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ABSTRACT

We discuss the long-term stability of the NIST chip-scale atomic clock (CSAL) physics packages. We
identify the major factors that currently limit the frequency stability of our CSAC packages afler 1005, The
requirements for the stability of the vapor cell and laser temperature, local magnetic field, and local
oscillator output power are evaluated. Due to the small size of CSAC physics package assemblies, advances
MEMS packaging techniques for vacuum sealing and thermal isolation can be used to achieve the
temperature stability goals. We discuss various ideas on how to ald temperature control solutions over wide
variations in ambient temperature by implementing atom-based stabilization schemes. Control of
environment-related frequency instabilities will be critical for successful insertion of CSACS into portable
instruments in the areas of navigation and communication,
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1. INTRODUCTION

Chip-scale atomic clocks (CSACs) have rapidly advanced since their proposal in 2001°, The combination
of MEMS fabrication techniques and atomic physics has led to the development of small, low cost atomic
clocks with much reduced power consumption. Embedding these clocks in battery-operated portable
devices would have many potential applications in the telecommunication and navigation sector””, Afier
the initial demonstration of the first microfabricated alkali vapor cells® and CSAC physics packages’, many
improvements have been made in terms of shori-term freguency stability®, power consumption®, and size®,
Low-power local oscillators have been developed'™ and integrated onto the same substrate as the physics
package'

Our CSACs are based on coherent population trapping (CPT) spectroscopy'® of Rb atoms confined in a
vapor cell. Here a vertical-cavity surface-emitting laser (VCSEL) s tuned to the D, transition of ¥Rb at
795 nm. A voltage-controlled oscillator (LOY with an output frequency near 3.4 GHz modulates the
injection current of the VCSEL and creates modulation sidebands around the carrier. If the beat frequency
between the two first-order sidebands is exactly resonant with the ground-state hyperfine splitting of the
YRb atoms at 6.8 GHz, the light absorbed by the atoms decreases. This CPT resonance can have a guality
factor (Q) as high as 3 million and can be used to stabilize the frequency of the focal oscillator. A schematic
of such a clock is shown in Fig. 1.
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Fig. 1. Schematic of a chip-seale stomic clock. Four control loops ars mmplemented by control electronics,
The clock signal derived from the atoms s used w stabilize the LO frequency, The- laser freguency is
stabilized to the atomic absorption (green gircuit). The laser and cell temperatures are stabilized by use
of thermistors Th. and heaters HE (blue gircuits). The local oscillator madilates. the faser injection
current and is stabilized to the atomic transition through the signal from the photodetector PD (red
CIEU).

In a microfabricated device, the atoms are confined inside a MEMS vapor cell® along with a buffer gas. To
achieve gnough absorption of the laser light, the cell must be heated to approximately 90 °C. Furthermore,
the laser frequency must be stabilized, usually by controlling the laser temperature and DC injection
current. The light is attenvated, its polarization controlled, and the power transmitted though the cell
detected by a photodiode. The components of the physics package that make up the atomic spectrometer
can be seen in Fig 2. The Jocal oscillator (see Fig. 1) is based on a coaxial resonator with an unloaded Qeof
125 and generates a 3.4 GHz output signal with a power of -6 dBm, enough to sufficiently modulate the
VCSEL'". The microwave output power is controtled by a DO blas and s frequency is steered with a DC
voltage, derived from the atomic CPT resonance signal. In a system that combined this type of low-power
LO and physics package, clock stabilities of 2% 107%"2 have been achieved.
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Fig. 2. Chip-scale atomic clock physics package. The VOSEL is mounted onto 8 baseplate so thal il emiis
vertically, The optics packape for shaping the light beam consists of 4 polarizer, a guiarter waveplate,
and newtral dengity (NDY filters, The atomns are confined lnside s MEMS wapor celt heated 10 90 °C by
two pairs of heaters and temperaturs stabilized by use of a thesmistor. The photodetector on top detects
the Hght transmitted through the atomic vapor,
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Despite of extensive characterization of the short-term frequency stability, relatively little has been reported
on the frequency stability of these clocks at integration periods beyond several minutes, Many applications
demand frequency stabilities near 1 = 107" at integration periods of 1 hour and longer. With short-term
instabilities below 6 x 10"%"%, this should be achievable, if white frequency noise dominates the
instability. In practice frequency drifts limit the stability at longer periods. Fig. 3 shows typical frequency
stabilities as a function of averaging periods of several clock componenis. The green dlamonds show the
instability of the free-running local oscillator, which begins to drifi after only a few second”. The blue
triangles show the instability of the hyperfine transition of rubidium atoms confined in a MEMS vapor cell
similar to ones integrated in the CSACs'® Ina laboratory environment, these cells can support instabilities
below 107" at 1 hour of integration. The red dots correspond to a CSAC physics package alone run with a
commercial synthesizer, and the black squares show the frequency instability of a CSAC physics package
integrated with a local oscillator”, In the following sections we will discuss the factors that cause the
frequency drifts in our devices and discuss possible improvements,

o
@ i 5
b 107 4
£ 3
g ]
e K
2 10
rnad
oy B
@ 1074
g
= -§
g A
o

-1
o) 10y
e
&
b 11
% 10y
o 3
Bt 42"
fm A e S .

10° 10" 10° 10° g 10°
Averaging Time ()

Fig. 3. Fractional frequency instabilities of chip-scale atomic clock components as a function of averaging
period: free-running Jow-power 3.4 Gllz ossillator {green dismonds ), MEMS vapor cell {blue triangles),
CSAC physies package (red dotsy CSAC physics package and local oscillator integrated {black
seuaresh

2. CELL TEMPERATURE

Temperature-induced shifts of the resonance frequency of alkali atoms in vapor cells have been known for
many decades. In most systems, they arise from the collisions of the alkali atoms with the so-called buffer
gases. These buffer gases are mostly inert or molecular gases that interact only weakly with alkalis, and
cause the alkalis to diffuse slowly through the cell, reducing the frequency of wall collisions. As a result,
the lifetime of the coherence in the atoms is ncreased and narrowsr resonance lines are achieved, Diespite
the weak interaction between the buffer gas and the alkali atoms, some shifts in the resonance frequency do
occur, and these depend on the temperature of the gases. Heavy buffer gases (Ar, Xe, CH.,...) shift the
clock frequency to negative values with increasing temperature, while light buffer gases (Ne, N,,...) result
in a positive temperature coefficient. Therefore, in commercial rubidium vapor cell clocks, combinations of
two buffer gases are often used to cancel the temperature-dependent shift to first order’™ ¥, In this way,
temperature-induced shifis on the order of -2 x 107% 9C* are achieved in cells a few centimeters in size. In
millimeter-sized cells, the buffer gas pressures are usually an order of magnitude higher, resulting in
proportionally higher temperature-iuced shifts. Cell temperature stabilities below 1°C should be
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sufficient to support clock stabilities around 107", if it were possible to achieve buffer £as pressure ratios
with the same accuracy as in larger glass-blown cells.

Precise adjustment of the buffer gas pressure ratio is complicated by the fabrication methods of MEMS
cells. Most methods use anodic bonding to seal the cell, and chermical byproducts are created during
bonding. With typical clock frequency shifts on the order of 8 x 107" 4 Torr °C}, the residual gases produced
during bonding should be less than 100 mTorr in pressure to achieve stabilities below 107" with ] °C
temperature stability. We have found, however, that in our cell fabrication apparatus, it is difficult to reduce
the residual pressure in the final cell to below | Torr, even when the wafers are baked under vacuum at 300
°C for 12 hours prior to filling the cells and background pressures inside the vacuum chamber at 10°° Torr
during bonding. Therefore, the temperature coefficient of our vapor cells is usdally around ~4 Hz/K (or 6 x
107K, Such lt_emperaiure coefficients require a temperature stability around 20 mk to ensure a frequency
stability of 1077,

Temperature stabilitics of 20 mK can be reached with fairly simple electronic servos in laboratory
environments, and it has been shown that microfabricated vapor cells can support clock frequency
stabilities of 5 x 107 at 1000 s of averaging periods in table-top setups. fn small CSAC physies packages
suitable for field use however, this temperature stability must be maintained over the whole ambient
temperature range often more than 70 °C, In our devices, we found that we are unable to reach these wide
operating ranges when using thermistors separated from the cell by a distance of ~500 Hm 1o measure the
cell temperature’”, This is because the temperature gradient between cell and thermistor varies with the
ambient temperature and hence even when the thermistor temperature is stabilized precisely, the cell
temperature may show significant deviations. One sofution 1o this problem, for example, is to stabilize the
cell temperature by maintaining a constant optical DC absorption'. This stabilizes the atom density inside
the cell instead of the temperature of the cell body and ensures much better temperature stability when the
ambient temperature is changing,

3. LASER TEMPERATURE

The temperature of the VCSEL is even more critical than the cell temperature. The optical frequency of
these lasers tunes with temperature and current by 30 GH2/K and 300 GHz/mA, respectively. To keep the
laser frequency resonant with the atomic transition, the laser temperature is usually monitored with a
thermistor and stabilized by feeding back to the local heater. The laser current is therl modulated and the
power transmitted through the cell is detected at the modulation frequency. This signal can then be used to
stabilize the laser frequency to the center of the atomic absorption line. Similarly to the problems with the
cell temperature, temperature gradients between thermistor and laser will change the ser temperature if
the ambient temperature is changing. Even if the laser frequency remains the same because of the servos,
the total laser power will change due to a different operating current, This coefficient is ~30 uW/K for our
VCSELs. This results in a change of total light power at the cell of ~1 WW/K (for a total power of 10 uW)
after attenuation in the optics assembly, and feads to clock frequency shifts of ~5 x 10°K. Thus,
maintaining a frequency stability of 107" would require an absolute laser temperature stability of ~2 mK.
With the thermistor technique currently used, this is not possible over a wide range of ambient
temperatures, With better thermal design (like the one developed by R. Lutwak et al’, for example) the
temperature shifts could be reduced, but it would probably still be challenging to ensure the reuired
stability over more than 70 °C of ambient temperature change. Most commercially available rubidium
apor cell clocks use a lamp as the Hght source and do not need 1o address this problem,

Several spectroscopic techniques have been proposed to circumvent the laser-temperature-relaled
instabilities. The clock frequency shift arises from the AC Stark shifis due to all laser sidebands and is
therefore dependent on Jight powers and detunings of all those sidebands. It has been shown that it is
possible is to operate at a point where the light-induced frequency shifts from all modulation sidebands
mutually cancel™. Tn order to so that, the modulation index of the Hght fields must be chosen carefully
and depends on the characteristics of the laser, It has been demonstrated that this technique also works well
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in MEMS clock cells with high buffer gas pressures”™. Nevertheless, it can be challenging to select all the
operating parameters simultaneously in a small compact device, and this method works only in a narrow
region of temperatures and powers. However, it has been shown in a table-top setup that the light
modulation index can be actively stabilized to the point where all the light shifts cancel, by modulating the
light power with a Hquid-crystal modulator™. The shift of the clock frequency that is in phase with this
modulation can then be used to stabilize the sideband strength of the light field to the point of minimal light
shift. In a different method, the laser DC current is kept constant, using a constant current source, ensuring
a stable total light intensity”. The laser frequency is then locked onto the optical absorption resonance by
AC modulating the laser current and monitoring the modulation on the light transmitted through the cell.
This signal is then used to correct the laser temperature with a bandwidth of 30 Hz. All of these methods
have been shown to greatly improve the temperature stability of the clock frequency, but it is not yet known
whether they are sufficient to reach clock frequency stabilities of 107 over the full range of ambient
temperatures,

4. LOCAL OSCILLATOR OUTPUT POWER

In the previous section we mentioned that the clock output frequency depends on the light power in gach
one of the optical sidebands. While the total light power is determined by the laser current, the distribution
of light power among the modulation sidebands is determined by the FM modulation index, which is
related to the RF output power of the local oscillator and how much of this power is coupled into the
VOSEL, We have observed the importance of maintaining a constant modulation index to ensure a stable
clock frequency. In one of our table<top systems, we measured the overall system frequency shift as ~2 x
107%/mW RF power around 10 dBm output power from the LO®. The modulation index of the Hght field
can also change if the VCSEL RF impedance changes with temperature, bias current, and aging, The
overall result is a light-induced frequency shift that will perturb the clock frequency, We found that this
change in laser impedance has an even more serious effect in a small CSAC system. As shown in Fig. 4,
the VECEL and the LO are mounted on the same substrate in order to maximize the coupling of the 3.4
GHz modulation into the VCSEL. In this particular case, 0.25 mW of power s sufficient to modulate the
VCSEL at its optimum modulation index. As the impedance of the VOSEL changes with termperature, both
the RF power and the reflections back into the oscillator change. This causes a complicated interplay that
can shift the clock frequency dramatically and can sometimes degrade the stability by orders of magniwde
when it pushes the LO into a multimode regime™.

0 “Physies
Oscillator ; Package

Fig. 4. Photograph of an integrated chip-scale atomic clock local oscillator (et and physics package (right),
The LO output signal is coupled directly (o the VSUEL in'the phiysies package: The coatrol electronics
use the photodiede output signal from the physics package 1o steer the loeal oscillater though the DC
funing port.

To reduce the problem of clock frequency shifts due to changes in the modulation power, some of the
stabilization techniques introduced in the previous section gan be useful. When the VOSEL is run with a
constant current, its impedance is much more stable and it becomes possible to impedance match the
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VCSEL to the output of the local oscillator, allowing both efficient coupling and a more stable output
power””. The LO output power could then be stabilized with active feedback from the photodetector to the
LO bias voltage to maximize the power in the first-order modulation sidebands of the laser, by modulating
this power, for example, through the LO bias and phase-sensitive detection of this modulation in the lght
transmitted though the atomic vapor'®. As another alternative, the LO power could be changed continuously
to actively stabilize the modulation index to the point where the light-indueed clock frequency shifls are
minimal®. In addition, adding a second-stage buffer after the output of the LO would reduce the oscillator's
frequency pulling sensitivity ™,

& MAGNETIC FIELDS

In order to excite CPT “clock” resonances with cireularly-polarized Hght, a magnetic bias field must be
applied oriented along the direction of propagation of the light field. This field separates the magnetically-
sensitive transitions from the magnetically insensitive “clock™ transition and eliminates the linear shift in
the resonance frequency with magnetic field (linear Zeeman shift). However, a second order contribution
remains, which shifts the resonance by ¥ = & 107%uT In the presence: of the DO bias fleld Be,, this
second order shift results in a first-order dependence on changes AB, inthe bias field i AB, 1 B, (Af= vR*
= ¥(Bo,+AB,) = v(Bo,” + 2B0,AB,)) and a second-order dependence on changes AB, if AB, L By, (A= yB®
=¥ Be, AR

The frequency shifis discussed in the previous sections were caused mostly by ambient temperature
changes. To a large extent they could be mininmized with the addition of stabilization loops {for the RF
power or total light power, for example) that use parameters directly derived from the atomic spectroscopy.
There is also a magnetic field-induced frequency shift that is indirectly related to environmental
temperature changes, but it could be reduced by a better thermal design and shislding. Typically, our cell
heaters contribute the strongest magnetic fields at the location of the atomic vapor cetl. As can be seen in
Fig, 2, the heaters are thin conductive laver of indium-tin oxide (ITO) deposited on transparent glass
substrates that are placed back-to-back on both sides of the vapor cetl. The heater on each side of the cell
consists in turn of two such 200 pm thick sheets with the current traveling in opposite directions fo
significantly cancel the magnetic fields produced by the sheets. The current is delivered from the baseplate
below the CSAC physics package to the heaters by means of gold wires, In our design, 30 mA of current
flows through the heaters to maintain the required cell temperature, so that a wire produces a magnetic figld
of roughly 6 ¢T at a distance of | mm. The major component of this field is perpendicular to the laser
beam. In order to excite the CPT resonance between the hyperfine energy levels, which are shifting in
second order with magnetic field only, a magnetic field parallel to the laser beam is needed. We therefore
apply an external offset field of at least 60 1T along the direction of the laser beam, to ensure a total field
direction close to this.

The clock transition has a second-order frequency shift with magnetic field of & x 10T tn our offset
field this translates into a shift rate of ~5 x 107%uT, and thus requires a total field stability of roughly 20
aT to ensure a clock stability of 107, This puts stringent réquirements ou the shielding of the CSAC from
external ficlds. To prevent shifis due to varying orientations of the clock in the earth field (+ 100 #T), a
shielding factor at around 1000 is required. Furthermore, the current of the heaters has to remain constant o
within 2 mA (if the field produced by the heaters is perpendicular to the offset fiekd) and 200 pA (f the
heater field is parallel to the offset field). This current stability must also be maintained over the full range
of ambient temperatures, which is challenging with our current setup. But we believe that a betier thermal
shielding to reduce the heater currents, higher heater resistances, and nonmagnetic heaters could easily
solve this problem, A much better thermal design of the CSAC physics packege has been demonstrated for
example by Lutwak et al.”, and could greatly reduce these shifts, Transparent microfabricated heaters with
much fower magnetic fields have been developed for chip-seale magngtometers, for example®™, and could
be useful in MEMS clocks as well. Better magnetic shielding seems possible by adding a second layer
shield and a by use of a better shield design. Finally, MEMS heat switches have been developed with
variable thermal resistances, to limit the range of heating currents required”™. Therefore, the problem of the
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tong-term clock frequency stability due to magnetic fields could most likely be solved by better engineering
of the physics package.

6. OTHER EFFECTS

Although the temperature stabilities of VCSEL and celf and the magnetic fields are currently the biggest
condributors to the long-term drifts of our chip-scale atomic clocks, there are other effects that miight
influence the frequency. One major problem of the VOSELS we use is caused by the presence of a laser
mode with polarization orthogonal to the main mode of oscillation, Use of a linear polarizer before the
quarter waveplate, aligned with the strong polarization mode of the VUSEL, reduces the effect on the CPT
resonance. Nevertheless, we found that mode-competition noise®™ % between the two modes can severely
degrade the signal-to-noise ratio of the clock resonance, when the polarizer - converts - polarization
fluctuations into amplitude noise on the photodetector. The strength of this effect depends on the individual
VOSEL used as well as its particulay O?efﬁiitig pavameters. One mothod to reduce this additional noise has
been demonstrated by Gerginov et al™, where one half of the laser beam was circularly polarized and the
other half linearly polarized. Both were passed though the same vapor cell and were detected on similar
photodetectors, Only the circularly polarized beam caused a CPT resonance, but both had similar AM
noise, as a result of FM, AM, and polarization noise converied into amptlitade fluctuations by the polarizer
and the atomic absorption profile. The difference between the two photodetector signals showed a CPT
with much reduced noise.

Many studies have been performed on the lifetimes of VOSELs, Nevertheless, aging effects of VOSELs in

z»«
such spectroscopic applications and microfabricated atkali vapor cells arg largely unknown. In commercial
Rb vapor cell clocks, the diffusion of helium into the vapor cells is a mator contributor to long-term
frequency drifts ™', While this is often a linear drift in time and can be accoumed forin a large device, a
low-cost CSAC might not have such sophisticated controls, Helium causes a shift to the Rb clock
frequency of 1 x 107/ Torr *%. With the diffusion coefficients of helium through Pyrex measured by F.
Norton”, this would translate into a clock frequency shift of ~3 x 10"'/day, assuming pure diffusion
through the 200 ym thick Pyrex™ windows of a microfabricated vapor ¢ell of volume | mm’ at 100 °C
and natural abundance of He on the outside. The fact that this is very close to the long-term drift we
measured in such vapor cells of 5 x 107 /day'® is very surprising, since the actual pressure difference of
helium is wnknown and no diffusion through the silicon body of the cell, or the anodic bonds have been
taken into account. In order to study this effect more precisely, tong-term fests should be performed in a
controlled helium environment. Furthermore, better thermal design of the heaters and possible Rb
reservoirs in the cells might be needed to ensure that the solid metal remains in a desired area of the cell
and that no frequency shifts occur from a film of Rb building up on the windows, thus causing changes in
the transmission of lght through the cell.

7, CONCLUSIONS

We have investigated some major effects that currently limit the long-term frequency stability of our
microfabricated atomic clocks. Most of these relate to environmental effects such as temperature variations,
Even though strong shifis in the output frequency of our devices are possible, these shifts could be reduced
to a large extent by better thermomechanical designs of the physics package and the local oscillator, which
may be enabled by MEMS packaging techniques. Primary parameters affecting the output frequency
inctude the temperatures of the vapor cell and the VOSEL, RF output power of the local oscillator, and
local magnetic field. Because it could be challenging to reach frequency stabilities of 10™"" over integration
periods longer than 1 hour and an ambient temperature range of more than 70 °C with pure engineering, we
discuss various ideas on how to relax these engingering constraints by implementing  atom-based
stabilization schemes. However, we have not found effects that in principle would make a CSAC with a
frequency stability of 107" beyond 1 hour impossible;

" Trade name is stated for technical clarity and does not imply endorsernent by NIST. Products from other
manufacturers may perform as well or hetter.
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