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Laser frequency instability of 6 x 10~'° using 10-cm-long
cavities on a cubic spacer
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We demonstrate two ultra-stable laser systems at 1064 nm by independently stabilizing two 10-cm-long
Fabry—Pérot cavities. The reference cavities are on a cubic spacer, which is rigidly mounted for both low
sensitivity to environmental vibration and ability for transportation. By comparing against an independent
ultra-stable laser at 578 nm via an optical frequency comb, the 1064 nm lasers are measured to have frequency

instabilities of 6 x 107 at 1 s averaging time.
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Lasers with high-frequency stability and narrow line-
width are indispensable tools in optical frequency stan-
dards, gravitational wave detection, low noise optical/
microwave synthesis, and tests of fundamental physics®2.
While significant progress towards 10717 laser frequency
instability has been achieved®?¥, there is growing interest
in transportable ultra-stable laser systems for many prac-
tical applications. In geodesy, to precisely measure the
gravity potential difference at two sites, transportable
optical atomic clocks are required to obtain the frequency
difference at two sites in order to mitigate the risk of
undetected errors?. Thus, ultra-stable laser systems as
local oscillators in optical atomic clocks are required to be
transportable. For applications in space, such as the
Gravity Recovery and Climate Experiment Follow-On
(GRACE-FO) and gravitational wave detection 22 laser
interferometry is a sensitive way to measure relative dis-
tance change, where the measurement sensitivity relies on
the laser frequency stability.

Lasers with high-frequency stability are usually
achieved by locking the laser frequency to the resonance
of ultra~stable Fabry—Pérot (FP) cavities with the Pound-
Drever—Hall (PDH) technique?. The laser frequency sta-
bility relies mostly on the length stability of the reference
cavity. Efforts have been paid in the last decade to con-
struct reference cavities with low vibration sensitivities
of 10711/g to 10710/ g2,

One of the most critical parts concerning transportabil-
ity is the support of reference cavities, since cavities
usually rest under their weight and remain in a fixed ori-
entation with respect to gravity. To solve this problem,
reference cavities should be constrained in all degrees of
freedom. Moreover, they might be better to be symmetri-
cally held at special positions for low vibration sensitivity.
In 2011, a spherical cavity with a diameter of 5 cm was

1671-7694,/2020/030201(5)

030201-1

rigidly supported at two points on a diameter of the sphere
at a squeeze-insensitive angle with respect to the optical
axis. Acceleration sensitivities of the reference cavity
along three directions below 3 x 1071% g and a laser fre-
quency instability of 1 x 1071 at 1 s averaging time were
achieved. In the same year, Webster et al. constructed
a b-cm-long cubic cavity with four supports placed
symmetrically about the optical axis in a tetrahedral
configuration®?. An acceleration sensitivity better than
2.5 x 1071/g was achieved. In 2012, Argence et al.
reported a 10-cm-long cylinder cavity rigidly held at its
mid-plane?). Acceleration sensitivities of the reference
cavity along three directions below 4 x 1071/ g and a laser
frequency instability of 6 x 1071% at 1 s were achieved.
Using a similar cavity, Tai et al. obtained a sub-hertz line-
width 1555 nm laser with a frequency instability of 7 x
1071 at 1 s2. In 2014, Chen et al. constructed a 10-cm-
long cylinder cavity rigidly held at 10 pairs of points on the
cavity spacer®. Acceleration sensitivities of the cavity
along three directions below 4 x 107%/g and a laser fre-
quency instability of 1 x 1071 at 1 s averaging time were
achieved. Later, a laser frequency instability of 4 x 10~'6
at 10 s averaging time was obtained by locking to a 12-cm-
long cavity with a similar structure. In 2018, a similar
10-cm-long cuboid cavity was mounted rigidly and tested
by dropping from a height of 25 cm, corresponding to an
acceleration of 10042

In this Letter, two 10-cm-long optical cavities based on
a cubic spacer are constructed. The cavity spacer is sup-
ported at four points in a tetrahedral arrangement, similar
to the 5-cm-long cavity in Ref. [20]. However, we realize
two optical cavities on the same cavity spacer. The sensi-
tivities of the cavity length to accelerations along three
directions are measured to be (0.9-2) x 107%/g. Two
1064 nm neodymium-doped yttrium aluminum garnet
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(Nd:YAGQG) lasers are separately frequency-stabilized to
the resonance of the reference cavities. By comparing
against an independent 578 nm laser with better frequency
stability via an optical frequency comb, each transport-
able 1064 nm laser is measured to have a frequency insta-
bility of ~6 x 10710 at 1 s averaging time. With additional
measurement between two 1064 nm lasers stabilized to
two cavities based on a single cubic spacer, we deduce that
vibration noise is partially correlated to both optical
cavities.

To achieve a cavity thermal noise-limited laser fre-
quency instability at the 107! level, the cavity length
is chosen to be 100 mm, and two fused silica (FS) mirrors
with lower mechanical loss, compared to that of ultralow-
expansion (ULE) glass, are optically contacted onto the
cavity ends. According to Refs. [25] and [26], the cavity
thermal noise-limited laser frequency instability and laser
frequency noise at the Fourier frequency of 1 Hz are esti-
mated to be 4.3 x 1071% and 0.09 Hz/,/Hz, respectively.
For the cavity thermal noise-limited laser frequency noise
at Fourier frequency of 1 Hz, the Brownian motion of the
mirror coating and substrate, and the coating thermo-
elastic noise contribute 73%, 11%, and 15% over all the
cavity thermal noise, respectively.

In order to make the reference cavities insensitive to vi-
bration, here the geometry of the cavity spacer is designed
to be as symmetrical as possible. As shown in Fig. 1(a), the
cavity spacer is a cubic geometry with a side length of
100 mm. Along each axis, there is a hole with a diameter
of 10 mm passing through the center of the cubic spacer for
optical access or evacuation. Two pairs of highly-reflective
FS mirrors are optically contacted to the cubic spacer in
the horizontal plane (in the z—y plane). The optical axis
of cavity 1 is along the x axis, while that of cavity 2 is along
the y axis. For each pair of mirrors, one is a plane, and the
other one has a concave radius of curvature of 1 m. The
finesse and reflection contrast of each cavity are ~700,000
and ~40%, respectively. At the backside of each mirror, a
ULE glass ring is contacted to reduce the thermal expan-
sion of the F'S mirror. For convenient supporting, the ver-
tices of the cubic spacer are truncated to a depth of 7.8 mm
toward the center of the spacer. In each truncated face,
there is a cone in the center. Four of the cones in a tetra-
hedral arrangement are used to locate Viton balls, which
are squeezed toward the center of the cavity by screws, as
shown in Fig. 1(b).

Based on numerical analysis, the fractional change of
the cavity length under a compressive force of 1 N applied
at each support is on the order of 107" when the cut depth
is changed from 0 mm to 17.3 mm. This deformation is
much smaller than the tolerance of machining (0.1 mm).
For this reason, we choose the cutting depth only for
convenient supporting.

Due to symmetrical geometry, the cavity length is in-
sensitive to acceleration if the light spots are in the center
of mirrors, as shown in Fig. 1(c), based on numerical
analysis, where an acceleration of 1lg is applied along
the air hole (the z axis). The sensitivities of two cavities
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Fig. 1. Design of transportable reference cavities. (a) The cubic
cavity spacer. (b) The cavities mounted on an aluminum cage.
(c) The displacement of probe points at different positions along
the z axis on the mirrors of cavity 1 under an acceleration of 1g
along the z axis. (d) The length change of two cavities under an
acceleration of 1¢g along the y axis. Three curves are overlapped.

to vertical vibration depend on the light spots on the mir-
rors. If the light spots are 0.5 mm offset from the mirror
center along the z axis, the vibration sensitivity of each
cavity will be 7 x 107''/g, which does not change by
30% when the cutting depth changes from 0 mm to
17.3 mm. Under the acceleration along the z axis, the
length change of two cavities is similar, which indicates
that vibration noise along the z axis may be common
to both cavities to some extent, depending on the offset
of light spots from the center of the mirrors.

When acceleration is applied in the horizontal plane,
e.g., along the y axis, the cavity length change is shown
in Fig. 1(d). The length of cavity 2 is insensitive to it, since
both mirrors are displaced by the same mount, while the
length of cavity 1 changes depending on the offset of light
spots from the mirror centers. It indicates that in this case
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the vibration sensitivities of two cavities might not be
common. When vibration is not along the cavity optical
axis, it is common to both cavities to a certain extent, de-
pending on the angle of vibration with respect to the cav-
ity optical axes. For example, when acceleration is applied
at 45° with respect to the cavity optical axes, the vibration
sensitivities of two cavities may be common. Assuming vi-
bration is distributed uniformly in the z—y plane, half of
the vibration noise is common to both cavities.

Experimentally, the optical cavities are rigidly sup-
ported in an aluminum cage covered by gold-plated copper
plates to reflect thermal radiation, which behave as ther-
mal low-pass filters. We keep the forces of mounting the
cavity on the four supporting points constant in order to
support the cavity as symmetrically as possible. Then,
the cage is enclosed in another thermal shield made of
gold-plated copper as a second-order thermal low-pass
filter. Outside, there is a vacuum chamber evacuated to
5x 107® Torr (1 Torr = 133.32Pa) to reduce the fluc-
tuation of the index of refraction and the convective heat
flow through air. The temperature of the vacuum chamber
is stabilized at about 27°C with a fluctuation within 2 mK
in order to make the temperature of the optical cavities
stable. The response time of the cavities to the tempera-
ture change of the vacuum chamber is measured to be
58 h. Moreover, the vacuum chamber, as well as the optics
for PDH detection, is placed in a home-made acoustic iso-
lation box. The box is installed with four wheels under-
neath for easy transportation.

Two Nd:YAG lasers at 1064 nm with a free running
linewidth of ~1kHz are separately frequency-stabilized
to the resonance of the cubic cavities. For each laser,
the laser light is split into several parts. When using op-
tical polarization maintaining (PM) fibers to transfer the
light to the reference cavities, fiber noise cancellation
(FNC)Z is employed to remove random phase/frequency
noise induced by the optical fibers, as shown in Fig. 2(b).

On the platform of the reference cavity, as shown in
Fig. 2(a), the laser light transferred through the PM
fiber is frequency-shifted by an acousto-optic modulator
(AOM). The first-order diffraction efficiency of the AOM
is adjusted for light power stabilization by controlling the
power of the driving radio frequency (RF) signal according
to a dc signal monitored on a photo-detector (PD;) before
the reference cavity. Then, the diffraction laser light from
the AOM passes through a polarizer (P;), and it is phase-
modulated at about 4 MHz in an electro-optic modulator
(EOM). An optical isolator (Iso) is placed after the EOM
to prevent any light reflected back into the EOM for the
reduction of the residual amplitude modulation (RAM).
After phase modulation, the light is coupled to its refer-
ence cavity. The cavity reflection light is steered onto
PD,, which is resonant at the modulation frequency of
the EOM. Then, the detected RF signal is demodulated
to generate a PDH-based frequency discrimination signal
for laser frequency stabilization. The PDH signal is fed
back to a piezo inside the laser cavity to control the
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Fig. 2. Schematic diagram of the experimental setup for (a) laser
frequency stabilization and (b) laser performance measurement.
AOM, acousto-optic modulator; FNC, fiber noise cancellation;
P, polarizer; EOM, electro-optic modulator; Iso, optical isolator;
A/4, quarter-wave plate; PD, photo-detector; FFT, fast Fourier
transform spectrum analyzer.

laser frequency. The laser servo bandwidth is about
50-80 kHz.

While the cavity is designed for transportability, an-
other primary challenge to achieve laser frequency insta-
bility below 107'? is that the cavity length should also be
insensitive to vibration noise. We denote S; (i = z, y, 2)
as the sensitivity of the cavity length to vibration along
the z, y, or z axis, S; = AL/(L X a,_;), where L is the cav-
ity length, and AL is the cavity length change only due to
an acceleration a,_;. To measure the vibration sensitivity,
the laser light from a third independent cavity-stabilized
laser at 1064 nm was transferred to the platform of the
cubic cavities. The schematic diagram for measuring
the cavity vibration sensitivity is similar to that described
in Ref. [28]. Each time we purposely applied shake with
power spectral density (PSD) of 1073¢/+/Hz accordingly
along one of the z, y, and z axes to an active vibration
isolation platform where the cubic cavity was. When light
was resonant on the cubic cavity, the PDH-based fre-
quency discrimination signal from the cubic cavity was
measured on a fast Fourier transform (FFT) spectrum
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analyzer. The PSD of the PDH signal at the shaking fre-
quency was then scaled to laser frequency noise v,;, with
the slope of the PDH signal. Meanwhile, an accelerometer
measured the acceleration a, ; at the shaking frequency
along 7 = z, y, and z. Actually, the laser frequency noise
Uy, 18 induced by the accelerations along all three axes.
Therefore, vy, = [(S; X ay_y X 1p)* + (S, X @y, X vg)*+
(S, % a,_, x 19)?]>?, where v, is laser frequency. With
three equations obtained from three measurements (in
each measurement, an acceleration was applied to one
of the z, y, and z axes), we can deduce the sensitivity
of the cavity length to vibration along the z axis S, to
be 2 x 1071%/g and the sensitivities of the cavity length
to vibration along and perpendicular to the cavity optical
axis to be 9x107''/g and 2 x 10719/ g, respectively.
The measured vibration sensitivities are larger than the
simulation results, which may arise from the offset of
the light spot from the mirror center, the offset of the mir-
ror center from the center of the spacer, or unbalanced
supporting of the spacer. In normal operation, the cubic
cavities are placed on a passive vibration isolation plat-
form. When the vibration isolation platform is activated,
the PSD of the acceleration on the platform at a Fourier
frequency of 1 Hz is about 1 x 107%¢g/\/Hz. Thus, we
evaluate the total vibration-induced laser frequency noise
at 1 Hz to be 0.08 Hz/\/Hz, about the same as that
induced by the cavity thermal noise.

Besides vibration, other significant contributions such
as the light power instability and RAM are evaluated.
The power instabilities of the light incident into the
cavities are 2 x 1075 at 1 s averaging time. Since the sen-
sitivity of the cavity length to the change of incident light
power is about 25 Hz/pW at input light power of 10 pW,
the light power instability-induced cavity length fluc-
tuation is evaluated to be 2 x 10717 at 1 s averaging time.
To measure the contribution from RAM, the PDH-based
frequency discrimination signals, when the light is off
resonant, are monitored on a high-precision multimeter.
Those signals are then converted to laser frequency
fluctuation with the slope of the PDH signal. It shows
that RAM-induced laser frequency instabilities for both
cavities are 1 x 10710 at 1 s averaging time.

Based on the above analysis, we learn that vibration
and thermal noise contribute mostly to the laser frequency
noise. The thermal noise from two cavities on the same
cubic spacer is not correlated, while vibration noise is par-
tially common to both cavities based on numerical analy-
sis. The maximum correlation happens when vertical
vibration is fully common to both cavities and half of hori-
zontal vibration is common to both cavities. In this case,
the frequency instability of the beat note between two fre-
quency-stabilized 1064 nm lasers is 1/3 times less than that
measured between independent cavity-stabilized lasers.
When vertical vibration is uncorrelated to both cavities,
the frequency instability between two frequency-stabilized
1064 nm lasers is only 1/(3/2) times less than an indepen-
dent measurement.

Here, we evaluate the performance of two frequency-
stabilized 1064 nm lasers and the correlation between
them by measuring the frequency instabilities among
two frequency-stabilized 1064 nm lasers and an indepen-
dent cavity-stabilized 578 nm laser with better frequency
stability?). To cover the wide spectral range between
those lasers, an optical frequency comb is employed222Y.
The comb light is generated from a Ti:sapphire femtosec-
ond laser, and its spectrum is broadened in a photonics
crystal fiber, similar to that reported in Ref. [31]. The
carrier-envelope offset frequency of the comb is detected
with the collinear self-referencing 1{-2f technique, and it
is phase-locked to an RF synthesizer.

Figure 2(b) shows the experimental diagram. A portion
of the 1064 nm laser 2 is transferred to the 1064 nm laser 1
through a piece of PM fiber to generate a beat note f 1064
between two 1064 nm lasers. The light from the 578 nm
laser is transferred to the platform where the comb is. The
beat note f.575 between the 578 nm laser light and its
nearby comb tooth is detected and used to control the
comb repetition rate by adjusting the length of the
Ti:sapphire laser cavity. After being stabilized, each comb
tooth has a performance similar to the 578 nm laser.

The frequency of the beat note f 964 between one of the
1064 nm lasers and its nearby comb tooth was recorded on
a counter with a gate time of 1 s. The fractional frequency
instabilities of the beat notes are shown in Fig. 3 with
blue triangles (578 nm versus 1064 nm laser 1) and red
diamonds (578 nm versus 1064 nm laser 2). Since the
578 nm laser has a frequency instability of 3.5 x 107'6
at 1 s averaging time, we can deduce that the frequency
instabilities of two 1064 nm lasers are oy = 5.6 x 1076
and ¢, = 6.8 x 10716 at 1 s averaging time. The frequency
instability of f;, 194 (black circles) is measured to be 7.4 x
107%6 at 1 s averaging time. It is nearly /(3/2) times less
than that independently measured against the 578 nm
laser, (67 4 03)1/2 = 8.8 x 10716, This indicates vibration
along the z axis may be partially uncommon to the
1064 nm cavities on the same cubic spacer.

In conclusion, two 1064 nm lasers with frequency insta-
bilities of 5.6 x 107'6 and 6.8 x 1070 at 1 s averaging time
are demonstrated. Both the cavity thermal noise and
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Fig. 3. Laser frequency instability measurement.
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vibration contribute equally to the laser frequency noise.
Vertical vibration noise may be partially uncommon to
the two 1064 nm cavities on the same cubic spacer. The
frequency-stabilized lasers to the cubic FP cavities have
been transported to another room over 300 m at the same
building. After transportation, we connected all the elec-
tronics and relocked the laser frequencies to the cavities
without optical alignment. In the next step, the support-
ing of the cubic cavities will be modified to achieve an even
lower vibration sensitivity and better frequency stability.
Those laser systems will also be transported to other cities
for the measurement of the frequency ratios between op-
tical atomic clocks and applications in gravitational wave
detection.
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