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Abstract

Interferometric gravitational wave observatories recently launched a new field
of gravitational wave astronomy with the first detections of gravitational
waves in 2015. The number and quality of these detections is limited in part
by thermally induced vibrations in the mirrors, which show up as noise in
these interferometers. One way to reduce this thermally induced noise is to
use low temperature mirrors made of high purity single-crystalline silicon.
However, these low temperatures must be achieved without increasing the
mechanical vibration of the mirror surface or the vibration of any surface
within close proximity to the mirrors. The vibration of either surface can
impose a noise inducing phase shift on the light within the interferometer or
physically push the mirror through oscillating radiation pressure. This paper
proposes a system for the Laser Interferometric Gravitational-wave Observa-
tory (LIGO) to achieve the dual goals of low temperature and low vibration
to reduce the thermally induced noise in silicon mirrors. Experimental re-
sults are obtained at Stanford University to prove that these dual goals can
be realized simultaneously.
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1. Introduction

Gravitational waves were directly observed for the first time [1, 2] by
the Advanced Laser Interferometer Gravitational-wave Observatory (LIGO)
(3, 4] in 2015, 100 years after Einstein first described them [5]. Advanced
LIGO is expected to be sensitive to waves coming from binary black hole in-
spirals, binary neutron star inspirals, stellar collapses, pulsars, and a stochas-
tic background of radiation from the early universe. So far, the two confirmed
detections made by Advanced LIGO in its first four month observing run were
from binary black hole inspirals.

Advanced LIGO’s observations are limited in part by the displacement
noise of the mirrors in the interferometer. While Advanced LIGO is expected
to continue making significant observations of astrophysical events, more
advanced observatories will nonetheless be required in order to realize the
potential of the astronomy and astrophysics obtainable with gravitational
waves.

The lowest noise frequency band of Advanced LIGO is designed to be
limited by thermally driven vibrations of the four 40 kg, 34 cm diameter,
room temperature, fused silica test mass mirrors. This noise can be signifi-
cantly reduced through a combination of lowering the mirrors’ temperatures
to a cryogenic regime, selecting mirror materials with low mechanical loss,
and using larger mirror diameters. The next generation of LIGO, LIGO Voy-
ager, plans to upgrade the existing facilities, in part, with a switch to 44 cm
diameter, 124 K 4+ 2 K, silicon mirrors between 150 kg and 200 kg. Silicon
is beneficial at cryogenic temperatures because unlike fused silica, its me-
chanical loss decreases with temperature. 124 K is chosen because silicon’s
thermal expansion coefficient crosses zero [6]. This zero crossing eliminates
the thermoelastic component of the thermal noise, and also minimizes radius
of curvature changes induced by temperature gradients. Also unlike fused
silica, cryogenic silicon has very high thermal conductivity. Higher thermal
conductivity permits higher laser powers because the thermal lensing of the
mirror is reduced, and because getting absorbed heat out is easier. High
laser power reduces high frequency quantum noise (shot noise). LIGO Voy-
ager will have about 3 MW of power on the mirror, while Advanced LIGO
will have about 750 kW. Because of these features of silicon at 124 K, the
LIGO Voyager noise will be about 3 times smaller than Advanced LIGO over



a wide frequency band.

Fig. 1 shows a prediction for the displacement noise performance for a
possible LIGO Voyager interferometer in black. For reference, the Advanced
LIGO design is shown as the dashed cyan curve. The other curves show the
contributions to the total LIGO Voyager noise. The mirror thermal noise,
in yellow, is achieved by utilizing 124 K silicon mirrors. The precise values
of the LIGO Voyager curves will depend somewhat on design choices still to
be made, but these curves are a good representation for the work presented
here.

The mirror’s low temperature must be achieved without increasing its
mechanical vibration, i.e. without increasing the blue curve in Fig. 1. Addi-
tionally, any cryogenic components near the mirror must also have low me-
chanical vibration due to noise coupling through scattered laser light. Small
components of the interferometer laser will scatter off the mirrors, hit nearby
surfaces, and then recombine back into the interferometer. If these surfaces
are vibrating they will impose both a phase shift on the light, and also cause
disturbances in the light’s radiation pressure on the mirror. Both effects will
cause increased noise to appear in the interferometer.

Other future gravitational wave observatories such as KAGRA in Japan
[7] and The Einstein Telescope (ET) in Europe [8] plan to use cryogenic mir-
rors as well, but at the colder temperatures of 20 K and 10 K respectively.
ET, uniquely, plans to use both 10 K and room temperature mirrors. The
different temperature regimes emphasize different frequency bands of per-
formance and different engineering challenges. The lower temperatures help
further reduce thermal noise, visible below about 100 Hz. However, high laser
power on the mirror to help reduce shot noise above 100 Hz is not feasible at
these temperatures. Lower temperatures do permit smaller mirrors, since a
large laser radius is not needed to average out thermally induced oscillations
seen in the mirror coating and since the laser’s radiation pressure noise will
be weaker (low frequency quantum noise). Cooling the mirrors this low does
require building a conductive heat path into the mirror’s vibration isolation
system, which imposes a significant design challenge, as the heat path can
compromise the vibration.

The 3 MW of power LIGO Voyager intends to use is much greater than the
400 kW for KAGRA’s and 18 kW for ET’s cryogenic mirrors. This higher
laser power permits lower shot noise. Additionally, the warmer cryogenic
temperatures in LIGO Voyager permit radiative cooling of the mirrors, so
a conductive heat path does not need to be integrated into the vibration
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Figure 1: The primary contributing noise sources for a possible LIGO Voyager interfer-
ometer design. Black, the predicted total displacement noise. Yellow, the thermal noise
of the mirror surface. Red, the thermal noise associated with the suspension elements
supporting the mirror. Blue, the transmission of ground displacements. Purple, quantum
noise: high frequencies are shot noise, low frequencies are radiation pressure noise from
photons bouncing off the mirror surfaces. Dashed cyan, a reference curve of the Advanced
LIGO design noise.

isolation system. Larger diameter and more massive mirrors are needed,
however, to help minimize the effect of mirror thermal noise and radiation
pressure. The high laser power does increase the potential for light scattering
noise, so engineering work is required to keep this under control.

The contribution of this paper is to propose for the first time a suffi-
ciently low vibration cryogenic system for the 124 K silicon mirrors intended
for future LIGO Voyager interferometers. Section 2 describes the proposed
cryogenic layout. Section 3 describes the experimental setup at Stanford,
used to demonstrate that sufficiently low levels of vibration are feasible. Sec-
tion 4 presents and analyses the results from this experiment. Finally, Section
5 presents concluding remarks.



2. Proposed LIGO Voyager Cryogenic Layout

2.1. Owverview

Fig. 2 illustrates the layout of a LIGO mirror vacuum chamber with the
proposed cryogenic infrastructure. The vacuum enclosure and the vibration
isolation table will be reused from Advanced LIGO. The layout of the cryo-
genic components is intended to be general in scope. Details such as the
precise dimensions of the shields and the materials used will be determined
in future work.

The mirrors are between 150 kg and 200 kg of 124 K + 2 K silicon. To
provide the necessary vibration isolation, the mirrors are the bottom stage
of a four stage suspension, which hangs from an actively controlled vibration
isolation table. The isolation table is a two stage mass-spring system that
feeds back on-board inertial sensor signals to actuators in order to achieve
favorable isolation performance below 10 Hz. The four stage suspension is a
passive isolation system providing isolation above 10 Hz.

To achieve the desired mirror temperature without compromising this
vibration isolation system, the cryogenic system and vibration systems are
physically separate. As shown in Fig. 2, the cryogenic system consists of a
dual heat shield system that surrounds the lower part of the suspension with
a non-contacting inner shield at 83 K and an outer shield at 80 K. The in-
ner shield maintains the mirror temperature purely by radiatively absorbing
about 5 W. 5 W is the expected steady state heat load on the mirror, pri-
marily due to absorption of the interferometer laser into the mirror coating.
If this cooling is greater than the heat load of the laser, a heating source
will be used to maintain the mirror’s temperature within a couple of degrees
of 124 K. This heating source will either be an auxiliary laser, or nearby
non-contacting heating element. If the cooling power is less, the power of
the interferometer laser can be adjusted to keep the temperature within tol-
erance. Conductive heat transfer through the mirror’s supporting wires is
negligible given the wires’ long length and small cross-section. Although the
inner shield is not in direct contact with any part of the vibration isola-
tion system, it must also be well isolated, though not to the same extent as
the mirror itself. Its isolation requirement is dominated by noise couplings
resulting from scattered laser light.

In order to reach its vibration requirement, the inner shield is suspended
from the ground and actively controlled to follow the position of the well
isolated vibration isolation table. In this way, the shield can achieve low
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Figure 2: A sketch of a cryogenic mirror and the supporting vibration isolation system
within the LIGO vacuum enclosure. The inner, outer, and beam tube shields are cryogenic,
along with any components they enclose. All other components are room temperature.
The inner shield sensors and actuators are not shown here. The reaction mass is used
as an vibrationally isolated actuation platform for the mirror in order to control the
interferometer length.

frequency isolation similar to that of the vibration isolation table without
the need to mount any cryogenics on the table itself. The inner shield is then
cooled conductively from the outer shield by copper ropes flexible enough to
not compromise the inner shield’s vibration isolation.

The flexibility of these copper ropes limits their heat transfer capabilities
to about 100 W. These 100 W consist of about 5 W of heat from the mirror,
50 W from scattered laser light, and the remainder from the conductive
heat load from the surrounding environment. Therefore, the outer shield’s
primary role is to limit the heat load on the inner shield by shielding it from
radiation emitted by the surrounding room temperature environment. Since
scattered interferometer light cannot reach the outer shield, the outer shield’s
isolation requirement is relaxed enough that it does not need isolation from
the ground. Consequently, it can be cooled directly with liquid nitrogen pipes
or thick heat links.

In order to get the interferometer’s laser beam through both heat shields



without causing a large heat leak, a shield is used inside the laser’s beam
tube. This beam tube shield extends through the first 10 m of the 4 km
long beam tube and has an inner diameter greater than or equal to that of
the mirror, about 44 cm. At this diameter, 10 m is long enough to reduce
the heat leak through the hole to 0.5 W, 10% of the laser heat load [9].
Conical baffles, shown by the slanted lines inside the shield in Fig. 2, block
small angle specular reflection from funneling warm light towards the mirror.
Measurements done at the KAGRA interferometer under construction in
Japan show that these baffles improve the shields performance by a factor
of 1000 [10, 11]. The beam tube shield is suspended from the beam tube
to provide a nominal amount of vibration isolation, but it is not actively
controlled. Being further from the mirror, its vibration isolation requirements
are not as strict as the inner shield.

For each shield, all surfaces except those exposed directly to the warm
environment are coated black to improve the absorption of heat radiation.
Radiative heat transport is particularly important for the mirror, since this
is the only mechanism for maintaining the mirror’s steady state temperature.
The cylindrical barrel of the mirror is also coated black. The shield surfaces
directly exposed to the environment have multiple layers of low emissivity
shielding to reduce their ambient heat load.

2.2. Initial cool-down

While radiative heat transfer alone is sufficient to maintain the mirror
at 124 K, it is not sufficient for reaching that temperature in a reasonable
amount of time. It can be estimated that with radiative cooling alone, a 200
kg silicon mirror will take about 1 month to reach this temperature from
room temperature. Cooling times on the order of days are more desirable for
maximizing the duty cycle of a cryogenic observatory.

To achieve faster cooling rates, a movable heat link (not shown in Fig.
2) will come into contact with the mirror during the cool-down period. Tt
will then move away during the operation of the interferometer. The ther-
mal conductivity of this contact will be enhanced through the application of
mechanical pressure and/or exchange gas.

2.3. Shield vibration isolation

As mentioned previously, the inner shield requires isolation from ground
displacements to minimize noise couplings to the interferometer through scat-
tered laser light. This light scatters from the mirror, to the inner shield, and
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then back to the mirror. Along the way, the light picks up signals from
the shield’s vibration, which are then deposited into the interferometer as
amplitude and phase noise. This noise is minimized by coating the inside
of the shield black and by minimizing its displacement. Even with typical
black coatings, the shield’s displacement must be pushed below that of the
ambient ground displacements.

Another noise source occurs from the gravitational force exerted between
the shields and the mirror. This noise exists for both the inner and outer
shields. The force changes as their relative positions to the mirror change
in time through gravitational gradients. While not shown here, for expected
shield mass values and geometries, this gravitational noise is small enough to
neglect. The derivations of the scattered light noise and gravitational noises
are beyond the scope of this paper and will be presented in a forthcoming
publication.

2.8.1. Inner shield displacement limat

The dashed black curve in Fig. 3 shows the maximum permitted displace-
ment spectrum for the inner shield in order to achieve negligible scattered
light noise in the interferometer. Since the exact dimensions of the shield are
not yet known, this curve is for an idealized spherical shield. The scattered
light noise is inversely proportional to the shield radius. Larger shields can
tolerate larger displacements. This curve assumes a 0.2 m radius, due to
space constraints.

This limit curve assumes a scatter profile for the mirror (BRDF') similar
to that of Advanced LIGO. The heat shield is assumed to be coated with
Vantablack, which has a BRDF of 0.01, constant over the incident angle of
the light [12]. The laser power on the mirror is 3 MW. Because of this high
power, the scattered light noise is dominated by radiation pressure fluctu-
ations on the mirror up to 40 Hz. Above 40 Hz, the noise is from phase
fluctuations in the light. In addition to the inner shield displacement limit,
Fig. 3 shows measured ground motion in red and yellow at the LIGO Liv-
ingston Observatory (LLO). The two measurements are a near worst case.
They represent the 95th percentile ground displacement during August and
December of 2009. The 95th percentile indicates that the ground displace-
ment was less than this 95% of the time [13]. The inner shield will require
enough vibration isolation to suppress these curves below the dashed limit
curve.



2.3.2. Inner shield vibration isolation

Because the ground displacements are often greater than the limit on the
inner shield displacement, it will need vibration isolation. This isolation is
achieved in two ways. First, it is suspended from the ground, which gives it
isolation at frequencies above its suspension resonance at a few Hz. Second,
the low frequency isolation is achieved using active feedback.

Fig. 4 presents a block diagram of this feedback. Relative displacement
sensors are used between the inner shield and the nearby vibration isola-
tion table. Feeding back these sensor signals forces the shield to have the
same displacement as the vibration isolation table within the noise floor of
the displacement sensors and the bandwidth of the feedback loop. These
displacement sensors should have a noise floor no higher than the shields
displacement limit. Existing Advanced LIGO displacement sensors have suf-
ficient performance for a shield with an effective radius of at least 0.2 m
[14]. The actuators react against the ground to minimize disturbances on
the vibration isolation table. The vibration isolation table is itself well iso-
lated with its own feedback loops by utilizing its low noise on-board inertial
sensors [15, 16].

3. Experimental Setup at Stanford University

To test this proposed low vibration cryogenic system, an experimental
setup was put together at Stanford University. Fig. 5 shows a schematic of
this setup and Fig. 6 shows a photograph. The configuration is very similar
to that proposed in Fig. 2. Both have a two-stage active feedback vibration
isolation table, a suspended silicon mirror, and a dual heat shield system.
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Figure 3: Measured Livingston Observatory (LLO) ground displacement compared to the
inner shield displacement limit for a 0.2 m shield. The red curve is from August 2009,
the yellow December 2009 [13]. These ground displacement curves represent the 95th
percentile from that month, meaning the displacement was less 95% of the time.
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Figure 4: A block diagram of the feedback loop used to reduce the displacement of the
inner shield. The vibration isolation table’s displacement is well suppressed by feeding
back its on-board inertial sensor signals. Displacement sensors then measure the relative
displacement between the shield and the table. These signals are fed back to the inner
shield actuators to suppress its displacement.
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Figure 5: A schematic of the experimental setup at Stanford. This schematic is similar to
that in Fig. 2, where in this case the vibration isolation table is underneath the mirror.
The inner shield and the inner shield control platform are a single rigid unit suspended from
the ground with 7 Hz to 10 Hz resonant frequencies. The inner shield’s displacement is
controlled through this platform utilizing displacement sensors referenced to the vibration
isolation table and actuators reacting against the ground.

The setup at Stanford does have some differences, in part to simplify the
experiment and reduce its scale, and in part due to the differences between
the facilities at Stanford and the LIGO sites. First, the vibration isolation
table sits underneath the mirror rather than above and faces up rather than
down. The reason for this is historical, but the table functions in a nearly
identical manner. Second, the cryogenic system is smaller than it would be
at the LIGO sites. The mirror is 1 kg and 15.2 cm (6 inches) in diameter
rather than between 150 kg and 200 kg and 44 cm in diameter. The inner
shield is designed to handle heat loads of 10 W to 15 W rather than 100
W. This smaller size reduces the cost and cycle time of this experiment.
Third, the mirror hangs as a single stage suspension rather than a four stage
suspension. This also reduces the cost and complexity of the experiment, and
keeps it to a size that fits in the smaller Stanford chamber. The complexity of
the suspension is not important for this experiment since we are not testing
the isolation of the mirror itself, but rather that of the inner shield and the
isolation table. Fourth, the Stanford mirror has no heat load on it. Adding
a heat load to simulate the expected 5 W from the laser is planned for future
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Figure 6: A photograph of the cryogenic setup inside the vacuum chamber at Stanford
University. Here, the vibration isolation table is below the cryogenics. No part of the
cryogenic system touches the vibration isolation table, but rather the system merely hangs
above the table through a structure that is bolted to the ground. The roof of the chamber
has been removed in order to install the cryogenic system over the vibration isolation
table.
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Liquid nitrogen pipe Black paint Flexible copper ropes for conductively Silicon diode
cooling the inner shield temperature sensor

Figure 7: The outer shield, before integration with the inner shield. The outer shield is
made of 1.6 mm (1/16 inch) copper sheet and is about 35 cm tall and 28 cm wide. Left
image: a 1 cm (3/8 inch) copper liquid nitrogen pipe soldered to the outside is used for
cooling. The inside is painted black to improve the heat transfer from the inner shield.
Right image: inside the shield, flexible copper ropes are used to conductively cool the inner
shield. These ropes are 4.5 cm long, and each are made of 430 strands of 36 AWG copper
wire (0.127 mm diameter). There are 68 total ropes. The cold end of the rope is soldered
to the outer shield and the warm end is attached to the inner shield with bolts. The
shield’s temperature is monitored with a Lake Shore DT-670 silicon diode temperature
sensor, rated to +32 mK.
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Figure 8: A photograph of the inner shield inside the outer shield while the silicon mirror
is being installed. The inner shield is painted black on both the inside and outside surfaces.
The mirror is also painted black on the cylindrical barrel. A Lake Shore DT-670 silicon
diode temperature sensor is visible on the mirror. Here the two shields are temporarily
bolted together for assembly and installation. Normally they are only connected by the
flexible copper ropes.
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Figure 9: A photograph of the assembled cryogenic system before installation into the
vacuum chamber. The inner shield is rigidly connected to an 80/20 structure, the inner
shield control platform, which remains warm. The sensors and actuators utilized for the
inner shield’s feedback control are mounted to this platform.
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work. Fifth, there is no beam tube shield. The heat shields fully enclose the
mirror at Stanford. A beam tube shield is also planned in future work. These
differences do not prevent this experiment from exploring the possibility of
simultaneously achieving a cold mirror with a sufficiently low vibration inner
shield and a low vibration isolation table.

The heat shields, mirror, actuators, and sensors are pictured in Figs. 7 to
9. The outer shield is made of 1.6 mm (1/16 inch) copper sheet, and is about
35 cm tall and 28 cm wide. It is cooled by a 1 cm (3/8 inch) liquid nitrogen
copper pipe soldered directly to its outer surface. Copper was chosen for its
high thermal conductivity and for the ease of soldering copper pipe.

The inner shield is made of 0.635 cm (1/4 inch) aluminum 1100 plate.
Here, this nearly pure aluminum alloy was chosen over copper primarily
because the ratio of its Young’s Modulus to its density is higher. This maxi-
mizes the shield’s internal resonant frequencies, which is important for good
feedback control. Additionally, this alloy’s thermal conductivity, being half
that of copper’s, is still high. Also, since it is lighter than copper, a thicker
wall can be used to get similar conductivity with about the same weight.
The aluminum alloy also costs less than copper.

The inner shield is primarily cooled conductively to the outer shield
through flexible copper ropes between the shields. There are 68 of these
ropes, which are each 4.5 cm long and made of 430 strands of 36 AWG cop-
per wire (0.127 mm diameter). The ropes are soldered to the outer shield
on one end and bolted to the inner shield on the other. While bolted joints
are known to have finite thermal conductivity, they were chosen to simplify
the assembly and maintenance of the system. To minimize their resistance,
the joints were given as much surface area as possible by soldering the ropes
to large flat copper bars, which are then bolted to the inner shield. To aid
the inner shield’s heat transfer to/from all other neighboring surfaces, LORD
Corporation Z306 Flat Black [17] was used on the inside surface of the outer
shield, both inside and outside surfaces of the inner shield, and the cylindrical
barrel of the mirror.

It is estimated that the steady state heat load on the inner shield is a max-
imum of 10 W, mainly due to the conductive heat transfer from its physical
connection to the outside world. It is expected there will also be a radiative
heat leak through the top of the outer shield. The top is not cooled directly
with liquid nitrogen pipes, which allows for the mirror to be installed through
the top. The size of this leak is minimized by using multi-layer insulation
on the top of the shield. The 68 copper ropes together are predicted to have
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a thermal conductance of 3.7 W/K. Thus, if the temperature difference be-
tween the shields is 3 K, the ropes will transfer 11 W, assuming no extra
thermal resistance in the bolted joints are anywhere else. 4 K will transfer
15 W.

The feedback control of the inner shield is set up the same way as shown
in the block diagram in Fig. 4. To implement this feedback, the shield
rigidly hangs from the inner shield control platform sketched in Fig. 5. The
platform is made of 80/20 and is visible in Fig. 9. The inner shield and
control platform are suspended as a single unit from the ground with resonant
frequencies between 7 Hz and 10 Hz. The control platform remains warm
and contains the inner shield’s sensors and actuators. The actuators are
electromagnetic utilizing coil-magnet pairs. The magnets are connected to
the control platform while the coils (not visible) are mounted to the ground,
which serves as the reaction platform. The displacement sensors are mounted
to the isolation table, and therefore not shown in Fig. 9. However, one of their
reference points, a small cylindrical stick, is visible. The sensors are shadow
sensors [14], and this stick creates the shadow that generates the displacement
signal. Also visible are inertial sensors, HS1 geophones. These are not used
in the feedback, but serve to help characterize the shield’s displacement with
an out-of-loop sensor and for diagnostic tests of the system.

4. Results and Analysis

4.1. Target results

The experimental setup at Stanford was judged on both its vibration
isolation and thermal performance. The primary thermal goal is to get the
inner shield to 83 K. The secondary goal is to cool the mirror to 124 K or
below. The authors assume for this work that if the shield can be brought to
the right temperature, then the mirror temperature is controllable to within
the desired tolerance. This assumption will be explored more deeply in future
work.

The vibration goal of the inner shield has to be modified somewhat, given
the differences in the seismic environments between Stanford University and
the LIGO sites. Consequently, assuming the system response is linear, rather
than trying to achieve a particular displacement spectrum, the goal is to
achieve a particular amount of vibration suppression. Linearity can be as-
sumed because of the relatively small displacements of the structure, and this
assumption is consistent with all obtained measurements. The suppression
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goal for this experiment is given by the blue curve in Fig. 10. This suppres-
sion is the ratio between the displacement limit curve for a 0.2 m shield and
the maximum of the ground motion at Livingston shown in Fig. 3. If the
experimental setup was used at Livingston, it would therefore be expected to
achieve the displacement limit curve. Additionally, to minimize the impact
on the mirror’s isolation, the vibration of the isolation table must not be
increased by the shield’s feedback control or by the liquid nitrogen flow.

4.2. Achieved results

The red curve in Fig. 10 shows the vibration suppression achieved using
the feedback loop gain design in Fig. 11. At all frequencies, the measured
suppression is no higher than the required suppression. Thus, the inner shield
achieves the required vibration performance. Fig. 12 shows the vibration
spectrum of the isolation table with the cryogenic system in 3 configurations:
feedback and liquid nitrogen flow both off, feedback off with the nitrogen flow
on, and with both on. In all three cases, the vibration is virtually the same,
indicating that the cryogenic system is not impacting the vibration isolation
of the mirror.

Fig. 13 shows the thermal performance of the two shields and the mirror.
The outer and inner shields reach 79.5 K and 83.5 K respectively. After 660
minutes the liquid nitrogen source ran out and the system began to warm up
again. After the nitrogen ran out, the mirror continued cooling down until it
reached 121 K before warming up again. Thus, all cold components reached
their desired temperatures.

Calculated from the inner shield’s cool-down curve and its estimated heat
capacity, the shield’s heat leak is about 12 W, slightly higher than the pre-
dicted 10 W. Similarly, the thermal conductivity of the copper ropes is 80%
of the design value. At this point, it is unknown how much of the extra
resistance is from the bolted joint. Future work will explore the bolted joint
resistance and how much the mirror’s cool-down rate can be improved.

The temperature of the suspension spring the mirror hangs from was
also investigated. This spring remains outside the cryogenic system and is
intended to remain at room temperature. In Advanced LIGO, which nom-
inally operates entirely at room temperature, changes in the springs of +1
K are large enough to misalign the interferometer. The change in temper-
ature changes the spring’s Young’s Modulus and thus the spring’s stiffness,
resulting in height and angle changes in the mirror’s position. Fig. 14 shows
the temperature response of the spring in the Stanford experiment from the
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Figure 10: Ground displacement suppression. Blue: the required suppression of the Liv-
ingston ground displacement for an inner shield to meet the displacement requirement
in Fig. 3. Red: the measured suppression achieved with the Stanford experiment using
active feedback.
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Figure 11: The loop gain of the active feedback design used on the Stanford experiment
to achieve the suppression shown in Fig. 10 in red.
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Figure 12: The displacement of the vibration isolation table used in the Stanford experi-
ment. The baseline displacement, blue, is largely unaffected by the introduction of a liquid
nitrogen flow, red, and the active feedback on the inner shield, yellow.
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Figure 13: The thermal response of the two shields and the mirror to the liquid nitrogen
flowing through the outer shield pipes. The nitrogen flow is turned on at minute 0 and
runs out at minute 660.
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Figure 14: The temperature evolution of the cantilever spring supporting the mirror. This
spring is outside the heat shields and intended to stay at room temperature with a precision
of £1 K. The time axis is coincident with Fig. 13.

cryogenics. In this case, the spring is relatively close to the outer shield,
about 15 cm away. It’s temperature drops 29 K throughout the experiment.
The heat transfer out of the spring is through a combination of radiation
and conduction. It could be improved somewhat by thermally isolating the
spring more robustly from the shield. However, it seems likely that some
eventual temperature control of the suspension springs will be desirable.

5. Conclusions

The results from the Stanford cryogenic mirror experiment indicate that
it is feasible to cool a mirror to 124 K with a negligible increase in the
displacement noise spectrum of a future LIGO Voyager style gravitational
wave interferometer. This cooling has the potential to contribute to a factor
of 3 reduction of noise in LIGO Voyager compared to existing Advanced
LIGO observatories.

The design of the experiment at Stanford is expected to be scalable in size
to a LIGO Voyager facility. However, design work will be needed to ensure
similar performance with the higher heat loads and larger geometries.
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Additional work is also still required before the technology is sufficiently
mature. The cool-down rate of the mirrors needs to be improved in order
avoid waiting weeks for the interferometer to be operational each time it is
thermally cycled. A heat shield for the beam tube needs to be developed so
that an access hole for the laser can be built into the mirror’s heat shields
without generating a large heat leak. The mirror’s springs will need their
own temperature control system to avoid misaligning the interferometer with
large temperature drifts. While not expected to be an issue, a possible source
of noise from the rubbing of the wire strands in the copper ropes needs to
be ruled out. Finally, a high emissivity, low mechanical loss coating for
the mirror must be identified so that its heat can be radiated away without
compromising its thermal noise performance.
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