065601 (2022).

39H. J. Paik, “Superconducting tunable-diaphragm transducer for sensitive accel-
eration measurements,” ]. Appl. Phys. 47(3), 1168-1178 (1976).

“40H. 7. Paik and C. Collins, personal communication (2022).

“ISee http://www.npphotonics.com/rock-module for “The Rock OEM Module”
(last accessed January 2, 2022).

42, J. Paik and K. Y. Venkateswara, “Gravitational wave detection on the Moon
and the moons of Mars,” Adv. Space Res. 43(1), 167-170 (2009).

43p, Falferi, M. Bonaldi, M. Cerdonio, R. Mezzena, G. A. Prodi, A. Vinante, and
S. Vitale, “10 superconducting quantum interference device amplifier for acoustic
gravitational wave detectors,” Appl. Phys. Lett. 93(17), 172506 (2008).

“4C. Schwarz, D. Heinert, M. Hudl, R. Neubert, M. Thiirk, S. Nietzsche,
W. Vodel, P. Seidel, R. Nawrodt, A. Zimmer, T. Koettig, and A. Tiinnermann,
“High mechanical Q-factor measurements on silicon bulk samples,” J. Phys.:
Conf. Ser. 122(1), 012008 (2008).

“SA.-M. A. van Veggel and C. J. Killow, “Hydroxide catalysis bonding for astro-
nomical instruments,” Adv. Opt. Technol. 3(3), 293-307 (2014).

48D, Barret, T. L. Trong, J.-W. den Herder, L. Piro, X. Barcons, J. Huovelin,
R. Kelley, J. Miguel Mas-Hesse, K. Mitsuda, S. Paltani, G. Rauw, A. Rozanska,
J. Wilms, M. Barbera, E. Bozzo, M. Teresa Ceballos, 1. Charles, A. Decourchelle,
R. den Hartog, J.-M. Duval, F. Fiore, F. Gatti, A. Goldwurm, B. Jackson,
P. Jonker, C. Kilbourne, C. Macculi, M. Mendez, S. Molendi, P. Orleanski,
E. Pajot, E. Pointecouteau, F. Porter, G. W. Pratt, D. Préle, L. Ravera, E. Renotte,
J. Schaye, K. Shinozaki, L. Valenziano, J. Vink, N. Webb, N. Yamasaki,
E. Delcelier-Douchin, M. L. Du, J-M. Mesnager, A. Pradines,
G. Branduardi-Raymont, M. Dadina, A. Finoguenov, Y. Fukazawa, A. Janiuk,

ARTICLE pubs.aip.org/aip/jap

J. Miller, Y. Nazé, F. Nicastro, S. Sciortino, J. M. Torrejon, H. Geoffray,
I. Hernandez, L. Luno, P. Peille, J. André, C. Daniel, C. Etcheverry, E. Gloaguen,
J. Hassin, G. Hervet, I. Maussang, J. Moueza, A. Paillet, B. Vella, G. C. Garrido,
J.-C. Damery, C. Panem, J. Panh, S. Bandler, J.-M. Biffi, K. Boyce, A. Clénet,
M. DiPirro, P. Jamotton, S. Lotti, D. Schwander, S. Smith, B.-J. van Leeuwen,
H. van Weers, T. Brand, B. Cobo, T. Dauser, J. de Plaa, and E. Cucchetti, “The
athena x-ray integral field unit (X-IFU),” Proc. SPIE 9905, 99052F (2016).

47]. F. Burger, H. J. M. ter Brake, H. Rogalla, and M. Linder, “Vibration-free 5 K
sorption cooler for ESA’s Darwin mission,” Cryogenics 42(2), 97-108 (2002).
48y, J. Holland, R. J. Meijer, T. T. Veenstra, G. C. FE Venhorst,
D. Lozano-Castelld, M. Coesel, A. Sirbi, J. F. Burger, and H. J. M. ter Brake,
“Long-life vibration-free 4.5 K sorption cooler for space applications,” Rev. Sci.
Instrum. 78(6), 065102 (2007).

49D, J. Doornink, J. E. Burger, and H. J. M. ter Brake, “Sorption cooling: A valid
extension to passive cooling,” Cryogenics 48(5), 274-279 (2008), Special Issue:
2007 Space Cryogenics Workshop.

5°G. F. M. Wiegerinck, J. F. Burger, H. J. Holland, E. Hondebrink, H. J. M. ter
Brake, and H. Rogalla, “A sorption compressor with a single sorber bed for use
with a Linde-Hampson cold stage,” Cryogenics 46(1), 9-20 (2006).

5G.E M. Wiegerinck, H. J. M. ter Brake, J. F. Burger, H. J. Holland, and
H. Rogalla, “Thermodynamic optimization of sorption-based Joule-Thomson
coolers,” Cryogenics 47(3), 143-152 (2007).

52 . Meijer, A. Mudaliar, D. Zalewski, M. Linder, H. J. M. ter Brake, and
H. J. Holland, “14.5 K hydrogen sorption cooler: Design and breadboard tests,”
in Cryocoolers 16, Proceeding of the 16th Cryocooler Conference (International
Cryocooler Conference, Inc., Boulder, CO, 2011), pp. 445-454.

531 F Burger and H. J. M. ter Brake, “4 K sorption cooler,” ESA Contract No.
16810/02/NL/SFe, final report, 2007. 4KSC-RPT-UT-041.

S4%C. H. Vermeer, H. J. Holland, and H. J. M. ter Brake, “Hydrogen sorption cooler,”
ESA Contract nO. 21348/07/NL/PA,” Final Report, 2013. H2SC-RPT-UT-001.

55G. Morgante, D. Pearson, F. Melot, P. Stassi, L. Terenzi, P. Wilson,
B. Hernandez, L. Wade, A. Gregorio, M. Bersanelli, C. Butler, and N. Mandolesi,
“Cryogenic characterization of the Planck sorption cooler system flight model,”
J. Instrum. 4(12), T12016 (2009).

56p. A. R. Ade ef al, (Planck Collaboration), “Planck early results. II. The
thermal performance of Planck,” A&A 536, A2 (2011).

57A. Maas et al., “Performance verification and pre-qualification of vibration-
free hydrogen sorption JT cryo-cooler,” Test Evaluation Cooler Components,
TN9.2 in ESA Contract No. 4000109584/13/NL/HB, 2017.
CTRL-DUS-TN-00022.

58p, Lognonné, M. Bierwirth, A. Kramer, P. Delage, F. Karakostas, S. Kedar,
N. Murdoch, R. F. Garcia, N. Verdier, S. Tillier, W. T. Pike, K. Hurst,
C. Schmelzbach, L. Fayon, B. Knapmeyer-Endrun, and W. B. Banerdt, “A
numerical model of the SEIS leveling system transfer matrix and resonances:
Application to SEIS rotational seismology and dynamic ground interaction,”
Space Sci. Rev. 214(8), 119 (2018).

59M. Bierwirth, A. Kramer, M. Eberhardt, and F. Ipelaan, “Leveling the SEIS
instrument on NASA’s InSight mission to Mars,” in Proceedings of the European
Space Mechanisms and Tribology Symposium (European Space Agency, 2019).
€9p, Lognonné et al., “SEIS: Insight’s seismic experiment for internal structure of
Mars,” Space Sci. Rev. 215, 12 (2019).

61T, Eckhardt and O. Gerberding, “Noise limitations in multi-fringe readout of
laser interferometers and resonators,” Metrology 2(1), 98-113 (2022).

2y, Mangano, L. Pierini, A. Rezaei, J.-S. Hennig, M. Hennig, D. Pascucci,
A. Allocca, 1. Tosta e Melo, V. G. Nair, P. Orban, A. Sider, S. Shani-Kadmiel,
J. V. van Heijningen, and S. D. Pace, “Research facilities for Europe’s next gen-
eration gravitational-wave detector einstein telescope,” Galaxies 10(3), 65
(2022).

€3A. Utina et al, “ETpathfinder: A cryogenic testbed for interferometric
gravitational-wave detectors,” Classical Quantum Gravity 39(21), 215008 (2022).
®%A. Sider et al., “E-TEST prototype design report,” arXiv:2212.10083 (2022).
65T, Ushiba et al, “Cryogenic suspension design for a kilometer-scale
gravitational-wave detector,” Classical Quantum Gravity 38(8), 085013 (2021).

11:00:20 €202 4oquiydes Gz

J. Appl. Phys. 133, 244501 (2023); doi: 10.1063/5.0144687
Published under an exclusive license by AIP Publishing

133, 244501-12


https://doi.org/10.1093/mnras/stz1017
https://doi.org/10.1093/mnras/stz1017
http://arxiv.org/abs/arXiv:2109.03147
https://doi.org/10.1088/1361-6382/aab2e9
https://doi.org/10.3390/s21051708
https://doi.org/10.1063/1.4881936
https://doi.org/10.1364/OE.23.014753
https://doi.org/10.1103/PhysRevD.92.022004
https://doi.org/10.1088/0264-9381/30/23/235029
https://doi.org/10.1088/0264-9381/30/23/235029
https://doi.org/10.1103/PhysRevD.97.124051
https://doi.org/10.1103/PhysRevApplied.17.024025
https://doi.org/10.1088/2040-8986/ac675e
https://doi.org/10.1063/1.322699
http://www.npphotonics.com/rock-module
http://www.npphotonics.com/rock-module
http://www.npphotonics.com/rock-module
https://doi.org/10.1016/j.asr.2008.04.010
https://doi.org/10.1063/1.3002321
https://doi.org/10.1088/1742-6596/122/1/012008
https://doi.org/10.1088/1742-6596/122/1/012008
https://doi.org/10.1515/aot-2014-0022
https://doi.org/10.48550/arXiv.1807.06092
https://doi.org/10.1016/S0011-2275(02)00008-5
https://doi.org/10.1063/1.2745245
https://doi.org/10.1063/1.2745245
https://doi.org/10.1016/j.cryogenics.2008.03.012
https://doi.org/10.1016/j.cryogenics.2005.08.006
https://doi.org/10.1016/j.cryogenics.2006.11.006
https://doi.org/10.1088/1748-0221/4/12/T12016
https://doi.org/10.1051/0004-6361/201116486
https://doi.org/10.1007/s11214-018-0555-9
https://doi.org/10.1007/s11214-018-0574-6
https://doi.org/10.3390/metrology2010007
https://doi.org/10.3390/galaxies10030065
https://doi.org/10.1088/1361-6382/ac8fdb
http://arxiv.org/abs/arXiv:2212.10083
https://doi.org/10.1088/1361-6382/abe9f3
https://pubs.aip.org/aip/jap

Journal of

Applied Physics

SGET Steering Committee, “ET design report update,” Technical Report, 2020,
https://apps.et-gw.eu/tds/?content=3&r=17245

675, Kawamura et al, “Current status of space gravitational wave antenna
DECIGO and B-DECIGO,” Prog. Theor. Exper. Phys. 2021(5), 05A105 (2021).
68). Crowder and N. J. Cornish, “Beyond LISA: Exploring future gravitational
wave missions,” Phys. Rev. D 72, 083005 (2005).

9. Matichard et al., “Seismic isolation of advanced LIGO: Review of strategy,
instrumentation and performance,” Classical Quantum Gravity 32(18), 185003
(2015).

ARTICLE pubs.aip.org/aip/jap

79). Harms, “GEMINL A new underground seismic-isolation facility at
LNGS,” technical document, https://apps.et-gw.eu/tds/?content=3&r=18123
7). Harms, E. L. Bonill, M. W. Coughlin, J. Driggers, S. E. Dwyer,
D. J. McManus, M. P. Ross, B. J. J. Slagmolen, and K. Venkateswara,
“Observation of a potential future sensitivity limitation from ground motion at
LIGO Hanford,” Phys. Rev. D 101, 102002 (2020).

72R, Sleeman, A. van Wettum, and J. Trampert, “Three-channel correlation anal-
ysis: A new technique to measure instrumental noise of digitizers and seismic
sensors,” Bull. Seismol. Soc. Am. 96(1), 258-271 (2006).

11:00:20 €202 4oquiydes Gz

J. Appl. Phys. 133, 244501 (2023); doi: 10.1063/5.0144687
Published under an exclusive license by AIP Publishing

133, 244501-13


https://apps.et-gw.eu/tds/?content=3&r=17245
https://doi.org/10.1093/ptep/ptab019
https://doi.org/10.1103/PhysRevD.72.083005
https://doi.org/10.1088/0264-9381/32/18/185003
https://apps.et-gw.eu/tds/?content=3&r=18123
https://doi.org/10.1103/PhysRevD.101.102002
https://doi.org/10.1785/0120050032
https://pubs.aip.org/aip/jap

