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Abstract

Transportable ultrastable lasers (TUL) are the key parts of transportable optical clocks. In the previous works, TUL were
based on transportable optical cavities with lengths of about 10 cm, which limited the stability of the TUL to middle term
of 10716, In this work, we designed two transportable cavities with lengths of 30 cm and built two TULs with frequency
stabilities close to the thermal noise limit of the cavities. The cavities are mounted by squeezing with slim posts on symmet-
ric planes. The mounting method guarantees that the cavities are robust, transportable, and at low vibration sensitivities of
< 5% 107'9/g. The most probable linewidth of the beating between the two lasers is 0.14 Hz. The minimal instability of the
beating frequency is 2.0 X 107!, which happens at 0.5 s averaging time, and increases slowly to 3.2 x 107! at the averaging
time of 100 s. This result is more than 2 times better than previous reported TUL. The design of the cavities may promote

the research of transportable optical clock to the level of small coefficient of 1078,

1 Introduction

Ultrastable lasers are the essentials for precision spectros-
copy and fundamental physics measurements, e.g. optical
clocks [1-3], gravitational wave detection [4, 5], local Lor-
entz invariance demonstration [6—8]. An ultrastable laser is
built by locking of the laser frequency to the resonance of
a ultrastable Fabry-Pérot cavity. The stability of the ultrast-
able laser is fundamentally limited by the thermal noises of
the cavity [9—11]. Changing the material of cavity mirror’s
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substrates to fused silica (FS) glass, extending the length
of the cavity, and replacing the coating layers of the mir-
rors to crystalline coating [12] are the ways to reduce the
thermal noise of the room temperature cavities. Currently,
the long room temperature reference cavities for using in
the laboratory are with lengths of about 30 cm to 50 cm and
the corresponding instabilities of the lasers are 1.5 x 10716
t0 0.8 x 10716 [13-16].

For systems used outside of laboratory, e.g. transport-
able optical clocks [17-19], space optical clocks [20], space
gravitational wave detection [21-23], ultrastable lasers are
required to be transportable [24]. Therefore, the reference
cavities have to be fixed robustly and keep vibration insen-
sitive. There are several typical designs of transportable
cavities [25-28]. Because these transportable cavities were
with the lengths of about 10 cm, the thermal noise of the
cavity limited the modified frequency stability to a level of
> 3 x 10719 [28]. To obtain transportable ultrastable laser
with lower frequency instability, longer transportable cavi-
ties are required.

In this work, we present two ultrastable lasers based
on 30 cm transportable cavities with frequency instabili-
ties close to the cavities’ thermal noise limit and reach the
level of 1.4 x 107!6, The cavities are mounted by squeezing
on the symmetric planes in the three orthogonal directions
with slim posts, which guarantee the cavities are transport-
able and insensitive to vibration. Two stages of temperature
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stabilization are applied to the cavity system. One is on the
vacuum chamber and the other is inside it. The outer stage
supplies a stable temperature environment, while the inner
stage controls the temperature to the zero thermal expan-
sion temperature (ZTET) of the cavity. Brewster cut electro-
optic modulators (EOM) are used to supply a low residual
amplitude modulation (RAM) phase modulation for Pound-
Drever-Hall (PDH) frequency locking. The minimal Allan
deviation of beat frequency between them is about 2 x 10~!°
at the averaging time of 0.5 s. The most probable linewidth
of the beat signal is 0.14 Hz.

2 Design and properties of the cavity
system

The design and supporting method of the two cavities are the
same. The design of the cavity is shown in Fig. 1. The cavity
spacer is cut from a piece of standard grade ultra-low expan-
sion (ULE) glass cuboid with size of 300 x 100 x 100 cm?.
The cavity mirrors are made of FS glass to reduce the ther-
mal noise. ULE rings are attached to the outer side of the
mirror to compensate the thermal expansion of the mirrors
[29].

The cavities are highly reflective coated for 1064 nm. The
linewidths of the cavities were measured to be 1.6 kHz and
2.3 kHz, and the corresponding finesse were 310,000 and
220,000, respectively. The fractions of laser power coupled
into the cavity were 48 % and 35 %.

The supporting method follows the previous design on
the 10 cm transportable cavities [27, 30]. Three sets of slim
posts are used to mount the cavity by squeezing from 3
orthogonal directions. The cross-cavity supports are cut out
of the spacer, and the along-cavity supports are Invar stubs
glued on the spacer. Fluororubber balls are used as the buffer
between the posts and the spacer. Each set of posts limit the
movement of the cavity from one direction. The three sets
of posts limit the movement of the cavity from all directions.

Fig.1 Design and the supporting method of the cavity. The gray
color indicates the cavity. The green, blue, and red color sticks indi-
cate the supporting posts
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The shape and support of the cavity are symmetric
according the supporting center planes. The symmetric
design guarantees that the distance between the cavity mirror
centers (DCMC) is insensitive to acceleration in all direc-
tions. The mirror will tilt under the accelerations crossing
the cavity, which is minimized using finite element analyze
(FEA). A quarter of the cavity is used to perform the opti-
mization. The simulation results are shown in Fig. 2. Fig. 2a
shows the along-cavity deformation under a 1 g’s cross-
ing cavity acceleration in pseudo color. It shows that the
along-cavity displacement of the cavity mirror is less than
2 x 107" m under the acceleration. Fig. 2b shows that the
sensitivity of the DCMC is fluctuated at a level +5 x 107!2 /g
around 0, which was limited by the FEA model. Fig. 2c
shows that the slope of tilt sensitivity of the cavity mirror
versus the supporting position is about 6 nrad-g~'/mm and
the minimum tilt happens at around 90.5 mm from the center
of the cavity.

The beat frequency and the corresponding acceleration
variation with time are present in Fig. 3. From the figure,
the vibration sensitivities of the two cavities were calcu-
lated to be 2.4 x 10719/, 2.6 x 1071%/g, 4.4x 1071%/g;
3.1x10719/g, 2.7x 10719/, and 4.0 x 107'°/g for the
vertical, horizontal, and axial directions of the two cavities,
which were similar to that of stationary cavities.

The section view of the cavity mounted in the vacuum
chamber is shown in Fig. 4. The green color indicates the
supporting frame and aluminum plates covering the frame.
The supporting posts are fixed to the frame by threaded
holes. Squeezing force to the cavity is adjusted by control-
ling the depth of screws. The aluminum plates supply one
layer of thermal shield for the cavity, which build a mount-
ing box (MB) for the cavity. The MB is fixed to an active
temperature stabilization box (ATSB) (orange in the figure).
Two pieces of 1 mm thick Poly tetra fluoroethylene (PTFE)
layer are used to isolate the thermal contact between the MB
and the ATSB. The ATSB is placed on thermoelectric cool-
ers (TEC) for controlling the temperature of the cavity. The
other side of the TECs are attached to the bottom of the vac-
uum chamber (VC, blue in the figure). Another set of TECs
is placed under the chamber for stabilizing the temperature
of the VC. The size of the chamber is 480 X 265 x 228 mm>.
The total weight of the cavity with the chamber is about 41
kg.

The vacuum and thermal properties of the cavities
are similar. The vacuums of chambers are kept at about
2 x 1077 Pa by using 10 L/s ion pumps. The time constants
of the temperature transmission from the ATSB to the cav-
ity are about 50 hours. Homemade temperature controllers
are used to stabilize the temperatures. The stabilities at the
controlling points are shown in Fig. 5. One is on the vac-
uum chamber for supplying a stable temperature surround-
ing, which is stabilized to about 22 °C. The other is on the
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Fig.2 FEA result on a quarter
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Fig.3 Beat frequency variations (red line) and the corresponding
accelerations (blue dashed line) under disturbances along difference
directions. Left panel a is for cavity 1 and right panel b is for cavity 2

ATSB, which stabilizes the temperature to the ZTET of the
cavity (about 5 °C) to reduce the influence of temperature
fluctuation to cavity length. The stability of the temperature
at the controlling point of the ATSB is better than 100 uK.

3 Design and performance of the lasers

The optical setup of the ultrastable lasers is shown in
Fig. 6. It is mainly a standard PDH locking scheme [31].
Nd:YAG lasers are used as the laser sources. Efforts are
made to improve stability of the lasers. To reduce RAM

MB indicates the mounting box for the cavity. ATSB indicates the
active temperature stabilizing layer. VC indicates the vacuum cham-
ber
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Fig.5 Allan deviation of the temperatures at the controlling points

@ Springer



220 Page4of6

R. Xiao et al.

Fig.6 Schematic of the optical
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in the optical setup, temperature stabilized Brewster-cut
parallelogram electro-optic modulators (EOM) are used to
generate the PDH modulation [32, 33]. Optical isolators
are inserted between the EOM and the cavity to stop the
interference in the optical path. Additional photodetector
(PD) is used to detect the transmission power of the cavity
and feedback to stabilize the laser power in the cavity via
an acousto-optical modulator (AOM) to reduce the cav-
ity length variation caused by the heating effect of the
laser power. 2-stage proportional-integral-derivative (PID)
circuits are used to lock the laser frequency and power.
The residual frequency instability caused by the RAM,
frequency and power locking circuits are shown in Fig. 8c
as the green, olive, and purple lines. The voltage level of
these factors are similar. The different coefficients of volt-
age to frequency causes the different level on the equiva-
lent frequency stability. The residual frequency instabili-
ties are several times lower than the thermal noise limit of
the cavity. The optical setup is laid on an active-vibration-
isolation (AVI) table to isolate vibration from the floor.
The frequency instability caused by the residual vibration
is shown as the teal line in Fig. 8c. The vibration sensor
is AC coupled and can only be measured to about 1 Hz.
The outputs of the lasers were combined using a fiber
beam splitter for measuring their beat frequency and test-
ing the performance of the lasers. The beating frequency

between the two lasers was about 18 MHz, and the relative
drift was about -2.5 mHz/s.

The linewidth of the beating frequency was measured
using Stanford Research Systems SR785. The beat signal
was downmixed with a frequency synthesizer to about 50
kHz and sent to the SR785. The -2.5 mHz/s drift was com-
pensated using the sweep function of synthesizer. Each spec-
trum was captured with 32 s duration. The width of each
bin in the spectrum were 0.03125 Hz. Totally 262 spectra
were captured continuously. The spectra were fit with Lor-
entz function. The statistic of the FWHM of the spectra is
shown in Fig. 7a. The bar width in Fig. 7a is 0.025 Hz. The
most probable linewidth obtained using Gaussian fitting of
the statistic is 0.137 + 0.014 Hz. The spectra were center
overlapped and fit with Lorentz function. The result is shown
in Fig.7b. The average linewidth of the beat signal obtained
from the fitting was 0.192 + 0.001 Hz.

The beating frequency was recorded using a Keysight
53220A with gate time of 1 s for long-term measurement
and Microsemi 3120A with gate time of 1 ms for short-
term and phase noise measurement. A beating frequency
trace of 6 X 10* s measured by 53220A with linear drift of
—2.52 mHz/s removed is shown in Fig. 8a. It shows that the
beat frequency fluctuated in a range of +4 Hz. The fluctua-
tion was caused by the temperature fluctuation in the labora-
tory. The frequency noise of the beat signal calculated from
the 3120A phase noise measurement and the beat trace in

Fig. 7 Linewidth property of 40 T T oS T 1 T T T T T
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Fig.8 Characterization of beat frequency stability. a beat frequency
trace with linear drift of -2.52 mHz/s removed. b frequency noise of
the beat signal. The red line was calculated from the trace shown in
a. The blue trace was calculated from the phase noise measured by
3120A. ¢ Allan deviation of the beat frequency. The red line was cal-

Fig. 8a is shown in Fig. 8b. The Allan deviations of the trace
and the beating frequency measured by 3120A are shown in
Fig. 8c as the red and blue traces, respectively. The figure
shows that the Allan deviation of the beat frequency reaches
a minimal value of 55 mHz (2 X 107!9) at the averaging time
of 0.5 s, and slowly increases to 65 mHz (2.3 x 10716 and
90 mHz (3.2 X 10719) at the averaging time of 1 s and 100 s
respectively. With averaging time of longer than 50 s, the
Allan deviation is limited by room temperature fluctuation.
The frequency stability for each single laser is estimated to
be 1.4 x 1071%,1.6 x 107'% and 2.3 x 1076 at the averaging
time of 0.5 s, 1 s and 100 s, respectively, by dividing the beat
frequency stability with \/E

The two systems were built in the laboratory on the third
floor and then transported to the laboratory underground.
The lasers worked without any downgrade after the trans-
portation, which demonstrated the advantage of the design
compared with stationary designs.

4 Conclusion

In conclusion, we report two thermal noise limited ultrast-
able lasers based on two transportable 30 cm cavities. The
fractional frequency instability of each laser is 1.4 x 107!°
and 2.3 x 10716 at the averaging time of 0.5 s and 100 s.
The work demonstrated that the robust squeezing mounting
method did not bring observable noise limit to the 30 cm
room temperature cavity. The limit of the laser frequency

>
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I ! W\ 30.001
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Averaging time (s)

culated from the trace shown in a. The blue line was calculated from
a 10 minutes measurement using 3120A. The grey lines dashed in b
and ¢ were the estimated thermal noise limit of the beat signal which
was 2 X 10716, The other lines were estimated equivalent residual fre-
quency instability of the system

instability may be further reduced by replacing the coating
of the cavity mirrors with crystalline coating. The ultrastable
lasers are currently used as the reference lasers for our opti-
cal frequency comparison and conversion station [34, 35].
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