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An all-optical microwave frequency standard based on coherent population trapping (CPT) in 85Rb is devel-
oped. The CPT resonances are detected by an ordinary edge-emitting diode laser in a simple optical setup. A
buffer-gas mixture is carefully optimized to yield a narrow linewidth and a reduced temperature dependence of
the resonance frequency. With the developed system we are able to measure ultranarrow optically induced
hyperfine CPT resonances at ,20 Hz, which is in good agreement with the linewidth calculated from experi-
mental parameters. The frequency of an RF-signal generator has been stabilized to the CPT resonance be-
tween the two mF 5 0 magnetic sublevels. The relative frequency stability (square root of Allan variance)
follows a slope of 3.5 3 10211 t 21/2 (1 s , t , 2000 s). The best stability of 6.4 3 10213 is reached at an in-
tegration time of t 5 2000 s. This stability is sufficient for many high-precision applications. Frequency-
shift measurements were made to evaluate the frequency dependencies on the operation parameters. © 2003
Optical Society of America

OCIS codes: 020.1670, 300.6260, 300.6320, 300.3700, 120.3930.
1. INTRODUCTION
Atomic frequency standards are used in applications
where the highest frequency stability and accuracy are
needed. A simple and compact all-optical atomic fre-
quency standard based on coherent population trapping
(CPT) was proposed by Cyr et al. in 1993.1 Such an
atomic frequency standard has potential applications in
areas where an intermediate step between the Cs atomic
clock and a crystal oscillator is desired. Advances in di-
ode lasers have made such devices feasible,2–4 and, if suf-
ficient stability is achieved, these devices could be used,
e.g., in global navigation and telecommunications applica-
tions.

In CPT, two laser modes interacting with an atomic
three-level L system, described in Fig. 1, are coupled by
the ground-state coherence and interfere destructively at
two-photon resonance. As the decay rate of the ground-
state coherence is small, the linewidth is narrow, and the
resonance forms a high-precision frequency reference. In
practice, the linewidth and the absolute frequency of the
resonance are determined by the experimental param-
eters as discussed in Subsection 2.C. Since the discovery
of coherent population trapping by Alzetta et al. in 1976,5

the phenomenon has found many applications including,
e.g., laser cooling of atoms,6 magnetometry,7 and lasing
without inversion.8 The phenomenon has been recently
reviewed by Arimondo9 and studied by Vanier et al.,10

Wynands et al.,11 and Hollberg et al.2–4 with emphasis on
metrological applications.

In this study, we investigate CPT resonances in 85Rb
using an edge-emitting diode laser equipped with an inte-
grated microlens. With this type of laser, phase-coherent
first-order sidebands can be generated directly with high
efficiency by modulating the laser frequency via injection
current. The rubidium L system is used in this study be-
cause laser diodes operating at the wavelength of the 85Rb
0740-3224/2003/020273-07$15.00 ©
52S1/2–52P3/2 transition (D2 line) are easily available and
the modulation bandwidth of edge-emitting diode lasers
covers the ground-state hyperfine splitting. The good
noise properties of the lasers allow detection of ultranar-
row CPT resonances ,20 Hz, apparently the narrowest
optically induced hyperfine CPT resonance ever mea-
sured, which is also in good agreement with the linewidth
calculated from experimental parameters.

The achieved performance is similar to other CPT
clocks4 but does not quite reach the level of conventional
laser-pumped rubidium frequency standards.12,13 How-
ever, it is anticipated14 that the theoretically higher
signal-to-noise ratio and the absence of the microwave
cavity will eventually lead to CPT clocks, which are supe-
rior in terms of frequency stability and size as compared
with the conventional laser-pumped frequency standards.
An additional advantage of a CPT clock is lower sensitiv-
ity to light shift, which can significantly limit the perfor-
mance of the conventional laser-pumped frequency
standards.15

2. ALL-OPTICAL ATOMIC CLOCK
A. Laser Source
As the transition between the hyperfine-split ground
states of alkali metals is electric dipole forbidden and has
a long lifetime, the relative linewidth of the transition is
essentially determined by the coherent interaction time
and the ground-state hyperfine splitting (CPT resonance
frequency). Assuming nearly the same coherent interac-
tion time for different alkali atoms, the best relative fre-
quency stability is anticipated with an atom having as
large ground-state hyperfine splitting as permitted by the
laser-diode modulation bandwidth. When the ground-
state hyperfine splittings of the alkali atoms16 are com-
pared, the 85Rb atom with approximately 3.0357-GHz
2003 Optical Society of America
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hyperfine splitting is found to be optimal for the ordinary
edge-emitting diode lasers, which have modulation band-
widths typically between 2 and 5 GHz.

The laser source used in this study is a commercial
edge-emitting diode laser (Blue Sky Research PS026, l
5 780 nm), which is equipped with an integrated micro-
lens. The optical feedback from the closely mounted mi-
crolens ensures single-mode operation even under heavy
current modulation. The microlens also improves the
beam geometry and the frequency tunability of the laser:
The oscillating modes can be selected by adjusting the
distance between the microlens and laser diode. As the
diode laser has a modulation bandwidth in excess of 3
GHz, it is suitable for spectroscopy of the L systems in the
85Rb 52S1/2–52P3/2 transition at 780.24 nm.

Edge-emitting diode lasers have intrinsically low-
intensity noise, which is beneficial, as noise at the detec-
tion frequency essentially determines the signal-to-noise
ratio of the measurement. The measured relative inten-
sity noise of the laser used in this study is less than 2135
dB/Hz around the measurement frequency (300 Hz), and
the side-mode suppression ratio of the laser is .35 dB.

Fig. 1. Three-level L system. The two laser modes coupling
the ground states to the common upper state are designated by
vL1 and vL2 .
As the two laser modes used for CPT are generated from
the same laser source through frequency modulation, the
frequency noise of the fields is nearly perfectly correlated
and has no effect on the relaxation rate of the ground-
state coherence.9 However, even though the frequency
noise of the laser has no direct effect on CPT, the fre-
quency noise can be converted to intensity noise in the
resonance17 and thus deteriorate the signal-to-noise ratio
of detection. In this case, the frequency noise is deter-
mined by the properties of the laser diode, as the optical
feedback from the microlens is too weak to reduce the
linewidth of the laser diode. Fortunately, the high out-
put power of the laser diode (of the order of 20 mW) and
the properties of the laser cavity yield a relatively narrow
linewidth of ;2 MHz.

B. Experimental Setup
The experimental setup used in this study is schemati-
cally shown in Fig. 2. The clock part of the optical setup
consists of a rubidium cell, polarization and beam expan-
sion optics, and a photodetector. The rubidium cell
(length 50 mm, diameter 25 mm) is placed inside a mag-
netic shield together with a solenoid that is used to gen-
erate a 6-mT magnetic field to lift the Zeeman degeneracy
of the hyperfine states. A long, 130-mm solenoid has
been used to ensure the homogeneity of the magnetic field
inside the cell. The variation of the longitudinal field
strength is calculated to be ,1%, and the transversal field
is calculated to be ,1% of the longitudinal field. A nearly
uniform beam-intensity profile is generated with a beam
expander, which filters out the edges of the beam. To
avoid saturation broadening of the CPT resonance, the in-
tensity is further decreased with neutral-density filters to
,10 mW/cm2, which is close to the coherence saturation
intensity given in Ref. 11 for cesium. As both laser
modes originate from the same frequency-modulated la-
ser diode, the modes are in the same polarization state.
Since circular polarization gives a stronger signal in the
Fig. 2. Experimental setup: LD, laser diode; mL, microlens; l/2, half-wave plate; l/4, quarter-wave plate; ND, neutral-density filter; M,
mirror; PBS, polarizing beam splitter; BS, beam splitter; and PD, photodetector.
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presence of buffer gas,18 a quarter-wave plate is placed
into the setup. A lens is used to collect the light onto a
large-area, high-quantum-yield p-i-n photodiode.

The electronic part of the setup is essentially a combi-
nation of a lock-in amplifier, a frequency servo, and an rf-
signal generator. A low-noise signal generator (Agilent
E4426B) is used to generate the 3.0357-GHz modulation
frequency from a 10-MHz high-precision crystal oscillator,
and the signal is further amplified to get a red sideband
having 30% of the carrier power. A digital lock-in ampli-
fier is used to detect the CPT resonance and to provide an
error signal for frequency-locking electronics.

A laser frequency-stabilization scheme similar to the
one described in Ref. 19 is used to lock the laser (carrier)
frequency to the crossover component between the hyper-
fine components F 5 2 → F8 5 1 and 2 of the D2 line.
This crossover component is used because it gives the
strongest signal and partially compensates for the 2130-
MHz pressure shift20 caused by the buffer gas. Due to
the modulation-induced sidebands, the complete hyper-
fine structure of the excited state (with crossover compo-
nents) is present, but it can be resolved with sufficient
precision for frequency stabilization.

C. Buffer-Gas Selection
The maximum coherent interaction time, which limits the
observable linewidth, is determined by the experimental
parameters. If the laser modes are assumed to be com-
pletely phase coherent, the interaction time in rubidium
vapor is limited by transit time or, with expanded beams,
by wall collisions. A small contribution to the linewidth
stems also from Rb–Rb collisions and Doppler broadening
as the copropagating laser modes have slightly different
frequencies.

Inert buffer gases, e.g., noble gases, can be used to in-
crease the interaction time, as the diffusion of the ru-
bidium atoms through the buffer gas increases the transit
time and reduces wall collisions. In addition, the mean
free path between collisions in buffer gas is shorter than
the wavelength of the CPT resonance, and thus also the
Doppler broadening is reduced (Dicke narrowing21), as
discussed in Ref. 22.

The drawback of the buffer gas is the increased colli-
sional broadening and the temperature-dependent pres-
sure shift of the ground-state hyperfine splitting. The
temperature dependence can be reduced with a mixture of
argon and neon as a buffer gas, as argon and neon induce
a negative and a positive temperature dependence, re-
spectively. The optimum pressure ratio of pAr /pNe
' 0.87 was calculated from the values given in Ref. 23 by
use of the relative shifts being the same for the isotopes
85Rb and 87Rb.24 The coherence decay rate is given by
the equation16

g2 5 C1p0

DNeDAr

DNe pAr 1 DAr pNe
1

N0

p0
~ n̄Rb-NesNe pNe

1 n̄Rb-ArsAr pAr! 1 C2NRbn̄Rb-Rbsse , (1)

where p0 is the reference pressure (standard atmospheric
pressure), N0 is the reference density (buffer-gas density
at reference pressure), DX is the diffusion constant for ru-
bidium in the gas X, n̄X2Y is the average relative velocity
between atoms X and Y, sAr and sNe are the collisional
dephasing cross sections, sse is the Rb–Rb spin-exchange
collision cross section, and NRb is the density of rubidium.
The constant C1 is a geometrical factor depending on the
shape and size of the cell, and the constant C2 is the ratio
between the spin-exchange decay rates of the coherences
and the populations,16

C2 5
6I 1 1

8I 1 4
, (2)

where I is the nuclear spin of the alkali atom. With ex-
perimental parameters,16,24 the minimization of the
decay-rate equation yields the optimal pressures pAr
' 16 mbar and pNe ' 19 mbar. These values corre-
spond to a theoretical CPT resonance linewidth of dn
5 g2 /p ' 17 Hz.

The calculated pressure shift of the CPT resonance is
2.2 kHz for the optimal pressures given above. The pres-
sure shift is a major issue in a gas-cell-based atomic clock,
as it is difficult to fill individual cells with highly precise
buffer-gas pressures. This uncertainty in pressure, typi-
cally 1% in commercial cells, makes it necessary to char-
acterize the intrinsic resonance frequency of each cell in-
dividually, which makes this type of an atomic clock a
secondary frequency standard.

3. MEASUREMENT RESULTS
To avoid broadening of the CPT resonance by a weak am-
bient magnetic field, a magnetic field parallel to the laser
beam is used to lift the Zeeman degeneracy of the hyper-
fine structure. This results in the formation of five open
L systems when the 52S1/2–52P3/2 transition of 85Rb is
used. The L system incorporating the mF 5 0 magnetic
sublevels of the ground states F 5 2,3 is used in all mea-
surements, including the frequency stabilization of the
RF-signal generator.

A. Coherent Population Trapping Resonances
The good noise properties of the laser source and the ex-
panded beam allow detection of CPT resonances with low
power densities and correspondingly small saturation
broadening. As the passive relative frequency stability
of the RF-signal generator is better than 5
3 10211 (150 mHz) up to a 100-s integration time, low
lock-in frequencies also can be used.

In the measurements we use typically a 1.3-mW/cm2 in-
tensity, and the 3.036-GHz sideband spacing is modulated
at 325 Hz with a modulation index of 0.4. The modula-
tion frequency of 325 Hz, between the sixth and the sev-
enth harmonic of the line frequency, is used to minimize
interference from the mains. With these values it is pos-
sible to obtain a reasonable signal-to-noise ratio in detec-
tion and a sufficient bandwidth of the feedback loop. The
lock-in amplifier output is shown in Fig. 3 as a function of
the Raman detuning.

To observe as narrow CPT resonances as possible, we
used a very low intensity of 0.3 mW/cm2. A low, 6-Hz
modulation frequency was used (wavelength modulation),
and the Lorenzian line shapes of Fig. 4 could be obtained
through simple numerical integration of the lock-in am-
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plifier output signal. The curves in Fig. 4 show two ex-
amples of CPT resonances measured with 19-Hz and
10-Hz peak-to-peak modulation amplitudes, respectively.
To estimate the FWHM of the measured CPT resonance,
Lorenzian line shapes were fitted to the measurements.
The linewidth given by the data measured with a 19-Hz
peak-to-peak modulation amplitude is 23 Hz, which cor-
responds to a Q value of 1.3 3 108, comparable to Q val-
ues in cesium atomic clocks.25 The poor signal-to-noise
ratio of the measurement with 10-Hz peak-to-peak modu-
lation amplitude complicates the determination of the
zero level and correspondingly the evaluation of the line-
width. However, the linewidth of the optically induced
hyperfine CPT resonance can be seen to be clearly below
20 Hz (Q value of 1.5 3 108), which is in good agreement
with the theoretical estimation of ;17 Hz.

B. Frequency Shifts
To evaluate the performance of the system as a frequency
standard, the frequency dependencies on the operation

Fig. 3. Lock-in amplifier output when the frequency difference
of the laser modes is swept over the CPT resonance frequency.
This FM-spectroscopy signal was used in the frequency-
stabilization experiments.

Fig. 4. Line shapes of CPT resonances measured with
0.3-mW/cm2 intensity. Modulation amplitudes of 10 Hz (upper
curve) and 19 Hz (lower curve) peak-to-peak were used in the
measurement. The error estimates 60.5 Hz and 61 Hz refer to
the uncertainty in fitting, the overall uncertainty being larger es-
pecially in the upper graph due to difficulties in determining the
zero level.
parameters were measured. With optical detection and a
gas-cell absorber, the observed frequency of an atomic
resonance typically depends on the pressure in the cell,
the temperature of the cell, the incident light intensity,
and external fields.

1. Light Shift
In Ref. 26 it is assumed that in a true three-level L sys-
tem, the nonabsorbing CPT resonance is not sensitive to
the light shift even in the case of unequal Rabi frequen-
cies. A more careful study of the solutions of the optical
Bloch equations, still using the assumptions of Ref. 26,
shows that the CPT resonance frequency is slightly af-
fected by the light shift when the Rabi frequencies are not
equal. To increase the accuracy of the light-shift calcula-
tions, OBE could be modified to take into account, e.g.,
the actual decay-rate ratio, which also slightly affects the
CPT resonance frequency.

Unfortunately, the actual situation in rubidium transi-
tions is more complicated than what is assumed in Ref.
26. The hyperfine structure of the S1/2–P3/2 transition of
rubidium allows two excited states, F8 5 2 and 3, for the
L system. Also the single-photon transitions to F8 5 1
or 4 contribute to the total light shift.27,28 Accordingly, in
our experiment the unused first-order blue sideband can
have a nonnegligible effect to the light shift and should be
taken into account. The situation is further complicated
by the buffer gas, which is difficult to take into account in
the optical Bloch equations.

The large number of contributing factors makes the
calculation of the light shift difficult, and thus in this
study the light shift is studied only experimentally to as-
sess its effect on the frequency stability. Figure 5 shows
the measured CPT resonance-frequency shift as a func-
tion of the total intensity for an intensity ratio of 0.3.
The measured slope is approximately 0.3 Hz/mW/cm2,
which gives reasonably small relative sensitivity to inten-
sity changes when a low, 2.3-mW/cm2 intensity is used.
The measured CPT resonance-frequency dependence on
the intensity ratio of the laser modes is also shown in Fig.
6.

As the light shift depends on the optical detuning, the
observed CPT resonance frequency is dependent on the

Fig. 5. Influence of the total intensity on the measured CPT
resonance frequency. A linear model fitted to the measurement
yields a 0.3-Hz/mW/cm2 frequency dependence (dashed line) on
the total intensity.
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optical frequency of the laser. Figure 7 shows the mea-
sured CPT resonance frequency as a function of the opti-
cal detuning from the pressure-shifted hyperfine compo-
nent F 5 2 → F8 5 3. Although a linear model is used
to describe the measurement, this dependence should
generally be taken to be nonlinear. The observed depen-
dence is only 1.4 mHz/MHz, which is three orders of mag-
nitude smaller than the values reported in Ref. 11 for ce-
sium. The difference can be partially explained by the
very low intensity used in this experiment, which further
emphasizes the importance of applying low intensities in
frequency-stabilization experiments.

2. Pressure and Temperature Shifts
The rubidium cell is thermally isolated, but the tempera-
ture is not actively stabilized, as the buffer-gas mixture is
chosen to minimize the temperature dependence. The
residual temperature dependence stems mainly from un-

Fig. 6. Measured dependence of the CPT resonance frequency
on the intensity ratio of laser modes. A linear model fitted to the
measurement yields the frequency dependence 21.3 Hz 3 h
(dashed line). The total intensity in this measurement was 2
mW/cm2.

Fig. 7. RF frequency as a function of the laser frequency. The
operating parameters are the same as typically used in
frequency-stabilization experiments. A linear model fitted to
the measurement yields a 1.4 mHz/MHz frequency dependence
(dashed curve) on the laser frequency. The horizontal scale is
the optical detuning from the 2130-MHz pressure-shifted F
5 2 → F8 5 3 transition.
certainties in the measured temperature shifts23 and can
be estimated to be within 6100 mHz/K.

The buffer-gas-induced pressure shift causes the larg-
est deviation of the CPT resonance from the unperturbed
frequency, and the indeterminate magnitude of this shift
requires individual calibration of the frequency produced
by each cell. The measured shift of the CPT resonance
frequency is ;2.56 kHz, which is in reasonable agreement
with the calculated value of 2.2 kHz. Even though the
cells used in this experiment are produced in the same
batch, the observed frequency difference is 40 Hz, which
is within the 1% pressure tolerance given by the manu-
facturer.

3. External Fields
Magnetic stray fields in the vicinity of the cell should be
carefully minimized, as the nonlinear Zeeman shift has a
relatively strong effect on the resonance frequency; see
Fig. 8. To reduce the sensitivity to external magnetic
fields, a low total longitudinal field of 6 mT is used to lift
the Zeeman degeneracy. This value includes the mag-
netic field of the Earth, which couples to the cell through
the optical windows and partially compensates the elec-
trically induced field.

C. Frequency Stability
To measure the frequency stability of an RF-signal gen-
erator locked to the CPT resonance, another essentially
similar setup was built. In this reference system the la-
ser frequency is stabilized to the Doppler-broadened F
5 2 → F8 5 1,2,3 transition with a Zeeman stabiliza-
tion scheme similar to the one described in Ref. 29.

Figure 9 shows the measured relative frequency stabil-
ity of an RF-signal generator locked to the CPT resonance
as the square root of the Allan variance. The relative fre-
quency stabilities of a high-quality crystal oscillator30 and
a commercial cesium atomic clock are given for reference.
The relationship describing the relative frequency stabil-
ity of the stabilized RF-signal generator is 3.5
3 10211 t 21/2 (1 s , t , 2000 s), and the best stability
of 6.4 3 10213 is reached at an integration time of t
5 2000 s. This stability is sufficient for many high-

Fig. 8. Influence of the applied magnetic field on the measured
frequency. As the optical setup is incidentally aligned approxi-
mately in the north-south direction, the magnetic field of Earth
partially couples into the system through the optical windows.
The calculated value is obtained from the Breit–Rabi formula.
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precision applications where, e.g., independence from the
global positioning system signal is needed.

It is likely that the present performance is limited by
temperature fluctuations of the rubidium cell, and, de-
spite the temperature-compensated buffer gas, active
temperature stabilization is needed to achieve better
long-term frequency stability. In this particular design,
the inadequate screening of external magnetic fields is
also a factor limiting the long-term frequency stability. If
flicker-floor levels ,10213 (0.3 mHz) in the frequency sta-
bility are desired, other operation parameters will also
have to be well stabilized. The relative intensity stabil-
ity of the laser modes should be better than 1024, and an
active intensity stabilization might be necessary. As the
observed microwave frequency dependence on laser fre-
quency is 1.4 mHz/MHz, the relative frequency stability
of the laser must be better than 6 3 10210, which might
be a limiting factor at long integration times if, e.g., linear
absorption is used to stabilize the laser frequency.

As this type of an atomic clock is intended to serve as
an intermediate step between crystal oscillators and ce-
sium atomic clocks (or more advanced frequency stan-
dards), the additional complexity of operation parameter
stabilization is not justified. The performance could be
slightly improved without major modifications by use of a
laser-mode intensity ratio closer to optimum or an even
lower intensity, if permitted by signal-to-noise ratio and
available space (cell diameter). There is also a possibility
that a set of operation parameters minimizing the fre-
quency dependencies could be found.11

4. CONCLUSIONS
We have demonstrated the applicability of ordinary edge-
emitting diode lasers in the measurements of 85Rb CPT
resonances using a simple optical setup. The good noise
properties of the system allow detection of ultranarrow
CPT resonance ,20 Hz, apparently the narrowest opti-
cally induced hyperfine CPT resonance ever measured
and in good agreement with the linewidth calculated from

Fig. 9. Measured relative frequency stability (square root of Al-
lan variance) of an RF-signal generator locked to the CPT reso-
nance between the mF 5 0 magnetic sublevels (circles). For
comparison, the relative frequency stability of a high-quality
crystal oscillator (squares) and a commercial cesium atomic clock
(triangles) are also given. The crystal oscillator data, with pre-
diction to longer integration times, are taken from Ref. 30.
experimental parameters. The observed linewidth corre-
sponds to a Q value of 1.5 3 108, comparable to Q values
in cesium atomic clocks. The system is also well suited
for the future studies of low-intensity phenomena, like de-
termination of the coherence saturation intensity.

The narrow CPT resonance has been used to lock an
RF-signal generator to the L system between the mF
5 0 magnetic sublevels of 85Rb transition 52S1/2–52P3/2 .
The measured frequency stability slope of the system is
3.5 3 10211 t 21/2, and the best stability of 6.4 3 10213 is
reached at an integration time of 2000 s. This stability is
sufficient for many high-precision applications. The fre-
quency dependencies on operating parameters were ex-
perimentally studied to assess their effect on frequency
stabilization. The relative sensitivity of the CPT reso-
nance frequency to the operation parameters was found to
be strongly dependent on the light intensity, which makes
the use of low intensity desirable in the frequency stan-
dard application.

*E-mail: mikko.merimaa@hut.fi.
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