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The increasing performance of optical lattice clocks has made them attractive for scientific applications
in space and thus has pushed the development of their components including the interrogation lasers
of the clock transitions towards being suitable for space, which amongst others requires making them
more power efficient, radiation hardened, smaller, lighter as well as more mechanically stable. Here
we present the development towards a space-compatible interrogation laser system for a strontium
lattice clock constructed within the Space Optical Clock (SOC2) project where we have concentrated on
mechanical rigidity and size. The laser reaches a fractional frequency instability of 7.9 x 10~¢ at 300 ms
averaging time. The laser system uses a single extended cavity diode laser that gives enough power for
interrogating the atoms, frequency comparison by a frequency comb and diagnostics. It includes fibre
link stabilisation to the atomic package and to the comb. The optics module containing the laser has
dimensions 60 X 45 X 8 cm?; and the ultra-stable reference cavity used for frequency stabilisation with
its vacuum system takes 30 X 30 X 30 cm>. The acceleration sensitivities in three orthogonal directions
of the cavity are 3.6 x 1071%/g, 5.8 X 107'%/g and 3.1 x 10~%/g, where g ~ 9.8 m/s? is the standard
gravitational acceleration.

Narrow linewidth lasers with ultra-high stability are in great demand for many fields of science like fundamental
physics'? (e.g. test of Lorentz invariance® or Einsteins theory of General Relativity*), metrology>‘, communica-
tion” and astrophysics®. With optical clocks in space, test of the gravitational red shift, of the Einstein Equivalence
principle® at a much higher level of accuracy as compared to ground, and relativistic geodesy can be widely
applied by observing the gravitational potential of a portable ground clock in comparison to a master clock in
space’®.

Recent technological developments of optical lattice clocks have pushed the boundaries towards making them
not only more robust but also smaller and more portable!>'2. As part of that development there is a need to make
a narrow linewidth laser for spectroscopy of the clock transition that follows this trends. The most important
part of such a laser is a reference cavity that defines the stability of the laser as well as its linewidth. To achieve
this, the cavity should be insensitive to the external factors such as vibrations or temperature fluctuations. Some
efforts have been made in this direction with new designs targeting force-insensitivity’*-!¢, compactness and
transportability!” and space readiness'®. The importance of such lasers was boosted by European Space Agency
(ESA), which has launched the Space Optical Clock (SOC) projects, developing next generations of mobile lattice
clocks towards space applications. Strontium was chosen for both SOC and SOC2 iterations of the project!!1*20
and thus it was necessary to develop the clock laser operating specifically at the frequency of the 429-THz clock
transition in strontium.

The clock laser is used for the interrogation of the clock transition (natural linewidth 1.2 mHz*!) and there-
fore it needs to have an intrinsic narrow linewidth. This ultra-high stability of the laser’s frequency is typically
obtained by stabilising it to a high finesse Fabry-Pérot cavity. As the fractional frequency stability is equal to the
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Figure 1. Fractional Allan deviation (linear drift removed) of a beat note against stationary system. Blue
circles indicate a full 24 h measurement with a minimum instability of 2.5 x 10~'% in 1s. The best 1 hour slot
within the 24 hour measurement is plotted with green squares with a minimum of 7.9 x 107 in less than 1.
The estimated thermal noise limit for the cavity is 5 x 107!, as presented by red-dashed line.

fractional length stability of the optical cavity, the cavity mirrors are rigidly separated by a highly length-stable
spacer, made for example of ultra-low expansion glass (ULE), making it less sensitive to temperature instabili-
ties. In addition, thermodynamic fluctuations of the mirrors fundamentally limit the cavity stability??, with the
Brownian thermal noise being most significant, which sets additional requirements on the material of the spacer,
the mirror substrates and the mirror coatings. Moreover, the cavity should be as insensitive as possible to external
vibrations that would change the distance between the mirrors.

In this paper, we report on the design and characteristics of a clock laser system, which is the next iteration
in the pursuit of space applications. To our knowledge, this is the first clock laser system for a strontium optical
lattice clock, where the reference cavity is based on a design by space industry, presented by Argence et al.'8. The
cavity features an optimised size, rigid construction that is designed to withstand large rotations and vibrations,
e.g. during launch, as well as reduced power consumption. In this paper we discuss the sensitivity of the cavity to
accelerations, laser power sensitivity and present the overall stability of the reference resonator. In addition, we
report on the construction of a compact clock laser system that is powered with a single diode laser that provides
sufficient power via optical fibres for frequency stabilisation to the optical cavity, atom interrogation of the clock
transition (429 THz 'S, — P,) and optical frequency comb referencing. A fibre length stabilisation is included on
latter two, while it was not found necessary to stabilise the short and well protected fibre link to the cavity.

Results

Stability. We employ a 10cm long ULE cavity with thermally compensated fused silica mirrors (please refer
to ‘Methods — Optical cavity’ section for details), leading to an estimated thermal noise fractional frequency
instability level of 5 x 10716, The stability of the laser was assessed by comparing it to a reference stationary clock
laser system, based on an ultra-stable long cavity, that was operating at the same frequency. This reference laser
has an instability below 1 x 1076 at averaging times from 1s to 1000s and is described in detail by Hafner et al.?>.
During an uninterrupted lock period of 24 hours, the beat note was recorded with a deadtime-free frequency
counter. Because the reference laser has an instability well below the laser under test, the instability of the meas-
ured beat note between the two lasers completely reflects the stability of the examined laser. The frequency data
was processed by removing the linear drift first, as it can be easily compensated for using an acousto optical mod-
ulator (AOM) in the working clock setup. To express the fractional laser frequency instability we use the Allan
deviation, which reached 2.5 x 10~"* in 1's for the 24 hour measurement (Fig. 1 blue circles). To assess the smallest
achieved instability of the laser, a script was written to find the most stable 1 hour slot in the 24 hour measure-
ment. The green squares in Fig. 1 present Allan deviation for the best 1 hour slot, which reaches a minimum of
7.9 x 107 in less than 1s, close to the estimated thermal noise limit of 5 x 10~!¢. Thanks to the reference laser
being part of a working strontium lattice clock, we could assess a long-term drift of the laser frequency under test
to be 0.1 Hz/s over a period of nine months due to ageing of the spacer material and up to 0.4 Hz/s within 100s,
most likely from the temperature drifts or residual pressure fluctuations.

Acceleration sensitivity. We measured the influence of accelerations on the resonance frequency of the
cavity by recording the beat note while performing a set of rotations to align the different axes with the gravita-
tional acceleration vector, effectively changing the acceleration by the gravitational acceleration g=9.8 m/s%. A
coordinate system assigned to the cavity is presented in Fig. 2(a). A rotation performed to measure acceleration
sensitivity along the Z axis is presented in Fig. 2(b).

To measure the sensitivity along the Z axis, the cavity was turned upside down to change the acceleration value
along the axis from —g to g leaving the acceleration along the other axes unchanged. The value of the acceleration
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(a)

Figure 2. (a) Coordinates assigned to the cavity (top view). Grey colour is the breadboard on which the cavity
vacuum chamber stands, the blue circle shows the body of the cavity and the red circles indicate the positions
where the cavity is supported (please refer to ‘Methods — Optical cavity’ section for details). (b) Figure
presenting the procedure of measuring the acceleration sensitivity along Z direction. The laser stayed locked
to the cavity while the resonator was turned by 180° along X axis. The beat note against stationary system was
recorded with a frequency counter and is visible on a spectrum analyser on top of each frame with a red arrow
pointing at the peak. The span of the spectrum analyser is 1 MHz.

sensitivity was calculated from the observed frequency shift of the beat note to be —3.6 x 1071%g in fractional
frequency units.

With the value of Z acceleration sensitivity known, X and Y directions were measured rotating the resonator
by 90° so that the acceleration along the Z axis becomes zero while it equals g along the other axis. We found an
acceleration sensitivity along the X axis equal to —5.8 x 1071%/g and along the Y axis equal to —3.1 x 1071%/g.

As mechanical nonlinearities in the cavity mount may influence these large-acceleration results, we did addi-
tional measurements for small tilts along axes X" and Y/, which are rotated by 45° around the Z axis. The tilt angle
was +2.7° that gave the sensitivity values of —2.0 x 107'!/g for X" and —3.5 x 107'%g for Y, being more appropri-
ate for the small accelerations during operation. Because of the small sensitivity along X', a value for the vertical
sensitivity Z could also be obtained from the observed quadratic dependency of the frequency on the tilt, which
is in good agreement with the value obtained from flipping the cavity and equal to —2.4 x 1071%/g. The cavity is
mounted by three-point support fixing, which provides different symmetry for perpendicular axes. For a perfect
three-fold symmetry of the cavity and its mounting, zero sensitivity in all directions would be expected. Thus,
we attribute the observed difference in sensitivity for X and Y direction to tolerances and imperfections in the
mechanical setup, and the geometry of the cavity.

Power sensitivity. Laser power fluctuations cause changes in the clock laser’s frequency due to the light
being absorbed by the mirrors. The absorbed power causes heating and deformation of the mirror coating and
substrate, leading to distance change between the mirrors. We investigated the effect using the same ultra-stable
stationary clock laser system as a reference. We applied a square modulation to the amplitude of the laser power
incident on the cavity, while measuring the beat note against the stationary system. The modulation ampli-
tude was AP=0.5 W, measured on the transmitted laser power and the modulation period was 20s. As the
timescales under consideration are much larger than the photon lifetime inside the cavity (73, ~ 25 ps), we can
assume that the power inside the cavity instantaneously follows the incident power. The averaged beat note
frequency with the linear drift removed is presented in Fig. 3. The red curve is a double exponential fit f(t) =
AP(A, exp(—t/T)) + A, exp(—t/T,)) + C. The value of the power sensitivity was calculated from the asymptote of
the fit and is equal to 180 Hz/uW or 4.2 x 1073/ W in fractional frequency units. The fitted double exponential
function gives us both a long time constant (7, =2.9s) and a short one (7,=0.23s). For the sensitivities, we find
A, =—72Hz/uW for the long-term effect and A, = —104 Hz/p«W for the short-term. We believe that the short and
long-term exponentials represent thermal diffusion across the cavity-mode diameter and across the free standing
mirror diameter respectively, which was studied with respect to the photo-thermal effect by Farsi et al.?.

To reach a 101 fractional frequency instability level the transmitted power of 1.5 tW has to be stable at a level
of approximately 3.5nW, or 2.3 x 1072 in relative power. Experimentally, we found large power fluctuations due to
both the spatial mode filtering with a fibre and the laser amplitude fluctuations. To reduce this effect we stabilise
the transmitted power by using a double-pass AOM. The Allan deviations with and without power stabilisation
are presented in Fig. 4 and show slight improvement for averaging times 7 bigger than 100 ms. This reduction is
much less than what is expected from the in-loop reduction of the power fluctuations. We attribute the difference
to relatively high pressure level inside the vacuum chamber (2.5 x 10~®mbar) or additional fluctuations appearing
between the cavity and the photodetector, from air currents and spurious interferences.
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Figure 3. Averaged change in the optical frequency of the clock laser as a result of power modulation of the
light injected to the cavity. Initially the power on the input was reduced for 10s by AP=0.5 ;W with a square
modulation as measured on the cavity transmitted power. The red line shows a double exponential f(t) = AP
(A, exp(—t/T)) + A, exp(—t/T,)) + Cfitted to the drop and the rise. Parameters obtained from the fit are A, =
—72Hz/uW, A,= —104Hz/uW, 7,=2.9s and 7,=0.23s.
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Figure 4. Fractional Allan deviation of the laser under test with power stabilisation on (blue circles) and
power stabilisation off (green squares). As the cavity’s resonance frequency is affected by power fluctuations
of the injected light due to photo-thermal effect, the stability is improved by active stabilisation of the power
transmitted by the cavity.

Pressure sensitivity. During the measurement, the pressure inside the vacuum chamber stayed at a level
of 2.5 x 107° mbar with about 10% fractional fluctuations. Using the modified Edlén formula for the refractive
index of air®®, we estimate the refractivity of air at a pressure of 1 mbar to be at n — 1 =2.7 x 10~7. The calculated
pressure sensitivity at this pressure level is —120 Hz/10~® mbar or —3 x 107'*/10~°mbar in fractional frequency
units. To see how the pressure fluctuations affect the frequency measurement, we have recorded the pressure
inferred from the ion pump current. From the recorded data, we have calculated the corresponding frequency
fluctuations and the Allan deviation (Fig. 5). The calculated Allan deviation is compared with the Allan deviation
of a measured laser frequency in the right panel of the Fig. 5. The calculations indicate that pressure changes may
be the limiting factor for the stability of our setup. During the periods of lower frequency instability, the vacuum
pressure was probably more stable or at a lower level. The relatively high pressure level is caused by leaks on the
flange of the vacuum chamber that will be fixed in the near future.

Discussion
Overall, the laser shows a sufficiently good performance with an instability below 10~** with a low long-term
drift and it can be successfully used as a part of an optical lattice clock. The advantage of the laser is its modular
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Figure 5. (left) Simulation of frequency fluctuations based on measured pressure fluctuations inside

the cavity’s vacuum chamber and the corresponding fractional Allan deviation (right, blue circles) with
linear drifts removed. The frequency was simulated assuming the refractive index of air for the residual gas of
(n—1)/p=2.7 x 10~ 7/mbar. (right) The green squared line shows the fractional Allan deviation of a measured
frequency of the laser that was taken on the same day as the pressure measurement.

construction and stabilised fibre-link ports embedded in the laser distribution module, which keep the trans-
ferred optical frequency stable between the modules despite the acoustic noise and temperature fluctuations. The
reference cavity also features a reliable fixing mount that is believed to withstand rocket launch and yet is more
cost effective compared with its archetype!®. The whole setup is designed to lower the power consumption by
using components that are temperature stabilised closely to room temperature.

The pressure inside the vacuum chamber seems to have the largest influence on the stability of our setup
and in future, it must be improved in order to operate the clock. As long as the pressure is at the 10~®mbar level,
its fluctuations will have a dominant influence on the stability of the laser. By lowering the pressure down to
10~7mbar these contributions should drop below the thermal noise limit. Although the previous SOC iteration of
the clock laser had slightly better stability'4, we believe that our setup can be improved beyond that level by fixing
the leaks in the cavity vacuum chamber.

The acceleration sensitivity is of the order of 3 x 107'%/g for its upright position, which is one order of magni-
tude higher than in the original design presented by Argence et al.'® (4 x 10711/g) or the alternate designs pre-
sented by Nazarova et al.’® (3.3 x 107!!/g) and Webster et al.’® (2.5 x 107'1/g). The current design might be more
sensitive to acceleration because of the fixing where e.g. the inner heat shield is connected to the cavity mounting
ring. It is believed that the acceleration sensitivity might be improved by one order of magnitude by improving the
mounting. Additionally, it is possible to compensate for the frequency change caused by acceleration, by applying
an active feed-forward that was presented by Leibrandt et al.'®. The large microvibrations on the International
Space Station (ISS) are on the level of mg/~/Hz around one Hz, but they can be reduced to the jig/~/Hz level by
active isolation like the Microgravity Vibration Isolation Subsystem (MVIS) that is currently used on the 1SS%’.
Thus the thermal limit of the laser stability of 5 x 107!¢ can be reliably reached. In addition, with low thermal
noise crystalline mirrors that are now becoming available?, for the same cavity size stabilities of 2 x 10716 are
possible, less than a factor of three away from the best stationary laser systems. Already with the current laser
stability, similar to results from stationary clocks?, a clock instability in the range of 107 at one second averaging
time is expected.

Methods

Laser head. The laser head that is used in the setup is a fibre-coupled interference-filter-stabilised exter-
nal-cavity diode laser (ECDL)* that was developed for compactness and robustness. The 10 cm long external res-
onator provides an intrinsic narrow fast laser linewidth of less than 10 kHz (free-running, Lorentzian linewidth).
With a wavelength-selected AR-coated laser diode the strontium clock laser can be operated with diode-laser
temperature close to room temperature while delivering 15 mW power at the fibre output.

The laser design is presented in Fig. 6(a) and consists of an aspheric lens with f= 3.1 mm that collimates the
output beam of the laser diode. Another aspheric lens with f=18.4 mm is used as a cat’s eye to focus the beam
onto the out-coupling mirror that is glued to a piezo stack. Inside the laser cavity, a 1 nm FWHM (Full Width at
Half Maximum) interference filter on a rotation mount provides laser wavelength selection. A third lens, which
is identical to the one of the cat’s eye, recollimates the laser output beam. The reflectivity of the out-coupling
mirror is 30%. For temperature stabilisation of the laser diode we use a Peltier element. The laser housing is
also stabilised to a few degrees Celsius above room temperature using additional Peltier elements between the
laser housing and the base plate. The laser output light is fed through a 40 dB optical isolator and coupled into a
polarisation-maintaining single-mode fibre with FC/APC connector that acts as a mode filter to provide a filtered
Gaussian-shaped beam to the distribution module.

Distribution module. Inside the distribution module, the light from the fibre is collimated and split into
three branches as shown in Fig. 6(b). The first branch passes through a double-pass AOM and then through a
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Figure 6. (a) Drawing of the external cavity diode laser (ECDL) with an interference filter (FI) for wavelength
selection. (DL-laser diode, LC-collimating lens, L1-focusing lens, OC-output coupler, PZT-piezo-electric
transducer, L2-re-collimating lens). (b) Overview of the distribution module. Light from the ECDL is coupled
into a fibre for spatial mode filtering and split at the output for three different beams. One beam after double-
passing an acousto optical modulator (AOM1) is sent through a fibre-coupled electro optical modulator (EOM)
to provide frequency modulation sidebands for the Pound-Drever-Hall (PDH) locking. The second beam passes
through AOM2 and is coupled into a fibre for reference with an optical frequency comb (OFC). The third beam
passes through AOM3 and is coupled into a fibre that will transfer light into the atomic package. After both
fibres there are half-reflecting mirrors that couple part of the light back into the fibres. Photo diodes (PD2 and
PD3) are used to detect the beat note of the reflected light with the original beam before the AOM’s. The beat
note signal is sent to frequency length stabilisation (FLS) servo that compensates for phase fluctuations in the
fibre link with an AOM.

fibre-coupled EOM, and is used for locking to the high-finesse cavity with the Pound-Drever-Hall method. The
second beam passes through an AOM into a fibre that connects to the atomic package for the clock spectroscopy.
In the present investigations, this output was used to compare the laser with a reference laser for characterisa-
tion. After the fibre, a small amount of light is reflected back into the fibre. The reflected beam passes once again
through the AOM and then it is superimposed with a reference beam before the fibre. The resulting beat note is
used to compensate for any phase-shifts that arose in the fibre. The third beam is sent through a fibre to the optical
frequency comb. That fibre is similarly compensated with its own AOM. The same reference beam splitter and
the same reference mirror are used for the two fibre noise cancellations to avoid any out-of-loop paths and corre-
sponding frequency offsets between atoms and comb.

Optical cavity. The ultra-stable cavity was designed with the goal of minimising the thermal noise, vibration
sensitivity and temperature sensitivity. As presented in Fig. 7, the resonator is oriented vertically, which has the
advantage of significantly reducing the influence of seismic noise along this direction’'. Halfway along the spacer
is a cylindrical shoulder with a length of 7 mm for mounting. The cavity is mounted on this central shoulder by
screws with Belleville washers on three thin titanium legs* leading to a configuration where the cavity is rigidly
constrained in the vertical direction. The three legs are flexible only in the radial direction, which avoids radial
stress and corresponding deformations on the cavity while still providing a kinematically rigid mount. From the
fact that the coupling to the cavity did not change significantly, when the setup was rotated by 90° we estimate a
gravitational sag of less than 20 ;sm and thus a first mechanical resonance frequency for radial motion of more
than 100 Hz. The spacer is made of ULE glass with a 110 mm diameter. Finite element simulations show that a
horizontal, x-y plane acceleration mainly induces a tilt of the cavity mirrors, with corresponding vibration sensi-
tivity coefficients k. and k” that are non-zero if the optical axis and the mechanical axis are not perfectly aligned.
Both the magnitude and sign of the tilt depend on the aspect ratio (i.e. length/diameter) of the cavity. A spacer
length L =100 mm was chosen as it minimises the mirror tilt from horizontal accelerations®'. Ideally, the vertical
vibration sensitivity k* should be zero from symmetry considerations, as the forces on the shoulder act from the
top and bottom surface on the symmetrically located mounting ring.

The resonator is formed by a flat mirror and a mirror with a 1 m radius of curvature, which leads to respective
1/e* mode radii of 258 um and 272 um at 698 nm. The dielectric coating of the mirrors is deposited on fused
silica substrates in order to reduce the contribution to the thermal noise. For the assembly, the corresponding
laser instability is estimated to be around 5 x 107!, The mismatch between the CTE (Coefficients of Thermal
Expansion) of the spacer (ULE) and the mirrors substrates (Fused Silica) must be compensated for, to avoid
degrading the temperature insensitivity of the cavity. For this purpose, an ULE annulus is optically contacted to
the back of each mirror to limit the expansion of the substrates®. Additionally, the influence of external tempera-
ture fluctuations is reduced by enclosing the cavity in three aluminium shields that are plated with gold in order to
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Figure 7. (left) Cut through the vacuum system containing the ultra-high finesse optical cavity used to
stabilise the clock laser. The spacer of the cavity is made from Ultra Low Expansion (ULE) glass to which
fused silica mirrors with thermal compensation rings are optically contacted. The cavity is mounted on three
titanium legs and surrounded by two gold plated aluminium shields and the gold plated aluminium vacuum
chamber. The outer heat shield is connected to a temperature-stabilised copper thermal feedthrough, which is
temperature stabilised with a thermoelectric cooler. The vacuum chamber is pumped by a 21/s ion pump and a
non-evaporable getter. Laser beam is coupled from the top and the transmitted signal leaves the cavity through
the bottom viewport. (center) Details of the mounting of the cavity with view on the inner heat shield.

(right) Detailed cut of the mounting of the cavity and the inner heat shield to the titanium legs.

minimise their emissivity. The outermost shield forms the vacuum chamber, which is pumped by a 21/s ion pump
and a non-evaporable getter that are designed to maintain the vacuum in the 10~ mbar range. This pressure is
limited by the outgassing rates of the employed materials. The intermediate shield is temperature-regulated at the
level of millikelvin by a copper finger and a Peltier element.

The vacuum chamber with the cavity inside is placed on an active isolation platform to minimise the influence
of the ambient vibrational noise.
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