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Abstract: Optical clocks are emerging as next-generation timekeeping devices with technological and
scientific use cases. Simplified atomic sources such as vapor cells may offer a straightforward path
to field use, but suffer from long-term frequency drifts and environmental sensitivities. Here, we
measure a laboratory optical clock based on warm rubidium atoms and find low levels of drift on the
month-long timescale. We observe and quantify helium contamination inside the glass vapor cell by
gradually removing the helium via a vacuum apparatus. We quantify a drift rate of 4× 10−15/day, a
10 day Allan deviation less than 5× 10−15, and an absolute frequency of the Rb-87 two-photon clock
transition of 385,284,566,371,190(1970) Hz. These results support the premise that optical vapor cell
clocks will be able to meet future technology needs in navigation and communications as sensors of
time and frequency.

Keywords: atomic clock; helium permeation; two-photon spectroscopy

1. Introduction

In recent years, optical clocks have won acclaim as some of the most precise instru-
ments ever developed. A few examples include an optical clock comparison via fiber and
free-space optical links that demonstrated agreement to 18 digits among three clocks based
on different atomic species [1], and a test of fundamental symmetry between two ytterbium
ion clocks at the 10−18 level [2]. Applications for transportable or even deployable optical
clocks have emerged, including geodesy [3], navigation [4,5], tests of relativity [6], and
communications [7]. Indeed, work is underway worldwide to produce systems that are
sufficiently compact and robust to be operated outside the metrology laboratory. Some of
the systems demonstrated so far utilize vapors such as molecular iodine [8] or atomic ru-
bidium [9–14]; others utilize laser cooling and trapping of neutral atoms [3,15–17] or single
ions [18,19]. A key enabler has been the increasing availability of optical frequency combs,
which are leveraged in all optical clocks to coherently down-convert the high-frequency
optical signals to the RF domain [20,21].

The choice of which atomic system to use can be seen as a trade-off between simplicity
and performance. Single-ion or optical lattice clocks require multiple frequency-controlled
laser systems, including one ultrastable laser for probing the very narrow clock transition,
which typically requires a high-finesse reference cavity for frequency pre-stabilization.
By comparison, an atomic vapor clock such as the rubidium two-photon clock described
here [22,23] needs only one laser to probe the atomic sample, with no additional cooling
or optical pumping, and no reference cavity. However, the performance of a warm vapor
clock is limited compared to optical lattice or single-ion systems: short-term stability as
characterized by the Allan deviation is typically≥10−13 at 1 s averaging time because of the
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broader atomic linewidth, and long-term stability below 10−14 remains very challenging
due to thermally-activated systematic clock frequency shifts. In this work, we describe a
long-term measurement of an optical rubidium clock, measuring its frequency continuously
for 65 days until a laboratory power outage ended the measurement campaign. We have
observed and modeled the effects of helium de-permeation from the glass vapor cell owing
to the vacuum surrounding the cell, and, after removing this small effect from the frequency
measurement, we find the long-term instability of the clock to be ≈5× 10−15 on timescales
from 1 to 10 days. Finally, we measured the absolute frequency of the rubidium clock
transition and found that it agrees well with prior measurements.

2. Materials and Methods

The rubidium two-photon clock utilizes the 5s 2S1/2(F = 2) → 5d 2D5/2(F = 4)
transition in 87Rb driven by two counterpropagating 778.1 nm laser beams. Counterprop-
agating beams eliminate the first-order Doppler shift and its associated inhomogeneous
broadening. The 778.1 nm light is generated by second harmonic generation (SHG) of a
commercially-available 1556 nm planar-waveguide external cavity laser [24] that has high
passive frequency stability. No laser pre-stabilization to an external optical cavity is needed,
since commercial laser sources are available with linewidths much narrower than 330 kHz
natural linewidth of the transition. A series of optical isolators, erbium fiber amplifiers, and
beamsplitters are used to deliver 1556 nm light to both a commercial erbium fiber frequency
comb [25] and a ridge waveguide periodically-poled lithium niobate SHG module. The
full diagram of the laser system is shown in Figure 1. Tuning and stabilization of the laser
frequency are accomplished by varying the 1556 nm laser’s current and temperature. The
isolators not only protect the laser from undesired optical feedback but also prevent the
formation of in-fiber etalons, which are particularly detrimental to the clock stability in the
presence of frequency modulation [26].

The generated 778.1 nm light is carried by optical fiber to a vacuum chamber enclosing
the Rb cell apparatus. A free space laser beam is collimated and directed through a long-pass
filter that passes 778 nm. Following that is a beam sampler and photodiode for monitoring the
laser power and a linear polarizer. After entering a mu-metal enclosure to block surrounding
magnetic fields, the beam passes through two fused silica vapor cells filled with pure
rubidium-87 and heated to 100 ◦C. The use of two vapor cells (length 50 mm, diameter
10 mm) effectively doubles the interaction length of the laser with the atomic vapor. A cat’s
eye reflector forces the beam to retrace its path and create the counterpropagating beams.

Fluorescence from the rubidium atoms near 420 nm is collected on the photomultiplier
tube (PMT). The large area PMT is positioned directly above the vapor cells for high
collection efficiency. Sinusoidal frequency modulation ( f = 40 kHz) is applied to the laser
via the injection current, and the PMT output is digitally demodulated at 3 f to generate an
error signal. Demodulation at 3 f enables a suppression of the lock point error induced by
residual amplitude modulation [27]. A proportional and integral gain loop filter stabilizes
the laser frequency to the peak of the fluorescence signal. The 778.1 nm laser power is
stabilized by measuring the monitor photodiode signal and feeding back to the pump
current in the erbium fiber amplifier.

The erbium frequency comb is a mode-locked laser with pulse repetition rate near
160 MHz [25]. Following the mode-locked laser are two-stages of amplification and a
segment of highly non-linear fiber (HNLF), generating an octave of bandwidth that permits
self-referencing of the carrier-envelope offset frequency. The repetition rate of the comb is
then controlled by stabilizing a beatnote between one tooth of the erbium comb with the
1556 nm laser; that optical beatnote is locked at 21 MHz. With the offset frequency stabilized
at −21 MHz, the comb’s repetition rate is the two-photon clock frequency divided by an
integer, and photodetection of the repetition rate accomplishes the optical-to-microwave
conversion necessary to compare the two-photon clock’s output with other timing systems.

After photodetection, the repetition rate signal is amplified and sent to a Microsemi
5125A (Product names and model numbers are given for completeness. No endorsement is
made by the authors. ) phase noise analyzer that is operated as a frequency counter. The
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reference signal is provided by the 100 MHz output of an active hydrogen maser with low
phase noise. Both the hydrogen maser and the phase noise analyzer are operated inside a
temperature- and humidity-controlled environmental chamber. In addition to recording
the comb’s repetition rate over time, environmental signals were recorded including the
lab weather (temperature, humidity, and atmospheric pressure), average PMT current,
numerous out-of-loop temperature sensors on or near the vapor cell, and the drive current
of the heaters stabilizing the vapor cell temperature. The hydrogen maser’s frequency is
also recorded by a GPS-referenced frequency counter.

Figure 1. Diagram of the two-photon clock. Laser light at 1556 nm is amplified, frequency doubled,
and delivered by optical fiber into a vacuum chamber via a vacuum feedthrough. From there, the
light is launched into free space and encounters a filter, pickoff (for monitoring power), and polarizer
before entering the vapor cells. A cat’s eye retroreflector returns the beam anti-parallel to create
counter-propagating beams. A photomultiplier tube (PMT) monitors for 420 nm fluorescence from
the Rb atoms. An optical frequency comb (OFC) divides the laser frequency optical frequency down
to an RF signal. ISO: isolator. SPL: splitter. WDM: wavelength division multiplexer. BT: beam
terminator. BC: beam coupler. PD: photodiode. SHG: second harmonic generation.

3. Results

Data were collected continuously for 65 days until a building power outage forced con-
tinuous data collection to cease. Below, we describe calibration of the hydrogen maser via
the GPS-steered counter, modeling and accounting for the effects of helium contamination
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inside the vapor cell, and calculating the absolute frequency of the rubidium two-photon
clock transition.

3.1. Calibrating the Hydrogen Maser

Hydrogen masers are susceptible to small frequency drifts and inaccuracies. Con-
sequently, we use a GPS receiver to calibrate the hydrogen maser frequency relative to
GPS, which is itself maintained by frequency standards directly realizing the SI second
and is steered to track International Atomic Time (TAI). This is accomplished by counting
the hydrogen maser’s 100 MHz output on a frequency counter that has both an internal
time-base (Rb microwave oscillator) and accepts a reference frequency from a GPS antenna
located on the roof of the laboratory. We have confirmed that any inaccuracy of this system
is below 10−13 by having it directly count a second copy of the GPS reference frequency,
and by calculating the Allan deviation of the counted hydrogen maser, which averaged
down to 3× 10−14 at 10 days despite the drift of the hydrogen maser.

Because the stability of our calibration measurement is lower (approximately 10−11 at 1 s
and 1× 10−13 at 1 day) than that of the hydrogen maser vs. two-photon clock measurement,
we cannot directly correct for the maser frequency error point-by-point without decreasing
the quality of this measurement campaign. Instead, we use the calibration for two specific
purposes. First, we calculate a linear drift of−3.2(4)× 10−20/s (here expressed as a fractional
frequency per second) in the hydrogen maser relative to GPS, averaged over the 65 day
measurement, and we subtract this drift from the observed two-photon clock data. This is
important for determining the two-photon clock’s drift rate, as well as the time constant
associated with helium de-permeation. Second, we calculate the mean error of the hydrogen
maser over the 65 day measurement (−5.51(3)× 10−12 in fractional frequency), and we use
this correction when finding the absolute frequency of the two-photon clock below.

3.2. Helium Permeation

Helium is known to diffuse through glass and cause pressure-dependent atomic
frequency shifts inside vapor cells [28–30]. To prevent helium contamination, care must be
taken to remove the dissolved helium gas from the glass cell, and to reduce subsequent
diffusion as much as possible through the use of helium-impermeable glasses [31,32]. An
alternate and simpler approach employed here is to select a glass material with a higher
permeability (in this case, fused silica) and to place the vapor cell inside a vacuum chamber;
gradually, the helium will diffuse out of the cell and be removed by the vacuum pump.

The frequency measurement described here took place approximately 60 days after the
vapor cell was placed under vacuum. We anticipated and observed a small, time-dependent
frequency shift associated with the changing helium concentration, which we model using
the time-dependent diffusion equation [28,29,33]

∂n
∂t

= D
∂2n
∂x2 (1)

with n the helium concentration, and where the material property D is referred to as the
diffusion constant. In the case that the vapor cell, after its construction and filling, has been
exposed to helium for a sufficiently long time (several months), the initial pressure inside the
vapor cell is essentially equal to the partial pressure of helium in atmosphere, approximately
4 mTorr. Likewise, the quantity of gas inside the glass can be taken to be saturated at a
value of S times the atmospheric pressure, where the solubility S is also a material property.
For fused silica at 100 ◦C, previous measurements suggest D ≈ 3 × 10−7 cm2/s [34]
and S ≈ 0.02 [34], and the permeability K = DS ≈ 6× 10−9 cm2/s [29]. Note that the
unit cm2/s is equivalent to (cm3 at STP/cm2 s)/(atmosphere of pressure difference/glass
thickness of one centimeter) [28].

Unlike prior work that focused on the migration of helium into a reservoir [28,29],
here we seek to quantify the helium gas remaining inside the cell reservoir as it depletes
over time. Along with Equation (1), we enforce the following boundary conditions. First,
the helium concentration on the outer surface of the glass is zero; second, the concentration



Sensors 2022, 22, 1982 5 of 11

on the inside surface of the glass is equal to S times the vapor cell pressure p, which is itself
slowly time-varying; third, in any time-step the quantity of gas entering the glass through
its inside surface must be equal to the quantity of gas leaving the cell reservoir. We have
modeled these equations and performed a finite difference simulation. We observe that,
initially, p changes very little, as the gradient in concentration between the cell reservoir
and the interior of the glass is small, whereas the pressure inside the glass changes more
rapidly given the vacuum environment surrounding it. After a sufficiently long time, the
concentration inside the glass reaches a steady-state distribution, and the depletion of the
cell pressure is observed as an exponential decay.

For a cylindrical geometry (height h, outer radius a, inner radius b, R = a/b), we find

dp
dt

=
2πhK
V ln R

p (2)

with V = 2πbh the interior volume of the cell. The solution of the above differential
equation is an exponential decay with time constant Ttheory = V ln R/(2πhK). For our
cell geometry, h = 50 mm, a = 10 mm, b = 8 mm, and we expect Tcell ≈ 34 days.
The uncertainty in the diffusion constant, solubility, and permeability is estimated to be
10% [29,34].

To search for a comparable effect in the two-photon clock frequency data, we fitted
the measured repetition rate to a function of the form y(t) = Aexp(−t/Tcell) + mt, which
includes both an exponential decay of time constant Tcell and a linear drift of rate m.
We found that the linear drift rate m = (−4 ± 2) × 10−15/day is small but non-zero.
Figure 2 shows the measured frequency data, binned into daily averages and plotted over
time. Additionally shown is a fitted exponential decay function with A = 211 Hz and
τcell = 38(10) days, in agreement with the value predicted by Equation (2). We have offset
the y-axis so that the fit and data gradually approach 0, which would correspond to the
optical frequency that would be observed in the absence of any helium contamination. The
right axis of the plot also converts the frequency axis into partial pressure of helium using
the known frequency shift coefficients [30]. Extrapolating back in time, we infer that the
helium pressure when the vacuum pumping began (approximately 60 days prior to the
measurement) was 3 mTorr, very close to the atmospheric concentration of 4 mTorr.

Figure 2. Daily average frequency data over time (dots), along with an exponential decay fitting
function (red line) that also includes a small linear drift. The data and fit are manually offset so
that they gradually approach y = 0, which corresponds to a helium-free condition. The observed
time constant Tcell is 38(10) days. The right y axis displays the inferred remaining partial pressure of
helium in mTorr.
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3.3. Optical Clock Stability

After removing the helium-induced frequency shift, we analyze the optical clock’s sta-
bility with the Total Allan deviation [35] (Figure 3) and time deviation (Figure 4). The Total
Allan deviation displays the fractional frequency deviation on the y axis against the averag-
ing or data-binning time on the x axis, and it can be used to read off the expected amount
of frequency noise occurring on any particular timescale. We observe white-frequency
noise scaling as 5× 10−13/

√
τ, with τ the averaging time in seconds, on timescales from

1 s to 1000 s. The dashed line in Figure 3 provides a guide of how the stability would
scale if the

√
τ behavior could be maintained. Instead, from 103 s to 104 s, the stability is

flat, indicating some source of noise at around 10−14; we suspect the noise is due to small
fluctuations of the laser power that are not captured by the laser power feedback servo. On
longer timescales, the stability remains in the range of a few times 10−15. Note that one day
corresponds to 86,400 s, at which point the Total Allan deviation is around 5× 10−15. On
the longest timescales displayed out to tens of days, the Total Allan deviation appears to
reduce further, but this is possibly an artifact of the slow drift removal performed with the
exponential decay function. Figure 4 displays the same data but as an accumulated time
error. The two-photon clock is able to maintain a time error below 1 ns for approximately
4 days.

We searched for correlations between the observed clock frequency and various en-
vironmental monitors including lab weather and temperature sensors. We found no
significant correlations. Throughout the measurement, the lab temperature was constant to
within 2 ◦C, and the relative humidity varied over a range of 15%.

Figure 3. Total Allan Deviation determination of optical clock stability after removing the effect of
helium by fitting and subtracting an exponential decay function with linear drift (black markers).
Additionally shown in gray markers is the Total Allan deviation of the same data prior to removing
the drift. At one day (86,400 s) the fractional frequency deviation is approximately 5× 10−15. The
dashed line corresponds to 5× 10−13/τ, with τ the averaging time in seconds.
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Figure 4. Time deviation determination of optical clock stability after removing the effect of helium
by fitting and subtracting an exponential decay function (black circles). Additionally shown in gray
markers is the time deviation for the same data prior to removal of the drift. At one day (86,400 s),
the time deviation is approximately 200 ps.

3.4. Absolute Frequency

The absolute frequency of the clock can also be extracted from the frequency data,
provided we account for any perturbations to the clock states experienced by the atoms.
The perturbations requiring correction given the feasible accuracy of this measurement are
the ac Stark shift (also known as light shift) due to the 778.1 nm laser electric field, Rb–Rb
collisions within the vapor cell, the 2nd-order Doppler shift, the blackbody radiation shift
due to blackbody electric fields, and the gravitational redshift. Additionally, we include
in the error budget the possibility of systematic errors from servo lockpoint error and
offsets in the microwave frequency chain. Effects that are negligible at the current level of
uncertainty include line pulling [22] and the dc Stark shift [36].

The ac Stark shift for the two-photon clock has been calculated and measured [36]
with high precision. However, without any direct attempt to measure the size of the shift in
this apparatus, we must rely on an imprecise knowledge of the laser intensity to calculate
the shift. With an intensity radius (1/e2) of w0 = 2.1(3) mm and one-way laser power of
10(1) mW, we calculate a light shift of −183 Hz, and an uncertainty in this correction of
55 Hz.

Rb–Rb collisions were measured as a function of gas pressure [30], and the relevant
coefficient is −13.5(10) MHz/Torr, where we are careful to specify the shift as applying to a
single 778.1 nm laser that provides both photons for the spectral signal. While the saturated
vapor pressure of Rb as a function of temperature is known [37], accurate temperature
sensors are required to determine this pressure. Temperature sensors were placed near
the designed coldest point on the vapor cell, which serves as a condenser, as well as on
the main chamber of the cell. The sensors read between 98.0 and 100.0 ◦C. We model this
situation with a uniform distribution since we know the average temperature of the vapor
must be between the hottest and coldest point; after including additional uncertainty due
to sensor calibration error, this produces an expected temperature of 99(1.7) ◦C, which
produces a frequency shift of −2930(400) Hz.

The 2nd-order Doppler shift can be calculated in fractional frequency as v̄2/2c2, with
v̄ = 8kBT/mπ the characteristic atomic velocity and c the speed of light. Here, T = 100 ◦C
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is the atomic temperature, m the atomic mass of Rb-87, and kB is the Boltzmann constant.
The shift is 194 Hz, and the uncertainty due to temperature sensor inaccuracy is negligible.

Next we treat the blackbody radiation Stark shift. The glass vapor cell has low
transparency in the 5–20 µm window relevant to room-temperature blackbody fields.
Consequently, the temperature of the vapor cell itself determines the intensity of the
blackbody field. Apart from the cold spot, which is largely out of view of the vapor, the
vapor cells are maintained uniformly at T = 100 ◦C. Previous calculations [36] find the
shift at this temperature to be −195 Hz. We assign a conservative 10 % error bar to account
for inaccuracies in the calculation and temperature measurement.

Clocks are known to tick slower in a gravitational field as predicted by general relativ-
ity. The calibration of the hydrogen maser by GPS corrects the hydrogen maser to the geoid,
i.e., to mean sea level. Using the known coarse elevation of the laboratory in Albuquerque,
NM, we assign an elevation of h = 1617(5) m above sea level. The shift in fractional
frequency between two clocks separated by height h is gh/c2, with g the gravitational
acceleration near earth’s surface, which we find to be 68(1) Hz.

Due to the relatively broad linewidth of the two-photon clock (typically 550 kHz
as measured in our apparatus), a small error in the lockpoint can cause a significant
frequency error. We searched for this effect by intentionally varying the error signal size
via its dependence on the PMT high voltage, the laser modulation depth, and the laser
modulation frequency. Through these trials, the size of the error signal was varied three-
fold, and we observed changes in the clock frequency as large as 5× 10−12. We therefore
take the uncertainty due to servo error as 1900 Hz.

Table 1 summarizes these correction factors and their uncertainties. After applying
these correction factors and maser calibration, we find the frequency of the unperturbed
5s 2S1/2(F = 2) → 5d 2D5/2(F=4) transition in Rb-87 to be 385,284,566,371,190 Hz with
an uncertainty of 1970 Hz. The final uncertainty includes a contribution of 1 × 10−13

fractionally due to possible inaccuracies in the hydrogen maser calibration; this contribution
is negligible in the final error, which is dominated by the servo error and Rb–Rb collision
shift uncertainties. This absolute measurement agrees well with prior measurements [9,10],
showing a deviation of 2.8± 3.9 kHz with [10]. “n/a” means “not applicable”.

Table 1. Summary of the frequency shifts that were corrected, and their associated uncertainties.

Effect Frequency Shift (Hz) Uncertainty (Hz)

ac Stark shift −183 55
Rb–Rb collisions −2930 400

2nd-order Doppler 194 1
Blackbody radiation −195 19

Gravitational redshift 68 1
Servo error 0 1900

Maser calibration n/a 39

−3044 1970

4. Discussion

In this measurement, we have demonstrated improved long-term frequency perfor-
mance of a simple two-photon optical clock. Some of the key performance metrics for
deployable clocks include short-term stability (demonstrated in this work as 5× 10−13),
long-term drift rate ( 4× 10−15/day), and long-term frequency floor (3–5×10−15). Improve-
ments to all three can be imagined, and will depend to the ability to measure and stabilize
laser power. A high laser power could be utilized to decrease the short-term stability by
generating greater atomic fluorescence [22]; however, this would likely come at the expense
of long-term frequency stability and drift unless the quality of the laser power stabilization
is increased. Other schemes for laser power stabilization or Stark shift mitigation have been
proposed and/or demonstrated [11,36,38] and may prove highly beneficial.
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While work continues to improve the long-term stability of simple optical clocks such
as the two-photon rubidium clock discussed here, we also note that the observed perfor-
mance metrics demonstrated here already equal or surpass those of portable RF clocks [39].
A great challenge remains to miniaturize the optical clock components and produce systems
that can be operated autonomously for long periods of time. Key aspects of this work will
include lower-power laser sources [20], compact atomic geometries [13] with high detection
efficiency, and overall reduction in electronic components and their associated size, weight,
and power. With a great interest internationally amongst researchers and industry, the
demonstration of a turn-key, fully portable optical clock is expected within a few years.

Author Contributions: Conceptualization, N.D.L., K.W.M., B.K.S. and J.D.E.; methodology, K.W.M.
and B.K.S.; software, K.W.M., R.B. and B.K.S.; formal analysis, N.D.L., K.W.M. and R.B.; investigation,
K.W.M., R.B., A.J.M. and B.K.S.; data curation, K.W.M. and R.B.; writing—original draft preparation,
N.D.L.; writing—review and editing, N.D.L., K.W.M., R.B., B.K.S., A.J.M. and J.D.E.; project adminis-
tration, J.D.E. and A.J.M.; funding acquisition, J.D.E., A.J.M. and N.D.L. All authors have read and
agreed to the published version of the manuscript.

Funding: Bethel University acknowledges funding support from the NASA Minnesota Space Grant
Consortium. B.K.S. acknowledges funding under Air Force Research Laboratory contract FA9453-16-
D-0004.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Requests for data may be sent to the corresponding author; however,
restrictions apply to the availability of these data.

Acknowledgments: The authors thank Mike Wojcik and Jordan Armstrong for assistance with the
apparatus, and Steve Lipson for careful reading of the manuscript. Contributions to this article by
AFRL, an agency of the U.S. Government, are not subject to U.S. copyright. Approved for public
release; distribution is unlimited. Public Affairs release approval #AFRL-2022-0281.

Conflicts of Interest: The funders had no role in the design of the study; in the collection, analyses,
or interpretation of data; in the writing of the manuscript, or in the decision to publish the results. A
subset of the authors (N.D.L., K.W.M. and B.K.S.) are named inventors on US Patent No. 10,684,591
“Optical Rubidium Atomic Frequency Standard”.

References
1. Beloy, K.; Bodine, M.I.; Bothwell, T.; Brewer, S.M.; Bromley, S.L.; Chen, J.S.; Deschênes, J.D.; Diddams, S.A.; Fasano, R.J.; Fortier,

T.M.; et al. Frequency Ratio Measurements with 18-digit Accuracy Using a Network of Optical Clocks. Nature 2021, 591, 564–569.
2. Sanner, C.; Huntemann, N.; Lange, R.; Tamm, C.; Peik, E.; Safronova, M.S.; Porsev, S.G. Optical clock comparison for Lorentz

symmetry testing. Nature 2019, 567, 204–208. [CrossRef] [PubMed]
3. Takamoto, M.; Ushijima, I.; Ohmae, N.; Yahagi, T.; Kokado, K.; Shinkai, H.; Katori, H. Test of general relativity by a pair of

transportable optical lattice clocks. Nat. Photonics 2020, 14, 411–415. [CrossRef]
4. McNeff, J. The global positioning system. IEEE Trans. Microw. Theory Tech. 2002, 50, 645–652. [CrossRef]
5. Ai, Q.; Yuan, Y.; Xu, T.; Zhang, B. Time and frequency characterization of GLONASS and Galileo on-board clocks. Meas. Sci.

Technol. 2020, 31, 065003. [CrossRef]
6. Angélil, R.; Saha, P.; Bondarescu, R.; Jetzer, P.; Schärer, A.; Lundgren, A. Spacecraft clocks and relativity: Prospects for future

satellite missions. Phys. Rev. D 2014, 89, 064067. [CrossRef]
7. Coffer, J.; Camparo, J. Long-term stability of a rubidium atomic clock in geosynchronous orbit. In Proceedings of the 31th Annual

Precise Time and Time Interval Systems and Applications Meeting, Dana Point, CA, USA, 7–9 December 1999; pp. 65–74.
8. Döringshoff, K.; Gutsch, F.B.; Schkolnik, V.; Kürbis, C.; Oswald, M.; Pröbster, B.; Kovalchuk, E.V.; Bawamia, A.; Smol, R.; Schuldt,

T.; et al. Iodine Frequency Reference on a Sounding Rocket. Phys. Rev. Appl. 2019, 11, 054068. [CrossRef]
9. Nez, F.; Biraben, F.; Felder, R.; Millerioux, Y. Optical frequency determination of the hyperfine components of the 5S12-5D32

two-photon transitions in rubidium. Opt. Commun. 1993, 102, 432–438. [CrossRef]
10. Edwards, C.S.; Barwood, G.P.; Margolis, H.S.; Gill, P.; Rowley, W.R.C. Development and absolute frequency measurement of a

pair of 778 nm two-photon rubidium standards. Metrologia 2005, 42, 464–467. [CrossRef]

http://doi.org/10.1038/s41586-019-0972-2
http://www.ncbi.nlm.nih.gov/pubmed/30867608
http://dx.doi.org/10.1038/s41566-020-0619-8
http://dx.doi.org/10.1109/22.989949
http://dx.doi.org/10.1088/1361-6501/ab69d3
http://dx.doi.org/10.1103/PhysRevD.89.064067
http://dx.doi.org/10.1103/PhysRevApplied.11.054068
http://dx.doi.org/10.1016/0030-4018(93)90417-4
http://dx.doi.org/10.1088/0026-1394/42/5/018


Sensors 2022, 22, 1982 10 of 11

11. Perrella, C.; Light, P.; Anstie, J.; Baynes, F.; White, R.; Luiten, A. Dichroic Two-Photon Rubidium Frequency Standard. Phys. Rev.
Appl. 2019, 12, 054063. [CrossRef]

12. Maurice, V.; Newman, Z.L.; Dickerson, S.; Rivers, M.; Hsiao, J.; Greene, P.; Mescher, M.; Kitching, J.; Hummon, M.T.; Johnson,
C. Miniaturized optical frequency reference for next-generation portable optical clocks. Opt. Express 2020, 28, 24708–24720.
[CrossRef] [PubMed]

13. Newman, Z.L.; Maurice, V.; Drake, T.; Stone, J.R.; Briles, T.C.; Spencer, D.T.; Fredrick, C.; Li, Q.; Westly, D.; Ilic, B.R.; et al.
Architecture for the photonic integration of an optical atomic clock. Optica 2019, 6, 680–685. [CrossRef]

14. Newman, Z.L.; Maurice, V.; Fredrick, C.; Fortier, T.; Leopardi, H.; Hollberg, L.; Diddams, S.A.; Kitching, J.; Hummon, M.T.
High-performance, compact optical standard. Opt. Lett. 2021, 46, 4702–4705. [CrossRef] [PubMed]

15. Grotti, J.; Koller, S.; Vogt, S.; Häfner, S.; Sterr, U.; Lisdat, C.; Denker, H.; Voigt, C.; Timmen, L.; Rolland, A.; et al. Geodesy and
metrology with a transportable optical clock. Nat. Phys. 2018, 14, 437–441. [CrossRef]

16. Morris, D.; Aldous, M.; Gellesch, M.; Jones, J.; Kale, Y.; Singh, A.; Bass, J.; Bongs, K.; Singh, Y.; Hill, I.; et al. Development of a
Portable Optical Clock. In Proceedings of the 2019 Joint Conference of the IEEE International Frequency Control Symposium and
European Frequency and Time Forum (EFTF/IFC), Orlando, FL, USA, 14–18 April 2019; pp. 1–3. [CrossRef]

17. Ohmae, N.; Takamoto, M.; Takahashi, Y.; Kokubun, M.; Araki, K.; Hinton, A.; Ushijima, I.; Muramatsu, T.; Furumiya, T.; Sakai,
Y.; et al. Transportable Strontium Optical Lattice Clocks Operated Outside Laboratory at the Level of 10–18 Uncertainty. Adv.
Quantum Technol. 2021, 4, 2100015. [CrossRef]

18. Huang, Y.; Zhang, H.; Zhang, B.; Hao, Y.; Guan, H.; Zeng, M.; Chen, Q.; Lin, Y.; Wang, Y.; Cao, S.; et al. Geopotential measurement
with a robust, transportable Ca+ optical clock. Phys. Rev. A 2020, 102, 050802. [CrossRef]

19. McConnell, R.; Aull, B.; Braje, D.; Bruzewicz, C.; Callahan, P.; Chiaverini, J.; Collins, M.; Donlon, K.; Felton, B.; Juodawlkis, P.; et al.
Integrated Technologies for Portable Optical Clocks. In OSA Optical Sensors and Sensing Congress 2021 (AIS, FTS, HISE, SENSORS,
ES); Optical Society of America: Washington, DC, USA, 2021; p. SW4I.1. [CrossRef]

20. Manurkar, P.; Perez, E.F.; Hickstein, D.D.; Carlson, D.R.; Chiles, J.; Westly, D.A.; Baumann, E.; Diddams, S.A.; Newbury, N.R.;
Srinivasan, K.; et al. Fully self-referenced frequency comb consuming 5 watts of electrical power. OSA Contin. 2018, 1, 274–282.
[CrossRef]

21. Pröbster, B.J.; Lezius, M.; Mandel, O.; Braxmaier, C.; Holzwarth, R. FOKUS II—Space flight of a compact and vacuum compatible
dual frequency comb system. J. Opt. Soc. Am. B 2021, 38, 932–939. [CrossRef]

22. Martin, K.W.; Phelps, G.; Lemke, N.D.; Bigelow, M.S.; Stuhl, B.; Wojcik, M.; Holt, M.; Coddington, I.; Bishop, M.W.; Burke, J.H.
Compact Optical Atomic Clock Based on a Two-Photon Transition in Rubidium. Phys. Rev. Appl. 2018, 9, 014019. [CrossRef]

23. Phelps, G.; Lemke, N.; Erickson, C.; Burke, J.; Martin, K. Compact Optical Clock with 5×10−13 Instability at 1 s. NAVIGATION
2018, 65, 49–54. [CrossRef]

24. Numata, K.; Camp, J.; Krainak, M.A.; Stolpner, L. Performance of planar-waveguide external cavity laser for precision
measurements. Opt. Express 2010, 18, 22781–22788. [CrossRef] [PubMed]

25. Sinclair, L.C.; Coddington, I.; Swann, W.C.; Rieker, G.B.; Hati, A.; Iwakuni, K.; Newbury, N.R. Operation of an optically coherent
frequency comb outside the metrology lab. Opt. Express 2014, 22, 6996–7006. [CrossRef] [PubMed]

26. Zhang, W.; Martin, M.J.; Benko, C.; Hall, J.L.; Ye, J.; Hagemann, C.; Legero, T.; Sterr, U.; Riehle, F.; Cole, G.D.; et al. Reduction
of residual amplitude modulation to 1 × 10−6 for frequency modulation and laser stabilization. Opt. Lett. 2014, 39, 1980–1983.
[CrossRef] [PubMed]

27. du Burck, F.; Lopez, O. Correction of the distortion in frequency modulation spectroscopy. Meas. Sci. Technol. 2004, 15, 1327–1336.
[CrossRef]

28. Rogers, W.A.; Buritz, R.S.; Alpert, D. Diffusion Coefficient, Solubility, and Permeability for Helium in Glass. J. Appl. Phys. 1954,
25, 868–875. [CrossRef]

29. Altemose, V.O. Helium Diffusion through Glass . J. Appl. Phys. 1961, 32, 1309–1316. [CrossRef]
30. Zameroski, N.D.; Hager, G.D.; Erickson, C.J.; Burke, J.H. Pressure broadening and frequency shift of the 5S1/2→ 5D5/2and

5S1/2→ 7S1/2two photon transitions in85Rb by the noble gases and N2. J. Phys. At. Mol. Opt. Phys. 2014, 47, 225205. [CrossRef]
31. Rushton, J.A.; Aldous, M.; Himsworth, M.D. Contributed Review: The feasibility of a fully miniaturized magneto-optical trap for

portable ultracold quantum technology. Rev. Sci. Instrum. 2014, 85, 121501. [CrossRef]
32. Dellis, A.T.; Shah, V.; Donley, E.A.; Knappe, S.; Kitching, J. Low helium permeation cells for atomic microsystems technology.

Opt. Lett. 2016, 41, 2775–2778. [CrossRef]
33. Norton, F.J. Helium Diffusion through Glass. J. Am. Ceram. Soc. 1953, 36, 90–96. [CrossRef]
34. Shelby, J. Helium Diffusivity and Solubility in K2O-SiO2 Glasses. J. Am. Ceram. Soc. 1973, 57, 260 – 263. [CrossRef]
35. Howe, D. The total deviation approach to long-term characterization of frequency stability. IEEE Trans. Ultrason. Ferroelectr. Freq.

Control 2000, 47, 1102–1110. [CrossRef] [PubMed]
36. Martin, K.W.; Stuhl, B.; Eugenio, J.; Safronova, M.S.; Phelps, G.; Burke, J.H.; Lemke, N.D. Frequency shifts due to Stark effects on

a rubidium two-photon transition. Phys. Rev. A 2019, 100, 023417. [CrossRef]
37. Alcock, C.B.; Itkin, V.P.; Horrigan, M.K. Vapour Pressure Equations for the Metallic Elements: 298–2500K. Can. Metall. Q. 1984,

23, 309–313. [CrossRef]

http://dx.doi.org/10.1103/PhysRevApplied.12.054063
http://dx.doi.org/10.1364/OE.396296
http://www.ncbi.nlm.nih.gov/pubmed/32907005
http://dx.doi.org/10.1364/OPTICA.6.000680
http://dx.doi.org/10.1364/OL.435603
http://www.ncbi.nlm.nih.gov/pubmed/34525086
http://dx.doi.org/10.1038/s41567-017-0042-3
http://dx.doi.org/10.1109/FCS.2019.8856051
http://dx.doi.org/10.1002/qute.202100015
http://dx.doi.org/10.1103/PhysRevA.102.050802
http://dx.doi.org/10.1364/SENSORS.2021.SW4I.1
http://dx.doi.org/10.1364/OSAC.1.000274
http://dx.doi.org/10.1364/JOSAB.413929
http://dx.doi.org/10.1103/PhysRevApplied.9.014019
http://dx.doi.org/10.1002/navi.215
http://dx.doi.org/10.1364/OE.18.022781
http://www.ncbi.nlm.nih.gov/pubmed/21164616
http://dx.doi.org/10.1364/OE.22.006996
http://www.ncbi.nlm.nih.gov/pubmed/24664048
http://dx.doi.org/10.1364/OL.39.001980
http://www.ncbi.nlm.nih.gov/pubmed/24686654
http://dx.doi.org/10.1088/0957-0233/15/7/015
http://dx.doi.org/10.1063/1.1721760
http://dx.doi.org/10.1063/1.1736226
http://dx.doi.org/10.1088/0953-4075/47/22/225205
http://dx.doi.org/10.1063/1.4904066
http://dx.doi.org/10.1364/OL.41.002775
http://dx.doi.org/10.1111/j.1151-2916.1953.tb12843.x
http://dx.doi.org/10.1111/j.1151-2916.1974.tb10883.x
http://dx.doi.org/10.1109/58.869040
http://www.ncbi.nlm.nih.gov/pubmed/18238647
http://dx.doi.org/10.1103/PhysRevA.100.023417
http://dx.doi.org/10.1179/cmq.1984.23.3.309


Sensors 2022, 22, 1982 11 of 11

38. Yudin, V.; Basalaev, M.Y.; Taichenachev, A.; Pollock, J.; Newman, Z.; Shuker, M.; Hansen, A.; Hummon, M.; Boudot, R.; Donley,
E.; et al. General Methods for Suppressing the Light Shift in Atomic Clocks Using Power Modulation. Phys. Rev. Appl. 2020,
14, 024001. [CrossRef]

39. Mei, G.; Zhong, D.; An, S.; Zhao, F.; Qi, F.; Wang, F.; Ming, G.; Li, W.; Wang, P. Main features of space rubidium atomic frequency
standard for BeiDou satellites. In Proceedings of the 2016 European Frequency and Time Forum (EFTF), York, UK, 4–7 April 2016;
pp. 1–4. [CrossRef]

http://dx.doi.org/10.1103/PhysRevApplied.14.024001
http://dx.doi.org/10.1109/EFTF.2016.7477803

	Introduction
	Materials and Methods
	Results
	Calibrating the Hydrogen Maser
	Helium Permeation
	Optical Clock Stability
	Absolute Frequency

	Discussion
	References

