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A Microwave Frequency Reference Based on
VCSEL-Driven Dark Line Resonances in Cs Vapor
J. Kitching, S. Knappe, N. Vukičević, L. Hollberg, R. Wynands, and W. Weidmann

Abstract—Dark line resonances, narrowed with a buffer gas to
less than 100 Hz width, are observed in a Cs vapor cell using a directly modulated vertical-cavity surface-emitting laser (VCSEL).
An external oscillator locked to one of these resonances exhibits a
, which drops
short-term stability of ( ) = 9 3 10 12
to 1 6 10 12 at 100 s. A physics package for a frequency-reference based on this design could be compact, low-power, and simple
to implement.
Index Terms—Atomic clock, frequency reference, VCSEL, vertical-cavity surface-emitting laser.

I. INTRODUCTION

N

OT LONG after the discovery of dark line resonances
[1] and their explanation as being due to coherent population trapping [2] (CPT), these narrow features were recognized as possible microwave frequency references. Studies of
a variety of clock geometries based on -resonances were undertaken using tunable dye lasers, atomic beams [3], [4], [5]
and vapor cells [6], [7]. Despite difficulties in controlling AC
Stark shifts caused by the optical fields, short-term stabilities
were obtained. The developin the range of
ment of diode lasers tunable to alkali-atom optical transitions
created new possibilities for using these resonances in compact
frequency references. These lasers have been used for optical
pumping in optical-microwave double-resonance experiments
[8], [9], [33], in dark-line resonance CPT systems [10]–[13],
[14]–[16] and in Raman-scattering-based references [17]. The
emerging availability of high-quality single-spatial and -spectral mode VCSEL’s [18]–[20], now promises more robust, reliable, lower power, and very compact frequency references and
magnetometers [21].
In addition to this new enabling technology, there is a rapidly
growing need for improved performance from low-cost, compact frequency references [22]. New demanding applications
include modern communication networks and GPS receivers
which often require devices with performance specifications
which are difficult to achieve with quartz crystals but which
still need to be small, of low power, and reliable.
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Fig. 1. Physics package used in the experiment. The inset shows the three-level
3-configuration used to excite the dark-line resonance.

In this work, dark line resonances in Cs vapor are studied for
potential use in a compact, low-power, microwave frequency
reference. The resonance is excited using light from a VCSEL
[21] and detected using the change in dc absorption, resulting in
an extremely simple physics package with very high tolerance
to misalignment and potentially low acceleration sensitivity. We
anticipate engineering the package developed here into a device
1 cm
2 cm and a power
with a volume less than 1 cm
dissipation of much less than 100 mW, depending on the thermal
environment.
II. A VCSEL-BASED FREQUENCY REFERENCE
The essential components of the optical part of the system are
shown in Fig. 1. The VCSEL used to excite the dark line resonance
wasanoxide-confinedstructure[19],[20]withathresholdcurrent
of optical
of 0.82 mA at 31.2 C and which delivered 870
power in a single linear polarization at an operating current of
4.06 mA. The laser linewidth was measured to be 50 MHz by
beating the output with light from a narrow-linewidth (
MHz) distributed-Bragg-reflector (DBR) laser. The VCSEL
wavelength was tuned to the Cs D line (852 nm) by carefully
controlling the laser temperature and injection current. The light
was then collimated and passed through a quarter-wave plate to
make the polarization circular before being sent to a cell 2 cm
long and containing natural Cs at its vapor pressure along with
8.7 kPa of Ne buffer gas. Buffer gases of this type have long been
known to reduce the transit-time and Doppler broadening which
occursin cellscontaining Csalone[23].Thecellwas placedinside
a cylindrical magnetic shield with a transverse field attenuation
factor of 2000 to reduce stray magnetic fields. A longitudinal
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Fig. 2. Electronics and servo systems used to (a) lock the laser to the
absorption profile and (b) lock the crystal oscillator to the dark-line resonance.

magnetic field of
T was applied with a pair of Helmholtz
transition from the other
coils to isolate the
transitions. The shield and cell were placed inside a
styrofoam enclosure, thermally isolating them from the room,
and the cell itself was heated to 29 C and stabilized using active
temperature control. The residual temperature fluctuations of a
thermistor placed on the cell side wall were on the order of 100
. To avoid large light shifts and power broadening of the dark
line, the light was intentionally attenuated such that only 8
of optical power in a 4 mm diameter beam was incident on the
cell. The power transmitted through the cell was detected with a
large-area Si photodiode.
The laser injection current was modulated near 4.6 GHz with
12.6 mW of RF power. A substantial fraction of the optical
power was transferred to sidebands on the optical carrier: we estimate that 60% of the original optical power was contained in
the first-order sidebands at 4.6 GHz, while only 13% remained
in the carrier. A substantial asymmetry in the sideband power
was also observed, which we attribute to the effects of correlated
simultaneous AM and FM modulation on the laser: the blue
sideband contained roughly twice as much power as the red sideband. The remainder (27%) of the optical power was observed
in higher-order sidebands. The laser was tuned such that the carrier was half way between the two hyperfine ground-state transitions. The first-order sidebands were therefore resonant with
optical transitions from the two ground-state hyperfine levels
excited state forming the three-level -system reto the
quired for CPT (see inset, Fig. 1).
As the laser sideband frequencies were scanned together over
the two Cs resonances, a roughly Lorentzian absorption profile
was observed in the transmitted optical power with a full width
of 1.4 GHz and a peak absorption of 26%. This Lorentzian profile is a result of the large homogeneous broadening induced
by collisions of the Cs atoms with the buffer gas. The laser frequency was locked to the peak of this absorption profile by modulating the laser current at 10 kHz and using lock-in detection
as shown in Fig. 2. The resulting laser frequency excursion was
roughly 10 MHz. The detuning from the exact line center could
be varied by using a voltage offset at the integrator input.
The 4.6 GHz RF modulation applied to the laser was synthesized from a 5 MHz precision crystal oscillator. When the
RF modulation frequency was exactly equal to one half the hyground state, the sideband abperfine splitting of the Cs

Fig. 3. RF error signal at 4.6 GHz used to lock the external oscillator to the
dark line resonance. The resonance width is 100 Hz and the output low-pass
filter time constant was 33 ms. The flat-topped shape is a result of the 530 Hz
modulation frequency being roughly equal to the resonance width.



sorption peak height was reduced by 0.5% due to the CPT
of optical power in a 4 mm diameter beam, the
effect. At 8
resonance width was observed to be 100 Hz FWHM (out of
4.6 GHz). The crystal frequency itself was modulated at 530 Hz
with an amplitude such that the phase modulation index of the
4.6 GHz modulation was 0.6 (see Fig. 2). Lock-in detection was
used to produce an error signal to feed back into the crystal. A
typical error signal, observed with an output low-pass-filter time
constant of 33 ms, is shown in Fig. 3. The flat-topped shape results from the large modulation index and the fact that the modulation frequency was of the same order as the resonance width.
The external oscillator used to modulate the VCSEL was then
locked to the narrow resonance, creating a stable frequency reference. A unity-gain frequency substantially higher than one
Hertz was used to servo the crystal. The synthesizer output frequency was therefore a faithful representation of that resulting
from the atomic signal for integration times longer than one
second despite the crystal’s short-term stability being somewhat better than that resulting from the atomic signal (as is usually the case with atomic frequency references). The synthesizer
signal was then mixed down to 3.36 MHz by beating it against
a 9.2 GHz dielectric resonator oscillator, phase-locked to a hydrogen maser and divided to 4.6 GHz with a low-noise digital
prescaler. The 3.36 MHz signal was then sent to a counter that
used the hydrogen maser signal as a reference. The noise floor
of the measurement system with a one-second gate time was
, where is the integration time, bottoming out
near 10 .
III. FREQUENCY REFERENCE STABILITY AND NOISE
A typical Allan deviation for the frequency reference is shown
and is dein Fig. 4. The short-term stability is
termined by the formula [24]
(1)
is the slope of the error
Here, is the RF frequency,
is the low-frequency voltage noise
signal at the lock point,
power spectral density at the lock-in output and is the integration time. It is clear from (1) that the oscillator’s stability depends
on the slope of the CPT resonance error signal and the low-fre-
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Fig. 4. Allan deviation of the frequency reference. The points show the
experimental data while the solid line is calculated from measurements of the
open-loop signal-to-noise ratio and the dashed line is the calculated limit due
to the AM noise of the laser.

quency noise on this signal. The height and width of the CPT resonance have been studied previously as a function of various experimental parameters (laser power and detuning, buffer gas pressure, etc.) [21], [25], [26]; we believe our system is roughly optimized from this point of view. We therefore focus mainly on understanding and reducing the noise, which is determined almost
entirely by laser power and frequency fluctuations.
The low-frequency noise on the error signal is determined
by the detector’s output-voltage noise at 530 Hz. We consider
three origins of this noise: power fluctuations of the laser, linear
FM–AM conversion on the side of the absorption line, and
nonlinear FM–AM conversion near the line peak. With the large
optical attenuation used in this experiment, the laser power
fluctuations are close to the shot-noise limit and contribute a
fractional frequency instability about one third of that measured
in the experiment. The limit to the Allan deviation from this
noise source at the stated power level is shown by the dashed
line in Fig. 4.
In general, laser FM–AM noise conversion in an optically
thick resonant medium is a complicated nonlinear process involving the mutual interaction of the laser frequency noise with
the fluctuating atomic susceptibility [27]–[30]. However, the
optical thickness of our vapor cell is not particularly large, and
the laser linewidth is quite small compared to the buffer gasbroadened optical transition width. We therefore approximate
this process by assuming simply that the FM noise is converted
into AM noise in a linear fashion by the slope of the absorption
profile. If the detector voltage as a function of laser detuning, ,
is given by
(2)
then fluctuations in detector voltage are related to fluctuations
in laser frequency by
(3)
This approximation neglects the effects of the FM noise on the
real part of the atomic susceptibility and the resulting higherorder contributions that the modified refractive index makes to
the AM (and FM) noise on the transmitted field.
While this linear FM–AM noise component is considerable,
it should vanish at zero detuning since the slope at this point

Fig. 5. Detector voltage noise at 530 Hz, normalized to the absorption
peak height, as a function of the detuning of the laser frequency from the dc
absorption peak center. The solid line is the calculated noise based on the noise
processes discussed in the text with an offset of 40 MHz.

is zero. In this case, second-order mixing of FM noise at two
different frequencies due to the quadratic transfer function can
become the dominant FM–AM noise source. In this case,
(4)
is determined by (2). We have identified three possible
if
mixing processes that appear to contribute to the noise when the
laser is tuned to the center of the sideband absorption spectrum.
The first is the mixing of the laser frequency modulation at 10
kHz (used to lock the laser to the line center) with noise at 10
kHz 530 Hz. Measurements of this effect indicate a contribution to the Allan deviation of about one half the measured value.
The second is the mixing of signals at multiples of 60 Hz, which
exist due to pickup from the power line, with noise 530 Hz
away; this contributes to the Allan deviation at a level about one
fifth the measured value. The final mixing process is low-frequency FM noise of the laser with laser FM noise near 530 Hz.
An equivalent viewpoint is that low-frequency FM noise of the
laser generates a finite rms laser detuning from the resonance
peak, resulting in a nonzero linear FM–AM conversion of noise
near 530 Hz. Numerical estimates indicate that this contribution
to the Allan deviation is about one-tenth of the experimentally
measured value.
A plot of the detector noise at 530 Hz, normalized to the absorption peak height, as a function of laser detuning from the
absorption-peak maximum is shown in Fig. 5. As expected, the
noise shows a minimum near the line center. The solid line in the
figure is the calculated noise spectrum based on the processes
outlined above, with the linear FM–AM conversion noise dominating far from the absorption peak maximum and the other
processes contributing near the noise minimum. The model adequately predicts both the magnitude and shape of the noise as
a function of detuning. The Allan deviation calculated from the
minimum noise corresponds closely to the measured value at
short times (indicated by the solid line in Fig. 4).
There are two noteworthy features of the data in Fig. 5. The
first is that the noise minimum occurs away from the absorption line center. Secondly, the quadratic sum of the noise due to
the processes outlined above does not altogether account for the
minimum noise obtained in the experiment; the experimental
noise level remains about 50% larger than the calculated value.
We believe that the shifted noise minimum is a result of optical
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pumping in combination with the atomic excited-state hyperfine
structure [31]. Briefly, the dc absorption is determined by two
factors: the populations of the two ground-state hyperfine levels,
and the shape of the single-photon absorption profile from each
of these levels. Since each of the ground-state hyperfine levels
couples to a different set of excited-state hyperfine levels (due
to selection rules), the two absorption profiles are frequency
shifted with respect to one another by an amount comparable
to the excited-state hyperfine splitting.
As the laser is scanned slowly over the line, the ground-state
level populations change because of optical pumping, resulting
in a distortion of the dc absorption lineshape. However, for laser
FM modulation that is faster than the optical pumping time, the
level populations remain constant and the resulting change in the
absorption is determined exclusively by the single-photon absorption profiles. As a result, the peak of the dc absorption profile (which includes optical pumping) can differ slightly from
the minimum of the linear FM–AM conversion (which, for fast
modulation, does not depend on the optical pumping). We estimate the optical pumping time to be 1 ms for the power levels
used in the experiment; the minimum noise at 500 Hz will therefore be shifted from the peak of the dc absorption by an amount
related to the excited-state hyperfine splitting, consistent with
the observed shift of 40 MHz.
Itmaybethattheexcessnoisemeasuredexperimentallybutstill
unaccounted for in the model is a result of the nonlinear FM–AM
conversion [28], [30] neglected in our model. The conditions that
exist in the experiment (small optical thickness, laser linewidth
homogeneous linewidth) should minimize this process, but there
may be some residual noise of this type still present. While it may
be possible that there is some fundamental sourceof noisewe have
not accounted for, we anticipate being able to reduce the Allan deviation even further with a more careful choice of operating parameters such as the frequency and index of the modulation used
to derive the RF error signal.
At longer times, the Allan deviation appears to be dominated
by thermal drifts; the measured change of frequency with
time correlates well with changes in ambient temperature. The
change in fractional output frequency with cell temperature was
measured to be 10 /K with this buffer gas composition and
pressure. A cell temperature stability of 100 K would therefore translate into a long-term instability of 10 , far below
the measured value. We believe that the residual frequency
instability at long times is caused by temperature fluctuations
of the cell windows, which are not as well controlled as those
of the cell walls due to the need for optical access. Other
causes such as changes in laser power or RF coupling into
the laser with temperature are also possible, however. Also,
combinations of buffer gases are well known to reduce the
temperature dependence of the hyperfine frequency shift for
cell standards.

IV. UTILITY AS A MICROWAVE FREQUENCY REFERENCE
This work is closely related to that of Cyr et al., [12] and
Vanier et al. [13]–[16], who have also used a directly modulated diode laser to excite a coherence between the hyperfine

ground states of alkali atoms in vapor cells. Rather than measuring the field absorption, they instead monitor the polarization change of a probe beam [12] or the atomic fluorescence
and coherent microwave emission [13]–[16], as the modulation frequency is scanned over the hyperfine splitting. Operating the system as a frequency standard, Vanier et al. [13]–[16]
obtain similar stabilities to those reported here. However, the
VCSEL used in the present experiment has definite advantages
over the extended-cavity laser used in [13]–[16] from the point
of view of compactness, power dissipation, and cost. The much
larger laser linewidth characteristic of VCSEL’s does cause additional FM–AM conversion noise over what might be expected
for a narrow-linewidth laser, but the performance is still within
a factor of two of the AM noise limit at the optimum laser detuning. We conclude that the use of a VCSEL only marginally
degrades the stability of the resulting frequency reference.
The stabilities reported here are by no means competitive
with other state-of-the-art frequency references [32]. However,
while the ultimate size and power requirements will depend
largely on the operational environment and the scale of integration for the electronics, it appears that the physics package
described here could be engineered into an extremely small, inexpensive physics package with low power consumption. The
opto-electronic components (VCSEL and detector) are manufactured as low-cost commercial products, no optical isolator is
used, and the only required optics are a single collimating lens,
a quarter-wave plate and a neutral-density filter. Neglecting for
now the considerations of cell lifetime and wall losses, the cell
diameter is limited only by the laser-beam size of 4 mm. In addition, the laser operates on less than 10 mW of electrical power,
and only 12 mW of RF power is required for the modulation.
The only other significant power requirement is that needed to
control the temperature of the cell and the laser. Finally, the most
sensitive alignment issue is that the laser beam must go through
the exact center of the Helmholtz coils. We anticipate a low acceleration sensitivity because of this. One disadvantage of this
system is that it requires an external oscillator, such as a synthesized crystal or VCO, to lock to the resonance. Issues related to
locking an external oscillator to the narrow resonance will need
to be addressed before the physics package presented here could
be incorporated into a real device.
An important systematic effect in all optically pumped frequency references is the AC Stark shift due to the presence of
the optical field. This shift can, for example, cause the output
frequency to drift if the intensity of the light changes over time.
For an ideal -resonance (with no ground state decoherence),
the dark state absorbs no photons from the optical fields and the
Stark shift should therefore be indentically zero. However, because of the excited state hyperfine structure, Stark shifts result
and
excited hyperfine
from two sources. First, the
levels do not form -systems with the ground states because
of selection rules. The dark state is therefore coupled to these
levels via single-photon transitions and associated Stark shifts
and
excited states form
are present. Secondly, the
and
ground
two simultaneous -systems with the
states. Since the dark state for one -system may not be dark for
the other, single-photon absorption can again occur resulting in
a nonzero Stark shift.
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The magnitude of this shift is determined by the optical intensity and the detuning from resonance, as well as the buffer-gas
pressure. For the buffer gas pressures used in the experiment,
the shift is typically of order 0.2 Hz/( W/cm . Because two
optical fields are present, the individual shifts from each field
can cancel to some extent at certain detunings and optical power
ratios leading to a reduced net shift. But the complex structure
of excited hyperfine states makes if difficult to predict quantitatively how this occurs.
V. CONCLUSIONS
We have presented a potentially compact, low-power frequency reference with a demonstrated fractional-frequency
between 1 s and 10 s of integration
instability of
time. The short-term stability is limited by a combination of
VCSEL AM noise and FM–AM conversion on the atomic
resonance. We believe the long-term stability to be limited
by residual temperature fluctuations of the Cs vapor cell. The
performance level achieved with this very simple system may
already meet the performance requirements of communication
systems [22] and instrumentation, and numerous improvements
in both the basic design and device engineering appear possible.
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