Frequency stabilization of a laser diode with use
of light-induced birefringence in an atomic vapor
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We present a simple modulation-free technique to stabilize a laser frequency to the Doppler-free spectra

of an atomic vapor.

Polarization spectroscopy with use of a balanced polarimeter allows us to obtain a

background-free dispersion signal suitable for high-speed and robust frequency stabilization. We em-
ployed the method to the 5S,,, F = 2 — 5P;,, F’ = 3 transition of ®’Rb atoms. The achieved feedback
bandwidth was approximately 100 kHz, and an efficient suppression of the frequency noise in a labora-
tory environment was attained. © 2003 Optical Society of America

OCIS codes:

1. Introduction

Stabilization of laser frequency is essential for vari-
ous researches, from fundamental to practical appli-
cations, in the fields of metrology, frequency
standards, and optical communications. A disper-
sionlike signal at the resonance frequency is often
required to lock the laser frequency to the center of
the atomic spectra with electronic servo controls.
The most popular way to obtain this signal is through
phase-sensitive detection with frequency modulation
spectroscopy,'~* by which the first derivative of ab-
sorption profiles can be obtained. This enables us to
easily achieve a high signal-to-noise (S/N) ratio.
However, the bandwidth of the feedback is intrinsi-
cally limited by the modulation frequency and the
time constant of a lock-in amplifier. Because high-
speed modulators and lock-in amplifiers are expen-
sive, the overall apparatus for high-performance
frequency stabilization tends to be costly.
Alternatively, modulation-free electronic fre-
quency stabilization has been demonstrated by two
kinds of techniques. One is based on the Zeeman
shift-induced or two-color light-induced dichroism of
the atomic transition,>7 which relies on the differ-
ence of two absorption signals with slightly different
centers to obtain a dispersionlike signal at the reso-
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nance frequency. The other technique employs a
dispersion signal obtained by polarization spectros-
copy.8 It is one of the Doppler-free spectroscopic
techniques and can directly detect the atomic disper-
sion referred to as Doppler-free light-induced bire-
fringence (DLIB). Over the years, this method has
been applied to stabilize dye lasers® and laser di-
odes.’® However, in the basic scheme in which a
probe beam is detected through a sample placed be-
tween two nearly crossed polarizers, residual back-
ground light cannot be eliminated, and its amplitude
noise degrades the S/N ratio.ll Alternatively, a
slightly modified scheme using balanced detection be-
tween two orthogonal polarization components of the
probe beam was reported to observe background-free
DLIB spectra with a highly improved S/N ratio.12
However, to our knowledge, there has been no exper-
imental report on frequency stabilization of a laser
diode with this scheme.

Another advantage of the modulation-free methods
is that the achievable feedback bandwidth is limited,
in principle, only by the atomic-frequency response
approximately equal to the natural linewidth of the
transition I'.  For the D, and D, transitions of the
alkali metal atoms, I is on the order of several mega-
hertz, which is enough for high-speed frequency sta-
bilization to suppress the frequency noise in a typical
experimental environment, such as an acoustic noise
and low-frequency 1/f (flicker) noise of the laser di-
ode.13

In this paper, we demonstrate polarization spec-
troscopy using a balanced polarimeter consisting of a
polarization beam splitter (PBS) and a balanced de-
tector for the 5S,,, F = 2 —>5P3,, F' = 1, 2, and 3
transitions of 8’Rb atoms. The obtained signal can
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Fig. 1. Schematic diagram of the experimental setup. ECLD,
external cavity laser diode; BS, beam splitter; \/4, quarter-wave
plate; \/2, half-wave plate; and PBS, polarization beam splitter.

be readily exploited as an error signal for robust and
high-speed laser diode-frequency stabilization. The
apparatus does not require any modulation devices or
lock-in amplifiers to achieve high-performance fre-
quency stabilization comparable with that with fre-
quency modulation spectroscopy. These capabilities
are suited for a wide range of applications, from high-
precision spectroscopy to laser cooling experiments.

2. Light-Induced Birefringence Signal

Let us first briefly summarize the principles of polar-
ization spectroscopy and quantitatively calculate the
signal profile of the DLIB. The model we will treat
here is based on the experimental setup schemati-
cally shown in Fig. 1. Let us consider a linearly
x-polarized probe beam propagating along the z di-
rection XE, cos(wt — kyz) passing through the atomic
sample of length L. Here, X is a unit vector along the
x direction, o is the laser frequency, and k&, is the
wave number of the probe beam in a vacuum. The
sample is simultaneously pumped by a counterpropa-
gating, circularly polarized pump beam. Provided
that the pump beam sufficiently polarizes the atomic
sample, the absorption coefficient, a, and «_, and the
refractive index, n, and n_, for left-hand (¢*) and
right-hand (o) circularly polarized components of
the probe beam are no longer the same. The differ-
ence Aa = o, — a_ represents the circular dichroism,
making the polarization of the probe beam elliptical,
whereas the difference An = n, — n_ describes the
optical birefringence that induces the rotation of the
axis of polarization by A8 = Ank,L/2.* Here we
suppose that the transition frequency of the ¢* and
o~ transitions are the same. Since the frequency
dependence of n, and n_ are dispersive with the
same center, A, which is proportional to their differ-
ence, also leads to a dispersion signal. Therefore, if
one can measure it, the steep slope around the reso-
nance frequency can be directly exploited for fre-
quency stabilization.?-11

The conventional way to measure the polarization
state after passing through the sample is to put a
polarizer in front of a detector. This scheme corre-
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sponds to an experimental setup in which the half-
wave plate in Fig. 1 is replaced by a polarizer, and the
transmitted intensity is measured with a single de-
tector instead of the balanced polarimeter. Here we
assume that the transmission axis of the polarizer is
tilted at an angle of ¢ with respect to the y axis. For
most practical cases, the quantities A and Aol are
very small. The transmitted intensity from the po-
larizer I, is then given up to the second order in A8
and Aol as

I($) =1, exp(—&L)[sin2 b + AB sin 2

,  [AaL\*]
+A6+T cos® b, (1

where I, = €,c|E,*/2, with €, and ¢ being the per-
mittivity and the speed of light in vacuum, respec-
tively, @ = (o, + a_)/2, and the factor I, exp(—alL)
represents a saturated-absorption spectrum. Here
we assume that the polarizer has an ideal perfor-
mance, i.e., its extinction ratio is infinity. The situ-
ation of ¢ = 0 promises a complete background-free
measurement. However, the signal is a second-
order contribution of A6 and Aol and is not the dis-
persion shape. Since the second term in the braces
is a required signal, the polarizer must be tilted
slightly so that the second term becomes much larger
than the third term. At the same time, however,
increasing ¢ gives rise to an undesirable offset rep-
resented in the first term. Because this offset is
subject to the amplitude noise of the probe beam,3:11
one has to find the optimized angle ¢, in order to
achieve the dispersionlike signal with a maximum
S/N ratio. By considering the dependence of each
term on ¢, the optimized dispersion signal is obtained
when |A0], [AaL| < |b,| << 1.

As an alternative way, one can use a balanced po-
larimeter consisting of a PBS and a balanced detec-
tor, as shown in Fig. 1, in order to measure only the
rotation of the polarization axis. Here the half-wave
plate rotates the polarization axis of the probe beam
by 45°, and the reflected and transmitted intensities
from the PBS correspond to the case of & = £45° in
Eq. (1). Since the second term in Eq. (1) is maxi-
mum (minimum) when ¢ = +45° (—45°) and the
signs of the first and third terms are the same for ¢ =
+45°, we can cancel out the background and second-
order terms by using the balanced detector, which
measures the difference as

Al, = 1,(45°) — I,(—45°)
= 2I, exp(—aL)A#. (2)

For an optically thin sample (a. << 1), the leading
term of Eq. (2) is 2I)A6, showing a complete disper-
sion signal with no background. In addition, its
magnitude is enhanced by a factor of 2/sin 2¢, ~
1/d,, compared with the conventional scheme with
the optimized angle |¢,| << 1. Thus this DLIB spec-
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Fig. 2. The Doppler-free spectra of 5S, , F' = 2 — 5P, F’ tran-
sition of 8’Rb atoms acquired by (A) polarization spectroscopy and
(B) saturated-absorption spectroscopy. The dashed line indicates
a ground level of the detector. An enlarged signal of the FF = 2 —
F' = 3 transition is shown in the inset to indicate the relative
position of the two traces.

trum is well suited for the frequency-discrimination
signal.

3. Experiments and Results

A. Polarization Spectroscopy

The experimental arrangement is shown in Fig. 1.
The laser source was a grating-feedback external-
cavity laser diode (ECLD) in a Littrow configuration.
Its wavelength was 780 nm, and a laser beam of ~0.2
mW was sampled for the polarization spectroscopy.
The pump and probe beams were led into a 5-cm-long
Rb vapor cell from opposite directions with a small
angle of ~3°. The total power (intensity) was 0.1
mW (0.8 mW/cm?) and 25 wW (0.3 mW/cm?) for the
pump and probe beams, respectively. In the actual
experiment, the half-wave plate was carefully ad-
justed such that the output of the balanced detector
was zero in an off-resonant condition. The Rb cell
was kept at room temperature and enclosed by a
w-metal magnetic shield by which the residual mag-
netic field was reduced to less than 0.01 G. This
shield is essential for obtaining large and stable sig-
nals, because a stray magnetic field is disruptive in
two ways in the experiment. First, a transverse
magnetic field orthogonal to the optical axis acceler-
ates the decay between the magnetic sublevels, owing
to spin precession. Second, the longitudinal field in-
duces a magneto-optical effect owing to the resonance
frequency difference of the o~ components.5:6.15.16
This results in the additional rotation of the polar-
ization axis, which shifts the zero-signal level of a
DLIB spectrum. Therefore the field fluctuation
makes the locking point unstable. These effects will
be discussed later.

With this setup, we performed the polarization
spectroscopy of the F = 2 — F' = 1, 2, and 3 transi-
tions of 8"Rb atoms, as shown in trace A of Fig. 2.
The saturated-absorption spectrum recorded with
the same sweep range is also shown in trace B as a
reference. Six resonances, including three crossover
transitions, can be clearly identified in trace A; the

DLIB signal of each transition has a dispersion shape
as expected in Eq. (2)17 with a highly improved S/N
ratio over the conventional crossed polarizer scheme
reported in Ref. 10. In particular, the dispersion
signal for the FF = 2 — F’ = 3 transition has the
largest amplitude and less offset, and is ideal for
frequency stabilization. The peak-to-peak line-
width of this transition is 16.8 MHz, which is some-
what broader than the resolution limit of the
saturated spectroscopy determined by twice a natu-
ral linewidth ~2I" = 12 MHz, owing to the power
broadening; the total saturation parameter s of the
pump and probe beams was 0.7, which produced the
net linewidth of 2(1 + s)*/?I" = 15.6 MHz.

We observed no significant difference between the
zero-crossing point of the dispersion signal for
the F' = 2 — F' = 3 transition and the center of the
saturated-absorption spectrum, as shown in the inset
of Fig. 2, whereas the other transitions had large
offsets, making the line center unclear. Because
this offset is due to the overlap of the long tails of the
neighboring dispersion profiles,® a larger energy-level
spacing and a smaller magnitude of the neighboring
transitions result in a smaller offset. Here we esti-
mate this offset induced by the crossover transition of
F' = 2 and 3 to the center of F = 2 — F' = 3
transition. The off-resonant rotation of the polariza-
tion axis is approximately given by A6,,.I./25,
where A6, .. is the peak-to-peak rotation angle of
polarization, I', is the peak-to-peak linewidth of the
dispersion signal, and 3 is the frequency difference
between the two transitions. Substituting the pa-
rameters of the present case, A6, = 1.0°,I', = 16.8
MHz, and 8 = 134 MHz, into this formula, we obtain
the rotation angle of approximately 0.06°, which cor-
responds to the frequency offset of only 500 kHz.

The quantitative calculation of the relative magni-
tude of the polarization spectrum requires the optical
pumping theory in systems of up to four levels with
various combinations of the Zeeman sublevels,18 but
this would be laborious and is not the aim of this
paper. Therefore we will indicate only the qualita-
tive interpretation of the spectrum in a complete
pumping limit. Let us consider the optical pumping
by the " -polarized pump beam. All of the atoms
are assumed to be transferred into the |F, mp) = |2, 2)
sublevel,’® as shown in Fig. 3. The signal magni-
tude is then proportional to the difference between
the relative transition strengths, S, and S_ of 6" and
o~ transitions from this sublevel.11.18 The magni-
tude of S| and S_ are also shown in Fig. 3.

There are two reasons for which the signal of the
F = 2 — F’ = 3 transition was largest. First, S, —
S_1is 30 — 2 = +28 [Fig. 3(a)], which is larger than
that of F = 2 — F’ = 1 and 2 transitions from the |2,
2) sublevel. Second, unlike the F = 2 — F’ = 1 and
2 transitions, the F = 2 — F’' = 3 transition is closed
owing to the electric dipole selection rules and is free
from hyperfine pumping, which depletes the number
of atoms in the F = 2 state and diminishes the DLIB
signal.

The polarity of the dispersion signal can also be
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Fig. 3. The ground-state population pumped by the o *-polarized
light for F = 2 to (a) F' = 3, (b) F' = 2, and (c) F’' = 1 transitions
of ' Rb atoms. The arrows and nearby numbers indicate the o™
transitions and their relative strength, respectively.

understood by this simple picture. For the FF =2 —
F’ = 2 transition, as shown in Fig. 3(b), the |2, 2)
sublevel has no electronic excited state for ¢* tran-
sition. Therefore only the ¢~ component of the
probe beam interacts with the atoms. At this tran-
sition, S, — S_ is —5 (negative), so the dispersion
shape of this transition is inverted compared with the
F = 2 — F' = 3 transition. This signal inversion
also occurs for F = 2 — F' = 1 transition owing to the
same reason (S, — S_ = —38). Discussion of the
magnitudes and polarities of the crossover transi-
tions are also possible when the contributions from
the two concerned transitions are averaged.

B. Laser Diode-Frequency Stabilization

As already mentioned, the advantage of the present
method is not only the simplicity of the experimental
system but also the achievable bandwidth of the feed-
back. In the ordinary laboratory environment, a
major factor of the laser-diode frequency fluctuation
is acoustic noise up to 10 kHz and 1/f noise up to 100
kHz at most.1320 These noises are still narrower
than the atomic response limit ~I". Therefore these
noises can be suppressed with a simple electronic
servo with 100-kHz bandwidth.

In the experiment, we demonstrated frequency sta-
bilization to the F' = 2 — F' = 3 transition. We
applied the output signal from the balanced polarim-
eter to the P-I servo controller, and then fed the con-
troller output back to the driving voltage of the
piezoelectric transducer attached to the grating of the
ECLD and the injection current of the laser diode.
The bandwidth of the detector was 250 kHz, and that
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Fig. 4. (a) Monitor trace of the output of the balanced polarimeter
with and without feedback. The laser frequency was initially
tuned around the center of the F = 2 — F' = 3 transition. (b)
Allan variance of the output signal of the polarimeter when the
feedback is active.

of the overall feedback loop was 10 Hz for the piezo-
electric transducer and 130 kHz for the injection cur-
rent. Figure 4(a) shows the monitor trace of the
detector signal when the laser frequency was tuned to
around the center of the transition. From its power
spectrum, we identified the dominant frequency noise
as the acoustic and 1/fnoise up to 40 kHz. The laser
linewidth within the detector’s bandwidth (~250
kHz) was calculated from the rms fluctuation of this
signal and the central slope of the dispersion profile.?
With the feedback off, it was ~1.7 MHz. When the
feedback was turned on, the frequency fluctuations
were efficiently suppressed from dc to ~100 kHz, and
the resultant linewidth was reduced to about 65 kHz.
Using this system, we continuously stabilized the la-
ser frequency for more than 1 day.

4. Discussion

The residual fluctuation of the stabilized signal was
still several times larger than the background noise
floor (the noise of the electronic circuits), and there-
fore we evaluated the stability of the lock system by
the Allan variance of the error signal, as shown in
Fig. 4(b). Although this diagnosis does not always
correspond to the frequency fluctuation directly, it is
simple and useful.34* When the averaging time was
2 s, the best stability was obtained as 8 X 10 %
which corresponds to a fluctuation of 30 Hz. For a
longer term (>1 hour), however, drift of the zero-
signal level, which is caused mainly by an additional
polarization rotation independent of the atomic bire-
fringence, becomes a major problem. We observed
that the spectrum showed a long-term fluctuation of
the entire offset, with the shapes of each transition
almost unchanged. The corresponding drift of the
locking point was ~1 MHz/h. However, we could



improve it to less than 70 kHz/h by enclosing the
apparatus in an acrylic box to prevent the ambient-
temperature fluctuation. Therefore we attributed
this drift to a temperature-dependent birefringence
of the Rb-cell windows and optical elements.5

We also checked the influence of magnetic fields on
the signal drift. We first applied a longitudinal
magnetic field to the Rb cell inside the magnetic
shield. As the field increased, the Doppler-
broadened structure grew linearly around the DLIB
signal. It then raised or lowered the zero-signal
level, depending on the direction of the magnetic
field, whereas the intensity of the DLIB signal was
almost unchanged. This can be regarded as the
magneto-optical rotation (MOR) or the Macaluso—
Corbino effect,’5:16 in which An at an absorption line
center no longer vanishes, owing to the Zeeman
shift.6 Because only the probe beam is involved in
this process, the resultant MOR is Doppler broad-
ened. This was verified by the fact that the DLIB
spectrum completely vanished but the Doppler struc-
ture still remained when we blocked the pump beam
before the Rb cell. The measured MOR was
0.03°/(G cm) at the peak or the bottom of the Doppler
structure, which corresponded to a frequency shift of
approximately 0.7 MHz/G in our apparatus.

A transverse magnetic field in the Rb cell can de-
stroy the spin polarization and decrease the signal
magnitude. In fact, we observed that the DLIB
spectra diminished by a factor of five, accompanied
with a small change in the zero-signal level when we
opened the magnetic shield. We interpreted this as
follows. The transverse component of the external
magnetic field degrades the DLIB signal, whereas the
longitudinal component induces the MOR. There-
fore we conclude that eliminating stray magnetic
fields is an important and critical factor for obtaining
high-contrast, stable DLIB spectra.

5. Conclusion

We have demonstrated simple, low-cost, stable, and
high-speed frequency stabilization of an external-
cavity laser diode by using Doppler-free light-induced
birefringence in a Rb vapor. Polarization spectros-
copy with the balanced polarimeter allows us to cancel
out the background amplitude noise and second-order
birefringence and dichroism and to enhance the signal
magnitude for first-order birefringence. The obtained
signal had a pure dispersion shape and contained
wideband information about the laser frequency fluc-
tuations. Use of the obtained signal as a frequency-
discrimination error signal ensures robust, high-speed
frequency stabilization that suppresses the acoustic
and 1/f noise up to several tens of kilohertz in a typical
laboratory environment.

This work was supported by the Grants in Aid for
Scientific Research from the Ministry of Education,
Science, Sports, and Culture. After submission of
this paper, we found similar research.2! A prelimi-
nary report of the present locking scheme appeared
in Ref. 22.
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