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The Moon’s permanently shadowed regions (PSRs) are among the coldest places in the Solar
System and are expected to become key landing sites for upcoming international space agency mis-
sions. Their proximity to peaks of perpetual solar power and potential resource richness makes them
prime candidates for lunar exploration and future Moon bases. Here we propose to deploy a pas-
sive, ultrastable optical resonator in these regions that will enable laser systems with unprecedented
phase-coherence. The unique physical environment of lunar PSRs greatly benefits the construction
of a cryogenic monolithic silicon cavity that exhibits low 107*® thermal noise-limited stability and
coherence time exceeding 1 minute, more than a decade better than the current best terrestrial
system. Such a stable laser will form an enabling infrastructure for quantum technology in space to
serve many applications, including establishing a lunar time standard, building long-baseline optical
interferometry, distribution of stable optical signals across networks of satellites, testing general
relativity and gravitational physics, and forming the backbone for space-based quantum networks.

Aspirations for developing and deploying space-borne
quantum technologies can in large part be facilitated by
having access to ultrastable lasers that are key to driv-
ing and interconnecting optically active quantum sys-
tems. On the ground, stable optical local oscillators
play many versatile roles in, for example, state-of-the-
art optical atomic clocks [IH7], precision test of funda-
mental physics [8HI2], long-baseline optical interferome-
try including gravitational wave detection [13], and op-
tical networks for both classical and quantum informa-
tion [I4] [15]. Cryogenic silicon cavities enable the best
performing frequency-stable lasers, with fractional fre-
quency stability of low 1077 and an ultralow linear drift
rate of mid 1072 /s [16] [I7]. Permanently shadowed re-
gions (PSRs) on the Moon offer low-temperature and
ultra-high vacuum conditions in combination with excep-
tionally low vibrational noise. This environment is ideal
for supporting an ultrastable optical cavity with perfor-
mance surpassing the best terrestrial systems. Having ac-
cess to a master optical oscillator frequency stabilized to
the lunar cavity forms the basic infrastructure for a range
of space-borne experiments, with a cascade of satellites
housing either secondary lasers or atomic quantum sys-
tems networked together via phase stable optical links.

Lunar PSRs are the chosen landing sites for the NASA-
led Artemis mission and other international missions due
to their likely resource richness that includes water ice,
carbon dioxide and helium-3 [I8], as well as continuous
solar power at nearby peaks of eternal light [19+21]. How-
ever, landing and navigating near PSRs face significant

technical challenges. The low Sun elevation angles and
extended shadows limit optical and terrain-relative nav-
igation capability, making precision positioning, naviga-
tion, and timing (PNT) essential for safely landing pay-
loads and crewed missions.

We propose to construct a cryogenic silicon cavity lo-
cated in a PSR to take advantage of the uniquely ben-
eficial physical conditions for such an optical reference
cavity. PSRs’ ambient cryogenic temperature and easy
access to radiative cooling from deep space permit a sim-
ple and passive cooling strategy to reach a zero of the sil-
icon cavity’s thermal expansion coefficient at 17 K. The
extreme thermal stability from isolation of solar radia-
tion will enable exceptional long term frequency stability
of the optical oscillator. The lunar seismic noise is orders
of magnitude lower than in a terrestrial laboratory envi-
ronment, facilitating robust performance for an extended
cavity length to scale down the fundamental Brownian
thermal noise contribution. The high vacuum environ-
ment of PSRs also eases the construction requirement
for a cavity chamber. Overall, once the silicon cavity
material is transported to the Moon, the final system en-
gineering will be straightforward to implement and yet
with far greater performance prospects.

A highly phase-coherent lunar master laser can serve
many important tasks for emerging scientific and tech-
nological explorations via space-borne experiments [22-
[26]. In the absence of atmospheric perturbation, it will
be much easier to establish a lunar-space optical fre-
quency/phase transfer link than starting with a stable os-
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cillator on Earth. It is expected that while Earth-satellite
optical links may demonstrate 10~ '® performance, they
will take > 1000 s to average to that level [27), 28] which is
not fast enough to transfer laser coherence. However, the
lunar laser’s phase stability can be transferred with high
fidelity to secondary systems on board of various satel-
lite clusters/constellations, enabling the construction of
long baseline space-borne optical interferometers [29, [30].
Each satellite with a laser onboard can have its optical
field phase-locked to the lunar master laser, greatly sim-
plifying on-board frequency control systems for networks
of satellites used for classical or quantum communica-
tions, as well as for navigation and flight formation needs.
State-of-the-art atomic clocks rely on high-performance
and robust local oscillators. The stability of the clock is
often determined by the phase coherence of the driving
laser. Housing a stable optical reference cavity onboard
a satellite to accompany its atomic payload remains a
technically sophisticated task. With phase-stable op-
tical links established between satellites and the lunar
laser base, any onboard atomic systems can be quickly
turned into optical atomic clocks, and benefit from the
unmatched phase coherence of the lunar laser.

Another natural outcome following the lunar stable
laser is the foundation for an optical atomic clock for lu-
nar time standard [31]. The lunar silicon cavity’s excep-
tional long-term frequency stability is, by itself, sufficient
for a wide range of applications. With performance below
10715 at a 1 day timescale, the silicon cavity can easily
provide a reference for any PNT requirements, and form
the backbone of Lunar Coordinated Time (LTC) [31-
[33]. However, to gain even greater long-term stability,
an atomic standard could be added. Only very low-
frequency steering would be required, allowing the atomic
standard to be located anywhere within the network con-
nected to the cavity.

This proposal thus addresses a critical need for estab-
lishing a standalone LTC serving as the cornerstone of
the future PNT infrastructure of the Moon. The success
of this mission will mark a historic milestone, demon-
strating humanity’s capability to build fundamental in-
frastructure for quantum technologies on another celes-
tial body, alongside establishing a permanent presence on
the Moon. This achievement can have profound impli-
cations for future Mars and deep-space missions, where
terrestrial timing infrastructure is nearly impossible to
access, making a standalone local time reference the only
viable solution [34].

PSR ENVIRONMENT CHARACTERISTICS

The Moon’s spin axis is nearly perpendicular to its
orbital plane around the Sun, causing craters near lu-
nar poles to remain in permanent shadow. These re-
gions, known as PSRs, have eluded sunlight for billions of
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FIG. 1. Conceptual design of a cryogenic silicon cavity based
on radiative cooling. The whole system supported by the
thermal insulated posts is constructed on the lunar surface.
Two radiators, both facing the deep space, provide cooling
for an outer radiation shield and an inner actively controlled
thermal shield for a 17 K operating temperature where the
silicon thermal expansion coefficient is zero. A continuous-
wave laser is sent into the cavity chamber via a fiber-optic
feedthrough or free-space motorized mirrors and coupled to
the silicon cavity with a collimator.

years. Combined with the lack of internal heating from
the Moon’s inactive core and low residual heat, PSRs
are among the coldest known locations in the entire So-
lar System. Over time, large amounts of volatile com-
pounds, such as water ice, helium, and carbon dioxide,
have been trapped within PSRs. Mining and utilizing
these resources is critical for ongoing deep space explo-
ration, enabling the Moon to serve as a sustainable com-
mercial human base, a refueling outpost, and a testbed
for technologies before deploying them to other planets
such as Mars.

However, landing payloads near PSRs presents major
challenges. In the absence of a terrestrial-like global nav-
igation satellite system, vision-based landing remains one
of the few reliable navigation methods. Yet, because the
solar incidence angle near PSRs is nearly parallel to the
surface, objects cast extremely long shadows, creating
significant obstacles for precision lunar landing. A local
timescale will solve this problem.

We summarize that the PSRs environment (Table I)
is ideal for deploying a cryogenic silicon cavity-based
timescale, close to future permanent human bases, utiliz-
ing the naturally maintenance-free conditions of PSRs.



Temperature

The thermal environment of the south polar PSRs has
been monitored for over a decade through remote sensing
by NASA’s Lunar Reconnaissance Orbiter, ranging from
about 20 K in winter to 60 K in summer [37]. Seasonal
variations are primarily driven by the Moon’s 1.5° axial
tilt relative to the Earth-Sun orbital plane. Owing to
the slow motion of this tilt and the extreme isolation of
PSRs, temperature changes are both gradual and highly
predictable, approximately 50 mK per day.

Radiative cooling

For cooling and thermal stabilization of the silicon cav-
ity, we will engineer access to deep space radiative cool-
ing. This passive cooling method is free of vibration and
cryogen and has been widely used in space missions, such
as James Webb Space Telescope [38, 39] and far-side
seismic suite [40]. Figure [1|illustrates the conceptual de-
sign of the cavity system on the lunar surface. Similar
to systems currently operated in the lab, three layers of
thermal shields are provided for the silicon cavity. The
cavity chamber connected to the first radiator is cooled
down to 30-40 K. The active shield attached to the sec-
ond radiator is approximately 16 K, controlled by an
active temperature servo. To accommodate the PSR’s
temperature cycle of 2060 K from winter to summer, a
thermal switch [40] will be used to adjust the first radi-
ator’s cooling power, to keep the heating power needed
for the active shield below 0.25 W. The passive shield
provides a long time constant for thermal equilibrium of
the silicon cavity, which is stabilized at the zero-crossing
of the coefficient of thermal expansion at approximately
17 K. This fully passive cooling strategy relies on the nat-
ural cryogenic environment of the Moon and deep space
(2.7 K).

Vacuum

The Moon’s weak gravity prevents it from retaining
a substantial atmosphere, resulting in a naturally main-
tained ultra-high vacuum environment. Direct measure-
ments from the Apollo missions recorded surface neutral
particle pressure of about 10~¢ Pa during the lunar day
and 10710 Pa at night [35]. Since the primary source of
residual gas on the Moon is solar wind interaction, the
vacuum within PSRs is expected to be even lower. This
inference is supported by the persistence of volatile com-
pounds, such as water ice, that have remained stable in
PSRs cold traps for billions of years.

Ground Vibration

The absence of a lunar atmosphere eliminates above-
ground acoustic noise, and the Moon exhibits an excep-
tionally low seismic background compared to Earth due
to its minimal tectonic activity. Multiple Apollo missions
directly measured the lunar seismic background [41H46].
In the absence of moonquakes, the ambient ground vibra-
tion was found to be below the seismometer noise floor,
approximately 0.3 nm at 1 Hz, significantly quieter than
any known site on Earth [42]. Moon ground vibration
can be caused by four major events, deep moonquake,
shallow moonquake, thermal moonquake, and meteor im-
pacts [47, 48]. Thermal moonquakes are the most com-
mon, caused by thermal expansion and contraction be-
tween lunar day and night, where surface temperatures
can fluctuate by up to 300 K. The average amplitude
of thermal moonquakes is about 0.6 nm, with peak val-
ues around 6 nm, substantially quieter than a typical
Earth-based scientific laboratory [49]. Because the ther-
mal environment within PSRs is far more stable than
at the Apollo landing sites, significantly fewer thermal
moonquakes are expected inside PSRs. Deep and shal-
low moonquakes may be induced by tidal stresses from
Earth, while meteoroid impacts can occasionally gener-
ate localized seismic disturbances [50, [51]. In general, the
Moon’s seismic noise background is about four orders of
magnitude lower than even the quietest continental sites
on Earth [36], making it an ideal environment for silicon-
cavity-based optical clocks.

The combined conditions of the stable cryogenic ther-
mal environment of the PSR, ultra-high vacuum, and
intrinsically low ground vibration create an ideal natu-
ral infrastructure to deploy silicon-cavity-based optical
clocks as an independent reference for lunar time, as well
as other quantum instruments in the future. We propose
a low-size, weight, and power (SWaP) architecture that
requires minimal to zero active thermal management to
realize an ultra-stable timing node for synchronizing lu-
nar assets.

TABLE I. PSR Environment. The temperature range cor-
responds to remote measurements of a Haworth Crater site.
The vacuum pressure is projected based on the Apollo mission
data taken in lunar equatorial regions [35]. The vacuum pres-
sure is expected to be significantly lower in PSRs. The PSR
ground vibration is evaluated at Fourier frequency of 1 Hz,
with the maximum vibration level associated with artificial
impacts of Saturn IVB rocket stages during Apollo [36].

Property Average Min Max

Temperature (K)
Vacuum (Pa)
Vibration (m/s?)

< 0.05/day drift < 20 60
< 10710

<12x107% <1.2x10783x10°¢




SILICON CAVITY PROPERTIES

We now connect the favorable environmental condi-
tions of PSRs to the physical properties of silicon cavities
to highlight the potential for improving their frequency
stability beyond what is available in the ground labora-
tory today. The low vibration background will reduce
high frequency noise associated with the optical cavity.
Thermal stability and abundance of the cooling power
provide long term stability at zero crossing of the sili-
con crystal’s thermal expansion coefficient. Considering
the high vacuum surroundings at PSRs, only a modest
shielding chamber is needed to protect the silicon cav-
ity and ensure that the background pressure fluctuation
within the optical cavity is below 10710 Pa.

We illustrate the tradeoff between performance and
system size by comparing two designs. A 21 cm cavity
follows the current design of silicon cavities in the lab.
A longer cavity of 50 cm length will be more sensitive
to the vibration noise, but the PSR’s low vibration en-
vironment significantly reduces this concern. The longer
50 cm cavity reduces the fundamental Brownian thermal
noise of the mirror coatings and enlarges the optical mode
area. For ultimate performance, we can also use mirror
coatings based on stacks of crystalline GaAs/AlGaAs for
lower thermal noise than conventional dielectric mirrors.
Even larger cavities are certainly possible and would fur-
ther improve performance, but the considered cavities
already surpass current records by up to 30x.

Table [[] shows the thermal noise floor of these cavity
designs, which are all below 107'7, a significant improve-
ment over the state-of-the-art performance of ~ 3 x 10717
for terrestrial-based cryogenic silicon cavities. We assume
the use of one plano mirror and one with a 10 m radius of
curvature. Of course, the overall performance of the lu-
nar cavity will also include contributions from other noise
sources, including optical beam propagation stability, in-
tracavity gas/vacuum noise, residual amplitude noise in
frequency modulation, and so on. However, a stable en-
vironment offered by PSRs will correspondingly reduce
the magnitude of all these noise contributions.

TABLE II. Thermal noise levels for different cavity designs.
Longer cavities and crystalline coatings reduce the noise level.

Cavity Design

Length Coating Thermal noise
21 cm  Conventional 9x 10718
21 cm  Crystalline 2x 10718
50 cm  Conventional 3x 10718
50 cm  Crystalline 8 x 1071°

Thermal Management

Silicon is uniquely suited as an optical cavity mate-
rial because it has a very stable crystal structure, with
a high mechanical quality factor, and most importantly
has a zero-crossing of thermal expansion at 17 K. Oper-
ating at this temperature allows long-term stability due
to insensitivity of the cavity to temperature changes. To
maintain the silicon cavity at a 17 K operating temper-
ature, we estimate the thermal load based on the follow-
ing conditions. The surface of the cavity chamber, active
shield, and passive shield are gold-coated to ensure low
emissivity (5%) between different layers. Each layer may
be mounted using high strength and low thermal conduc-
tivity cables, e.g. Kevlar fiber [52]. The whole system
is supported by thermally insulated posts. The coupling
to external blackbody radiation is minimized by using a
fiber-optic feedthrough. The use of the two separate radi-
ators, as outlined in Fig. [I} makes it practical to support
a silicon cavity with relatively long length (50 cm and bi-
conical as shown in Fig. [1)). The size of the first radiator
is 10-20 m?, and the second radiator is 1-10 m?. Note
that this radiator design includes a conservative margin
of 50% higher heating load than a realistic estimate.

Seismic Noise

The most recent 21 cm silicon cavity has measured ac-
celeration sensitivities of 1 x 10719 /g and 3 x 10711 /g for
two orthogonal horizontal directions, and 1.5 x 107! /g
for the vertical direction [53]. Here, g = 9.8 m/s? is the
gravitational acceleration on the surface of the Earth.
We only have data for the Moon’s vibrational noise in
the vertical direction, and we expect the horizontal vi-
brational noise to be much lower than the vertical noise.
We can compare the expected vibration-induced noise for
a lunar cavity and a terrestrial cavity that are mounted
on an actively vibration-isolated table, see Fig. The
Moon’s passive noise, with no isolation, is less than that
of an active isolation system on Earth. If horizontal noise
is comparable to vertical noise, its effect would be larger
due to the higher horizontal sensitivity; nevertheless, it
would still be below the 1 x 107! level for frequencies
below 1 Hz. The 50 cm cavity would have a higher vibra-
tion sensitivity, potentially by a factor of 2.5, placing the
vibration noise-induced fractional frequency fluctuation
around 1 x 107'8 at 1 Hz. At frequencies below 0.1 Hz
the vibration contribution would be even less, and even
a 1 m or larger cavity could remain thermal-noise lim-
ited. Because the cavity is passively cooled, the cooling
system does not induce vibrations, as would happen on
Earth. Overall, we expect the vibration-induced noise to
be below the fundamental thermal noise of the cavity.
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FIG. 2. Comparison of terrestrial and lunar vibration-induced
fractional frequency noise. The blue shaded region denotes lu-
nar seismic vibration noise in the vertical direction) from the
Apollo missions, scaled by the measured vertical acceleration
sensitivity of the 21 cm cavity (1.5 x 107" /g), and span-
ning the 10th to 90th percentile range. These data were con-
structed and analyzed by [44] from multiple Apollo stations
operated in both flat-response and peak-mode seismometer
configurations. The orange trace shows an example of typical
terrestrial laboratory vibration conditions with considerable
vibration control effort. The dashed lines indicate the ther-
mal noise levels for the 21 c¢m cavity with conventional and
crystalline coatings respectively.

Vacuum Pressure

Residual gas within the spacer hole modifies the
effective optical path length through pressure- and
temperature-dependent refractive index variations. In
the terrestrial lab, refractive index fluctuations in air
have been well characterized with the Edlén equa-
tion [54], which allows the estimation of the vacuum
stability required to reach the expected thermal noise
limited performance. At 17 K, the fractional frequency
varies with pressure ~4x 1078 /Pa, assuming that the re-
fractivity per unit density of the residual gas is similar
to that of air. For the recent 21 cm terrestrial cavity
operated at 17 K, a steady-state pressure of 10~7 Pa
is reached with active pumping, and its fluctuation is
estimated to be <1x107'° Pa for a stability limit of
5x10718,

In contrast, lunar PSRs have naturally extensive cold
surfaces that passively suppress the overall vacuum lev-
els and minimal diurnal variation [I8] 56, 57]. As men-
tioned previously, direct measurements from the Apollo
missions reported a surface neutral particle pressure of
1x10710 Pa level at night [35]. These data, not collected
within PSR regions, provide a conservative upper bound
for expected local pressure level and temporal pressure
activities: some of the gases probably condense/adhere
to the significantly colder surfaces in the PSRs and their

thermal stability guarantees pressure stability since there
is no gas desorption cycle related to illumination. There-
fore, the local pressure and temporal fluctuations in the
PSRs are expected to remain well below the level required
thermal noise limited stability performance without the
need for an active pump. There are obvious risk fac-
tors that need to be mitigated, including the shielding of
lunar dust, ionizing radiation, and micrometeorites.

APPLICATIONS OF THE LUNAR SILICON
CAVITY/OUTLOOK

A wide range of applications, from fundamental
physics to practical communication and navigation
needs, will be enabled by a lunar silicon-cavity-based
laser system. As shown in Fig. with a simple het-
erodyne beat and optical phase locking setup, the sili-
con cavity’s optical stability can be transferred to a high
power laser located on the ridge of PSRs with permanent
solar energy, and subsequently connected to an array of
satellites that house atomic standards, optical intercon-
nects, interferometric components, and long-baseline ca-
pabilities to reach back to Earth.

This stable laser will allow for establishment of a lu-
nar optical atomic clock. The ultrastable silicon cav-
ity already provides sufficiently high stability, with per-
formance that could surpass a maser [58]. The free-
running cavity frequency can provide a stand-alone fre-
quency /phase reference to many demanding applications.
If steered by an atomic standard on a regular basis with
relatively low duty cycles, the system will provide an op-
tical time scale [58H62]. The atomic standard can be lo-
cated on the Moon, or on a satellite, with an optical link
between the Moon and the satellite, to provide maximum
flexibility. Together with the optical frequency comb
technology, multiple atomic standards may take advan-
tage of this lunar infrastructure. Such a network of fre-
quency steered and interconnected satellites will greatly
aid communication and navigation needs between Earth
and the Moon [29] [63]. Since a precise time reference
underpins the PNT, this network will strengthen the re-
silience of the lunar mission by enabling networked com-
munications, the collection of correlated scientific data
and safe landing, even during long holdover periods with-
out terrestrial signals [64].

Ultrastable space-based optical oscillators will also be-
come widely available. Each satellite no longer needs to
be equipped with its own cavity-based frequency stabi-
lization device. The lunar silicon cavity can serve as the
common reference for connecting satellites, each hous-
ing a receiver and potentially a phase locked loop to
track the incoming optical phase. A two-way optical fre-
quency/phase transfer can be established between pairs
of satellites, as well as between the Moon and satellites.
This infrastructure will thus play a valuable role in es-
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FIG. 3. Application of a lunar PSR silicon cavity as the basic infrastructure for lunar time scale, Earth-Moon optical commu-
nication, satellite-based space interferometry and imaging, and networking to Earth-bound time scale. Lunar PSR background

image produced by NASA’s visualization studio [55].

tablishing a space-based long baseline optical interferom-
eter for deep space imaging, astronomical observation,
and gravitational wave detection. With the Moon’s orbit
determined at the few-millimeter level [65], this stable
gravitational system also enables unique tests of general
relativity. The exquisite silicon cavity at this unique lo-
cation can enable investigations of fundamental interac-
tion of the cavity itself, such as for mHz gravitational
wave detection [I3] or observation of the effects of dark
matter on solids [66]. The distance between Earth and
the Moon is only one light-second. The silicon cavity’s
optical coherence time far exceeds this time scale, and
the ultrastable optical frequency reference, as well as
the atomic standard-steered lunar optical time scale, can
reach geocentric satellites. Atmospheric perturbations
may limit the short-term performance of links between
satellites and Earth, but this network would allow long-
term clock comparisons among national metrology labs
across continents.
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