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Abstract: BOOST (BOOst Symmetry Test) is a proposed space mission to search for Lorentz
invariance violations and aims to improve the Kennedy-Thorndike parameter constraint by two
orders of magnitude. The mission consists of comparing two optical frequency references
of different nature, an optical cavity and a hyperfine transition in molecular iodine, in a low
Earth orbit. Naturally, the stability of the frequency references at the orbit period of 5400 s
(f=0.18 mHz) is essential for the mission success. Here we present our experimental efforts to
achieve the required fractional frequency stability of 7.4 x 1071 Hz~/? at 0.18 mHz (in units
of the square root of the power spectral density), using a high-finesse optical cavity. We have
demonstrated a frequency stability of (9 + 3) x 10~ Hz~!/2 at 0.18 mHz, which corresponds
to an Allan deviation of 1074 at 5400s. A thorough noise source breakdown is presented,
which allows us to identify the critical aspects to consider for a future space-qualified optical
cavity for BOOST. The major noise contributor at sub-milli-Hertz frequency was related to
intensity fluctuations, followed by thermal noise and beam pointing. Other noise sources had
a negligible effect on the frequency stability, including temperature fluctuations, which were
strongly attenuated by a five-layer thermal shield.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Optical cavities are essential to many high sensitivity measuring techniques and experiments
where lasers with high frequency stability are needed. The required fractional stability and the
frequency range of interest are diverse and span from values close to (in units of the square
root of the power spectral density, PSD) 1077 Hz~!/? at short time scales in atomic clocks
[1-6] to 10713 Hz~!/? at long time scales in space based laser interferometers such as the future
gravitational wave detector LISA (Laser Interferometer Space Antenna) [7], the LRI (Laser
Ranging Interferometer) on GRACE Follow-On (Gravity Recovery and Climate Experiment
Follow-On) [8,9] and the next generation of gravity field missions [10]. Applications in future
GNSS (Global Navigation Satellite Systems) concepts [11,12] will also benefit from optical
cavities exhibiting stability levels in the 107'5 Hz~!/2 range at time scales of seconds. High-
stability frequency references are also key elements for tests of fundamental physics such as
detection of violations of Lorentz invariance [13—15] through Michelson-Morley (MM) [16,17]
and Kennedy-Thorndike (KT) [18,19] experiments. Satellite missions STAR, mSTAR and
BOOST [20-23] have been proposed for such purposes. BOOST consists of comparing two
highly stable frequency references based on completely different mechanisms, i.e., an optical
resonator and a hyperfine transition of molecular iodine [24,25] in a low-Earth orbit. The
experiment in space has the potential of improving the KT parameter constraint, with respect
to on-ground experiments, by up to two orders of magnitude since its value is proportional to
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2/ 0(2) where v is the velocity of the cavity relative to the rest frame and ¢y the speed of light. The
hyperfine transition of the iodine molecule is, at first order, independent of ¥. Thus, the frequency
of the beat signal between both references should be sensitive to Lorentz invariance violations, if

any exists. A crude estimate of the required fractional frequency stability, S(lsf, 2/‘/’ for a given KT
parameter uncertainty, agr, is calculated as
1/2 2o llvsel VT meas. - 13 ¢7.-1/2
S o) S axr = g = 3x 107 Hz (1)

0

where [Vo| ~400kms™! is the solar system (plus Earth) velocity with respect to the Cosmic
Microwave Background (CMB) [26], [Vsc| ~7.5km s7! is the spacecraft modulating velocity at
the orbit period, 5400 s, SNR=1 is the signal-to-noise ratio and Tineas =365 days is the measurement
duration. The frequency stability is required at fy = 1/5400s = 0.18 mHz. In Eq. (1) we have
considered axt = 7.5 X 10719, which is about two orders of magnitude better than current values
from ground experiments [19].

In this paper we describe the experimental efforts to achieve the frequency stability compatible
with the BOOST requirement [23] using an optical cavity. It has been set to 7.4 x 10~ Hz~!/2
at 0.18 mHz, which poses a serious challenge due to the very low frequency of interest. For
comparison, the requirements of other cavities working in the low frequency range, e.g., the
LRI [27,28], LISA [29] and the next generation of gravity field missions [30,31], are in the
10719 Hz"'/2 levels at 0.18 mHz, i.e., 1000 times less demanding.

The paper is organized as follows: Sec. 2 describes the cavity set-up, i.e., the actual resonator
together with the locking scheme, its mechanical mount and thermal shields. The latter is
described in detail in Sec. 3 together with an experimental characterization of its transfer function
in the frequency domain and the determination of the zero-crossing coefficient of thermal
expansion (CTE) of the cavities. Section 4 presents the frequency stability results together with a
detailed noise sources breakdown. The results are compared to the requirements and assumptions
made for the BOOST mission. The system is characterized in the frequency range from 1 yHz to
1 Hz since some of the findings might be of interest for other future missions and experiments.
Conclusions and future prospects are given in Sec. 5.

2. Set-up description

An 8.7cm cubic optical cavity based on the National Physical Laboratory (NPL) design
[32] has been chosen as frequency reference. Its theoretical thermal noise limit [33,34] is
3.1x10716f~1/2Hz=1/2 (3.7 x 10716 in Allan deviation), which corresponds to 2.3 x 10714 Hz~1/2
at 0.18 mHz —see Sec. 4, i.e., a factor of three below the BOOST requirement. The cavity spacer
is made of ultra-low expansion (ULE) glass with fused silica mirrors with ULE compensation
rings optically bonded to its ends to achieve a zero-crossing CTE around room temperature [35,36].
Dielectric coated mirrors (SiO,/Ta,O5 layers deposited by ion beam sputtering) provide a finesse
of ~400000. The ULE spacer is rigidly mounted by four supports in a tetrahedral configuration,
which makes it insensitive to forces with a maximum coupling factor of 2.5 x 1071? 1/(m s™2)
[32]. The cavity and its mount are surrounded by five layers of thermal shields described in
Sec. 3. The outermost layer of the shields include active temperature stabilization by means
of Peltier elements and negative temperature coefficient (NTC) thermistors. The system is
enclosed in a vacuum chamber and kept at a pressure of 10~/ mbar using an ion getter pump. A
breadboard rigidly connected to the vacuum chamber contains the optic components for mode
matching and the Pound-Drever-Hall (PDH) frequency stabilization technique [37]. A second
breadboard with photodetectors for intensity stabilization is placed in the cavity’s transmission
port. An external breadboard contains a 1064 nm non-planar ring oscillator (NPRO) laser with
two frequency actuators (piezo and crystal temperature), an electro-optical modulator (EOM)
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for PDH side-bands generation, a voltage controlled optical attenuator for intensity stabilization
and a pick-off for a beat measurement. The connections between the breadboards are done via
optical fibers. The frequency and intensity stabilization control loops are implemented in a field
programmable gate array (FPGA) together with 16-bit analog-to-digital converters (ADCs) and
digital-to-analog converters (DACs) operating at a sampling frequency of ~650 kHz. The set-up
is replicated to be able to characterize one against each other by means of beat measurements. A
drawing, photos of the cavity and the thermal shields and a schematic of the set-up are shown in
Fig. 1.

(a)

PD
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PD
ac. chamber (closed=loop)
Cavity :
Camera | !
L J |
|
B d | Shields !
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cavity set-up w < JADC | o
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Fig. 1. (a) Drawing of the set-up. It includes the vacuum chamber, the five-layer thermal
shields and the 8.7 cm cube cavity. The outermost shield includes Peltier elements that
are connected to the vacuum chamber through heat pipes. The breadboards in the front
and the back contain the input optics and the photodetectors in transmission (not shown
for clarity), respectively. (b) 8.7 cm ULE cavity and tetrachedral mount. (c) Outermost
thermal shield layer with Peltier elements (covered by adapters) and heat pipes. (d) PDH
frequency stabilization scheme. ADC: analog-to-digital converter. BS: beam-splitter. DAC:
digital-to-analog converter. EOM: electro-optical modulator. LPF: low-pass filter. PBS:
polarizing beam-splitter. PD: photodetector. PID: proportional-integral-derivative controller.
VOA: variable optical attenuator. A/4: quarter wavelength plate.
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3. Thermal shields design and characterization

Temperature fluctuations are one of the largest sources of technical noise at frequencies below the
milli-Hertz level because they induce cavity length fluctuations due to the CTE. Consequently,
the design of the thermal shields is crucial to reach frequency stability close to the thermal noise
limit at 0.18 mHz. The required attenuation is calculated as:

12
1 8)req.(f)
|His(Nl < — 73— @)
@ 5%(p)
where SlTé 2 and Sll,,/riq_ are the thermal shields outermost layer temperature fluctuations and

the relative frequency fluctuations requirement expressed as the square root of their PSDs,
respectively. « is the effective CTE of the cavity. Following a conservative approach, the shields
were designed assuming a CTE of @ =~ 10~ K~!, which is the expected one for the cavity without
compensation rings [35]. The temperature control in the outermost layer allowed temperature
stability levels of 1 mK Hz~!/2 and the frequency fluctuations due to temperature effects were set
to be 10 times below the fundamental thermal noise limit, i.e., S‘l,,/r%q' < 2.5x 10" Hz" /2, Such
settings resulted in a required attenuation of |Hrs| < 2.5 x 107 at 0.18 mHz.

The thermal shields were designed taking into account radiative and conductive heat transfer
without considering the damping effect of the cavity spacer itself [38]. The adopted design
consisted of five 3 mm-thick aluminium layers separated by four 10 mm-long polyether ether
ketone (PEEK) hollow cylinders (4 mm and 8 mm inner and outer diameters, respectively) on
each side in order to be mechanically stiff and withstand vibration and shock tests. The shields
have apertures 5 mm in diameter for the laser beam to reach and leave the cavity. The outermost
layer is a 236 mm cube and includes a Peltier element and NTC thermistors on each of the six
sides. The Peltier elements used the vacuum chamber as a heat sink through a set of heat pipes
as shown in Fig. 1. Large temperature changes (between +10°C and +50°C) in the outermost
layer were possible, which were convenient to determine the shields transfer functions and the
zero-crossing CTE temperature —see Sec. 3.1.

Unlike in previous works [39,40], the thermal shields were characterized in the frequency
domain by applying sine sweep signals in the outermost layer. The signals exhibited a wide
spectrum spanning from about 1 yHz to 1 mHz. The transfer function between the outermost
layer and the j-th layer was calculated as:

10)
To(f)’

where T}(f) is the Fourier transform of the temperature measured at the j-th layer. Note that j = 5
corresponds to the actual cavity. However, the transfer functions for the inner layers could not
be measured for frequencies higher than tens of Hz. The reason was not the lack of SNR but
the thermal leakage through the electrical cables to the actual temperature sensor head. Such
limitation is shown in the dashed gray traces in Fig. 2 (top), which correspond to the heat transfer
function of the sensors’ cables. In order to measure the overall transfer function, Hy—s(f), at
higher frequencies, the ULE cavity was replaced by an exact replica made of aluminium alloy
7075, which has a well-known and large CTE at room temperature (aa; = 23.5 X 10°°K™!
[41]), and thus can be used as a temperature sensor [39,42]. The 1064 nm laser was locked
to the aluminium cavity using the set-up shown in Fig. 1. A second laser with 1064 nm and
532 nm outputs was locked to a hyperfine transition of the iodine molecule near 532 nm. A beat
measurement was established between the lasers. Its frequency is proportional to temperature
changes in the cavity provided temperature dominates the measurement. This was the case due to
the large aluminium CTE, the large induced temperature variations and the excellent frequency

Ho_;(f) = j=12...,5 3)
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stability at long time scales of the unperturbed hyperfine transition of the iodine molecule. The
transfer function was estimated as

1 ()

aavo To(f)

where v and v are the absolute laser frequency (~282 THz) and the Fourier transform of the beat
frequency, respectively. As a measurement validation, the aluminium cavity CTE was inferred by
comparing the read-out of a thermistor glued to the aluminium cavity with the beat signal in the
very low frequency regime (~ uHz). Its value was 24.2x107¢ K~!, which is within 3% of the
expected one.

Ho_s5(f) =

(4)
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Fig. 2. Top: transfer functions of the layers of the thermal shields. Bottom: coefficient of
thermal expansion. The zero-crossing temperatures are (20+0.35)°C and (23.4+0.03)°C for
each cavity, respectively. The larger uncertainty in the former is due to the extrapolation
needed since the actual zero-crossing temperature was not reached by the temperature sweep.

The transfer functions are shown in Fig. 2 (top). Black lines correspond to experimental values.
Temperature sensors provided values from 2 uHz to 30 uHz for Hy—34,5 and up to 300 uHz for
the first layer, Hy_,;. The thermistor in the second layer exhibited a faulty behavior that prevented
us to measure above 20 uHz. Ochre traces are the fits using the model described in [38]. The
free parameters of the fits were the aluminium emissivity and the PEEK thermal conductivity.
Their values were in good agreement with the theoretical ones (0.05 and 0.2 W m~! K~ for the
emissivity and thermal conductivity, respectively). The black trace between 70 uHz and 1 mHz
corresponds to the transfer function measured using the aluminium cavity and, clearly, does not
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agree with the expected one. This is likely due to the apertures in the shields, which constitute a
direct thermal link between the outermost layer and the cavity. An aperture is defined here as the
holes in thermal shields layers to allow the laser beam to reach the cavity. Typically, there are
always two apertures per cavity, i.e., for the input and the transmitted beam. The thermal link can
be modeled as a first-order low-pass filter with a cut-off frequency of f, = ﬁ where 6 and C
are the radiative thermal resistance between the outermost layer and the cavity and the cavity
thermal capacitance, respectively. The latter is C = mcs with m the mass of the cavity and ¢ the
specific heat of the aluminum. The former is

N 1 1—€sh+1+1_fcav
" 4Nn r2osgT3 €h F €cav

)

where N, r, T, osp, &h and &,y are the number of apertures, the radius of the apertures, the
absolute temperature in Kelvin, the Stefan-Boltzmann constant and the emissivity of the shields
and cavity, respectively. F is the view factor from the outermost layer to the cavity, which can be
approximated by the view factor between coaxial parallel disks separated by a distance ¢ [43]:

F = % 2421201 -+ 42122 (©)

In our case €=0.0575 m and r=2.5 mm, which yields a view factor of F=0.0075. The thermal
resistance is ~ 3 x 10> KW~! and the thermal capacitance is 1600 JK~!, which results in a
cut-off frequency in the nano-Hertz range. The shields plus apertures transfer function is shown
by the thick ocher trace in Fig. 2 (top). The discrepancy above 500 uHz is due to the simplicity
of the model that does not consider faster responses of the system such as the compensation rings
and mirrors. The thick teal line represents the expected transfer function when using the ULE
cavity, which is different from the aluminium one due to differences in the thermal mass, C, and
the emissivity, €.,y. The characterization of the shields in the frequency domain shows clearly
the importance of the apertures at frequencies above the cut-off frequency of the shields. The
effect of the apertures can be minimized by reducing their size. In our case the minimum size is
r=1.25 mm since the beam waist is 300 um, which implies a 15-fold improvement in attenuation.
Another possibility mentioned in [23] is the use of BK7 glass in the apertures to reduce the
radiation link. Instead, we tried short-pass optical filters with a cut-off wavelength of 1100 nm
to reduce long-wavelength infrared (tens of yum). However, this only led a two-fold increase in
attenuation.

In summary, Fig. 2 (top) shows the thermal shields attenuation is slightly above the required
value due to the presence of the apertures. However, the requirement was set under very
conservative assumptions and as shown in Sec. 4 temperature fluctuations did not have any
impact in the cavity stability for f>10 yHz. The results also show that the two innermost layers
are unnecessary since they are by-passed by the apertures thermal link. Its suppression will
reduce the size of the shields from 236 mm cube to 165 mm cube and the mass including the
ULE cavity from 3 kg to 2.1 kg, which is always beneficial for space missions. This approach
will reduce ¢ in Eq. (6) and degrade the shields attenuation by a factor of two. However, the
original attenuation levels can be recovered by reducing the size of the apertures by a 15%.

3.1.  Zero-crossing coefficient of thermal expansion

Further mitigation of temperature fluctuations was enabled by determining the cavity (ULE spacer
with fused silica mirrors and compensation rings —see Sec. 2) zero-crossing CTE temperature.
To do so a 10 K sine wave modulation at a frequency of 2.8 yHz was applied at the outermost
layer of the shields. The temperature sensor in the innermost thermal shield layer measured an
amplitude of about 1.5 K. Simultaneously, the frequency of the beat signal between the ULE



Research Article Vol. 27, No. 25/9 December 2019/ Optics Express 36212 |

Optics EXPRESS i N

cavity and the laser locked to the hyperfine transition of the iodine molecule was measured and
converted to length changes. The CTE was calculated as

1 dAUT)
o) = 7 IAT(T)

(7

where {p=8.7 cm is the length of the cavity, A¢ are the cavity length changes and AT is the
temperature of the cavity. The latter was inferred from the sensor in the innermost thermal
shield layer by applying the transfer function from the last thermal shield layer to the cavity,
Hs_,5(f). The CTEs are shown in Fig. 2 (bottom) for both cavities. The confidence intervals are
mostly due to the transfer function uncertainty between the innermost shield layer and the cavity,
which becomes larger for set-up 1 due to the need for extrapolation. The temperature working
points were set to the zero-crossing ones, i.e., 20°C and 23.4°C for each cavity, respectively.
They were kept at these temperatures within +50 mK using the active temperature control in
the outermost layer. This allowed us to ensure the CTE was always < 1078 K. The CTE
temperature dependence is around 1.3 x 1078 K=2, which indicates that the requirement in the
zero-crossing CTE temperature is not very demanding. For instance, =1 K uncertainty causes
the CTE to be within +1.3 x 1073 K~!, which combined with the thermal shields attenuation
and active temperature control is sufficient to keep temperature effects negligible. This relaxes
significantly the values assumed for the BOOST mission [23], where the requirement for
the working temperature is set to 10 mK. Obviously, reducing the zero-crossing temperature
uncertainty implies less demanding thermal attenuation. However, working at the zero-crossing
temperature within values smaller than +50 mK seems unlikely due to the uncertainty in the
zero-crossing point and temperature fluctuations at long time scales. Finally, the temperature
fluctuations allowed in the spacecraft platform can be estimated as

12

SV < =2 g ()] ~ 15K Hz 72 at f = 0.18 mHz, (8)
1S Gy si Y /
where S(lsfl Z/V’T is the allowed frequency noise caused by temperature fluctuations (= 7.4 X

10~ Hz'/?), a has been assumed 1078 K~! and |Hy_5(f)| = 5x 107>, |HcL(f)| is the open-loop
gain at 0.18 mHz of the temperature control provided by the Peltier elements in the outermost
layer, which can be about 1000. Note that 15 K Hz~/? represents peak-to-peak variations of
~0.5 K in time scales of the orbit period, 5400 .

4. Stability results and noise sources

The fractional frequency stability between the two cavities is shown in the top panel of Fig. 3 in
units of the square root of the PSD. The results have been scaled by a factor of 1/V2, i.e., they
represent the stability of one set-up assuming their noise sources are similar and uncorrelated.
At 0.18 mHz, the value is (8.9 + 3.2) x 10~ Hz"!/2, which is very close to the the BOOST
requirement, 7.4 X 1014 Hz /2, For completeness, the Allan deviation is shown in the bottom
panel. The solid red trace was calculated after subtracting an exponential fit to the time-domain
data, which corresponds to ULE creep —see Sec. 4.7. The dashed red trace was calculated
after applying a linear detrend to the original time-domain data. The values at 5400's are 10~
and 1.5x107!* for both detrending approaches, respectively. The top plot in Fig. 3 also shows
the contribution of different sources of noise on the frequency stability. The total amount is
represented by the purple trace, which fails to explain the frequency noise between 20 uHz and
700 uHz. This discrepancy is discussed in Sec. 4.9 and is likely related to intensity fluctuations.
For />3 mHz the stability can be explained by mirrors’ coating thermal noise and optical fibers
noise.
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Fig. 3. Top: the red trace is the fractional frequency stability as the square root of the PSD,
which is at the BOOST requirement level. The purple trace is the root sum squared of all
the sources of noise, which, clearly, cannot explain the frequency noise in the 50 yHz to
700 uHz band. Bottom: fractional frequency stability expressed in Allan deviation after
exponential fit subtraction (solid red trace) and linear detrend (dashed red trace).

4.1. Thermal noise

Thermal noise is the fundamental frequency stability limit in a rigid cavity [33,34,36]. In our
case the mirrors’ dielectric coatings thermal noise is the dominating one. Its expression is

1/2

/t )

4kpT 2(1 + o)(1 — 20')i¢

1/2
S =12
") 2rf nE w?

Sv/v
where E = 73 GPa is the Young’s modulus of the mirror’s substrate, d = 5.3 um is the coating’s
thickness, w = 315 um is the beam size at the mirrors, o = 0.17 is the Poisson’s ratio of fused
silica, ¢ = 4 x 107* is the coating’s loss-angle and £ = 8.7 cm the spacer’s length. kg is the
Boltzmann constant and 7 is the absolute temperature, 300 K. Evaluation of Eq. (9) yields
(3.2 £0.5) x 10719=1/2 (black straight line in Fig. 3), where the confidence intervals have been
calculated considering small uncertainties in some of the parameters. In terms of Allan deviation,
it is equivalent to (3.7 + 0.6) x 107! for any integration time. The frequency stability of the



Research Article Vol. 27, No. 25/9 December 2019/ Optics Express 36214 |

Optics EXPRESS i N

cavities is a factor 1.7 higher than the thermal noise limit at frequencies between 3 mHz and
0.3 Hz. For f<3 mHz, the stability increases as f~! and at 0.18 mHz is 3.5 times higher than the
thermal noise limit.

4.2. Intensity fluctuations

Intensity fluctuations cause temperature variations in the mirrors surface that translate into
thermoelastic deformations that change the effective length of the cavity [44]. The coupling factor
between intensity and frequency was measured by applying sweep sines and step functions in
one of the cavities while measuring the beat frequency simultaneously. The measurements were
performed at different input levels spanning from 20 uW to 140 uW with amplitude modulations
of 5 uW. The resulting transfer function for one of the cavities was

1

io_fm+1

H;(f) ~ 90 [Hz uW']. (10)

io.fﬁ +1
For the second cavity similar results were obtained: ~115Hz uW~! and 42 mHz and 1 Hz. These
coupling factors are in very good agreement with theoretical predictions [44] and similar to
the ones assumed for the BOOST mission: 100-200 Hz uW~! [23,45]. Considering a coupling
factor of 115Hz uW~!, the required intensity stability to meet the BOOST requirement is
180nW Hz~!/2, which for a transmitted power of 100 uW is equivalent to a relative intensity
noise (RIN) of 1.7 x 1073 Hz"!/2 at 0.18 mHz. This is orders of magnitude below the RIN of an
NPRO and, thus, requires active intensity stabilization as described in Sec. 2. We measured the
intensity stability by placing a beam-splitter and a second photodetector in the transmission port
of the cavity —see Fig. 1. Thus, the out-of-loop stability was measured while keeping the cavity
stabilized in both frequency and intensity. The fluctuations were 35 nW Hz~'/2 at 0.18 mHz
(RIN=3.5 x 10~ Hz"!/?), i.e., a factor of five better than the requirement. Their contribution is
shown in Fig. 3 by the orange trace and, apparently —see Sec. 4.9, only limits the stability at
frequencies of 1 mHz and 2 mHz where the two spikes are present.

4.3. Pressure fluctuations

Index of refraction fluctuations due to pressure cause effective length fluctuations in the cavity,
which, in turn, degrade the frequency stability, i.e.,

Seron () = Sel(F) = Hy(DISE () (11)

where |H,| is the transfer function between pressure and frequency (or index of refraction), which
was measured by applying a sudden change in the pressure and resulted in

Hy(f) = 50% [Hz nbar™']. (12)

lm+1

The other chamber exhibited again very similar values: 45 Hznbar™! coupling factor and a corner
frequency of 0.08 Hz. The index of refraction of nitrogen (assumed as the main residual gas
in the chamber) is about 3 x 1073 nbar™! at p = 107" mbar. Our measurement was slightly
different, 1.8 x 10~'3 nbar~! (=50 Hz nbar~!/282 THz), which was likely due to different pressure
levels between the actual vacuum gauge and the cavity [46]. According to Eq. (12) the pressure
fluctuations must be less than 0.4 ubar Hz™'/? to meet the BOOST requirement. This was
comfortably met by keeping the vacuum chamber at a pressure of 107 mbar with ion-getter
pumps. The yellow trace in Fig. 3 shows the pressure fluctuations converted to frequency. Clearly,
its contribution is negligible. The BOOST mission requirement was set to 10~8 mbar. However,
according to these results it could be relaxed to 10~/ or 107% mbar.
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4.4. Temperature fluctuations

The contribution of temperature fluctuations to the frequency stability is shown by the blue trace
in Fig. 3. They were measured at the outermost layer of the shields by out-of-loop sensors and,
subsequently, the shields transfer function was applied to it to estimate the fluctuations in the
cavity. The last step consisted of using the cavity’s CTE to calculate the equivalent frequency
stability. The CTEs were chosen between 1072 K~! and 2 x 1078 K~! in order to cope with
uncertainties and is shown by the wide blue band in Fig. 3. The dark blue trace within the blue
band corresponds to a CTE of 10~ K~! and shows that they only become relevant for frequencies
below 20 uHz. At 0.18 mHz the contribution is about three orders of magnitude below the
BOOST requirement, which indicates that the shields can be significantly downsized as suggested
in Sec. 3.

4.5. Beam pointing fluctuations

The beam sent to the cavity was subjected to pointing jitter due to laboratory vibrations and, in
our case, more importantly due to slow temperature variations that distort the position of the
beam with respect to the cavity. Beam pointing misalignment includes four degrees of freedom:
two transverse positions and two angular tilts. Small variations of any of these degrees of freedom
have an impact in the performance of the cavity. The coupling coefficients were determined by
applying misalignments while measuring the beat and ensuring the intensity was kept constant.
The set-up to measure it consisted of a beam-splitter in front of the input mirror of the cavity
with a charged-couple device (CCD) camera in the reflective port, which allowed us to monitor
the beam position while keeping the cavity locked. The beam-pointing to frequency stability
coefficient was ~0.5 Hz um~! where um refers to the position of the beam in the CCD camera
either due to tilt or lateral shift. We also changed the position and size of the beam waist by
using translation stages that allowed us to change them independently. The effect was found to be
negligible. The beam pointing contribution is shown by the green trace in Fig. 3, which is at the
thermal noise limit for f <1 mHz.

4.6. Fiber noise

In our setup the laser head, the EOM, the variable optical attenuator, the beat measurement, etc.
were placed in a breadboard separated from the vacuum chamber and the input optics breadboards
—see Fig. 1. The connection between the breadboards was done through three meter long optical
fibers. Phase noise, S(lp/ 2, induced in the fibers due to laboratory temperature, vibrations and

acoustics translates into frequency noise as S(lsf, 2= 277]‘5’41,)/ 2, which is largely attenuated at low
frequencies since the effect is proportional to the Fourier frequency, f. The noise contribution is
shown by the blue trace in Fig. 3 where the high-pass filter behavior is clearly seen and becomes
negligible below 1 mHz. However, at higher frequencies it dominates the fluctuations together
with the thermal noise. Fiber stabilization techniques [47,48], shorter fibers or free space setups
were not contemplated since the effect at the BOOST frequency was not relevant.

4.7. Long-term drifts

The beat frequency rate was also monitored at different times after the installation of the cavities
in the vacuum chambers by comparing the cavities to the laser locked to the hyperfine line of the
molecule iodine. The response followed an exponential response, or

A
(1) = %e"”, (13)

where Av = 5+0.5 MHz and 7=205+19 day. This corresponds to frequency rates starting at
300mHzs~! and reducing to 40 mHz s~! after 415 days. Such drift does not have any impact in
the frequency stability at 0.18 mHz since its energy is concentrated at much lower frequencies.
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4.8. Others

Here we summarize noise sources of different nature. Noise coming from phase fluctuations
between the EOM modulating and demodulating signals that generate the PDH error signal had a
negligible impact in the overall stability as opposed to the rather large contribution assumed for
BOOST [23]. The coupling coefficient was ~60 Hzrad~!'. The gain limitation of the feedback
control had also a negligible contribution below 100 mHz. The noise due to laser RIN and
photodetector noise at the modulating frequency (few MHz), together with associated amplifiers
and ADCs was found to be white noise below 107'7 Hz~'/? and in good agreement with the
expected values. Residual amplitude modulation (RAM) [49-51] did not have any effect in the
measurement due to the high finesse of the cavity together with the fiber coupled EOMs with
very small RAM and tilted/wedged optics.

4.9. Intensity fluctuations revisited

As shown in Fig. 3, the noise sources considered previously failed to explain the frequency
stability between 20 ©Hz and 700 pHz. This suggests that the beat frequency should not correlate
with any of them. We tested this assumption by calculating the coherence function, y(f). The
results are shown in Figs. 4(a) and (b) and, surprisingly, rather large values were present for
the out-of-loop intensity signal between 20 uHz and 200 yHz (the large values at 1 mHz and
2 mHz peaks were expected). This finding justifies the estimation of the transfer function between
intensity and frequency as
g2
Hy. (f)] = Sf/g(f), (14)

where Hj. is different from H; since the latter was estimated with high SNR —see Sec. 4.2, while
the former was obtained from a quiet run. The uncertainty in |Hj.| is related to the coherence

function as [52]
V1 -7%(f)
y(F)V2n

where n is the number of averages used to calculate y. Equation (15) indicates that small y values
imply poor transfer function estimation. This is clearly seen in Fig. 4(c), where the ocher trace
shows the transfer function calculated from Eq. (14) and exhibits large uncertainties where the
coherence function is small. Anyhow, the coupling in the 50 4Hz to 5 mHz is well estimated and
at 0.18 mHz is ~1 kHz MW‘I, which is 10 times larger than the one described in Sec. 4.2 [red
and black traces in Fig. 4(c)]. The new coupling coefficient was also calculated by comparing
the root mean square (RMS) intensity and beat frequency fluctuations in the 50 yHz to 500 yHz
band. This was done by calculating the PSD and, subsequently, the RMS values of moving
short-time windows. The results are shown in Fig. 4(d) where the coupling was found to be
(1.5+0.2) kHz uW~'. The plot also reveals that frequency and intensity fluctuations are not
completely stationary at such frequencies, probably due to changing laboratory conditions, which
are difficult to keep stable during days.

The puzzling discrepancy between the transfer functions can be explained by the underestimation
of the intensity fluctuations in the cavity due to a common noise source, e.g., temperature
fluctuations. Intensity fluctuations are inferred from the out-of-loop photodetector in the cavity’s
transmission port —see Fig. 1, and can be expressed as

o (f) = (15)

1/2 1/2
S5§sPDout-of-loop (f) = Aa{PDPC&VST/ (f) (16)

where Aapp is the in-loop and out-of-loop photodetectors’ responsivity temperature coefficient
mismatch, P,y is the cavity’s input power (~100 W) and SIT/ ? the photodetectors’ temperature
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Fig. 4. (a) Coherence function between beat signal and transmitted intensity measured by
the out-of-loop photodetector. (b) Beat-note and transmitted intensity in the time domain
after band-pass filtering between 5 Hz and 500 pHz. (c) Ocher trace is the transfer function
calculated using Eq. (14). The red and black traces are the ones estimated using large
SNR —see Sec. 4.2. (d) RMS values of intensity and frequency fluctuations in the 50 uHz
to 500 uHz band. The data points correspond to the RMS values of moving short-time
windows.

fluctuations. However, the actual intensity fluctuations in the cavity are

S5 () = a0y + BlPeaSy > (F) (17)

where QPDy 1o0p 18 the in-loop photodetector temperature coefficient and S represents a temperature
coefficient that includes mechanisms affecting the transmitted intensity from the cavity to the
photodetectors, e.g., changes in polarization, in the transmissivity of the optical window, the
beam-splitters, etc. From Egs. (16) and (17), the transfer function calculated using Eq. (14) is
related to the one estimated with high SNR by

aPDin—loop

+p
|Hp.(f) = ’|H1(f)|, (18)

AQPD

which can easily lead to an amplification of |H,(f)|, especially with photodetectors with similar

12
5{/ Iy the value of |app + 3| has

been estimated to be ~ 3 x 1073 K~!, which is in the same order of InGaAs photodetectors
responsivity temperature coefficients alone [53]. In this case Fig. 4 suggests that intensity
fluctuations contribute significantly to the frequency stability in the 20 uHz to 2 mHz range,
as opposed to the first estimations shown in Sec. 4.2 and that a two-fold reduction is needed
to meet the BOOST requirement. However, other noise sources cannot be completely ruled
out. For instance, frequency fluctuations due to large polarization fluctuations [54] in the cavity

temperature coefficients. Furthermore, from Eq. (17) and S

in-loop
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together with the polarization dependence on the splitting ratio of the beam-splitter in front of
the photodetectors could lead to similar results. In such scenario, intensity fluctuations are an
excellent proxy of the problem but its reduction would not improve the frequency stability of the
set-up.

5. Summary

We have shown a fractional frequency stability in units of the square root of the PSD of
(9+3)x10~'* Hz"'/2 at 0.18 mHz, which is at the BOOST requirement level, 7.4x10~'4 Hz~!/2.
The Allan deviation at 5400s was =~ 10~!4. For frequencies above 3 mHz the stability was
5% 10719 /£1/2 (in the square root of the PSD) and 7.5 x 107'¢ for r<100's (in Allan deviation)
and can be explained by mirrors’ coating thermal noise and optical fibers noise.

The limiting noise source in the 20 yHz to 2 mHz band have been primarily attributed
to intensity fluctuations that were initially undervalued due to common mode fluctuations
cancellation between the out-of-loop and the in-loop photodetectors in the cavity transmission
port. A two-fold reduction of intensity coupling into frequency stability would suffice to meet
the BOOST requirement. Several options are foreseen to do so, e.g., reducing the input power
in the cavity, including active temperature stabilization in the photodetectors and placing them
inside the vacuum chamber. However, other noise sources such as polarization fluctuations could
also be responsible for the low-frequency noise, which would not benefit for better intensity
stabilization or less input power. The other sources of noise slightly below the requirement are
mirrors’ coating thermal noise and beam pointing stability. The former is, by design, below the
BOOST requirement, while the latter should be strongly suppressed in a robust and compact
space-like input optics design.

Another outcome of this work has been the determination of the thermal shields transfer
function and the zero-crossing CTE temperature, which are important to keep temperature
fluctuations well below the requirement. The shields exhibited an attenuation of ~ 5 x 107>
at 0.18 mHz, and was limited by the apertures for the laser beam to reach the cavity, which
suggests that at least two layers can be eliminated without degrading attenuation capability. The
small CTE temperature dependence indicates that operating at a temperature +1 K around the
zero-crossing CTE should be sufficient to keep temperature effects negligible at 0.18 mHz.
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