
DOI: 10.1007/s00340-002-1041-2

Appl. Phys. B 75, 1–7 (2002)

Lasers and Optics
Applied Physics B

g. wąsik
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ABSTRACT We report a method of laser stabilization to an
atomic transition frequency, which is based on a magnetically
induced nonlinear circular dichroism in the counter-propagating
pump-probe configuration. The proposed method does not re-
quire any modulation of the laser frequency. In comparison
to the linear, Doppler-broadened dichroic lock, the proposed
version provides a precise locking to a well-defined atomic res-
onance at a cost of a smaller capture range. A simple model
description of the locking signal is presented and two experi-
mental realizations are shown: for a dye laser at λ = 589.6 nm
(Na D1 line) and for a diode laser at 795 nm (Rb D1).

PACS 33.55.Ad;42.60.Lh;42.62.Fi

1 Introduction

A stable frequency of a laser is one of the most im-
portant requirements for many applications. There are many
ways of achieving laser frequency stability that depend on
a particular type of laser and on the desired stability and which
differ widely in their efficiency and degree of complexity [1].
While short-term stability can be accomplished by locking
the laser frequency to an external cavity, long-term frequency
stability and reproducibility requires locking to an absolute
reference, e.g. an atomic or molecular transition.

The existing methods of laser frequency stabilization to
an atomic reference can be divided into two classes depend-
ing on whether the reference transition is Doppler-broadened
or Doppler-free. A very useful and simple method of the
first class relies on circular dichroism (i.e. differential σ+σ−
absorption in a magnetic field) [2–5] and is known as the
dichroic atomic vapor laser lock (DAVLL). Despite its sim-
plicity, the DAVLL method offers a wide capture range and
a large signal. It allows locking to a broad range of frequen-
cies in the vicinity of the atomic transition, optionally ex-
tended to other ranges by the use of atomic birefringence
instead of dichroism. On the other hand, this method needs
to be calibrated and referenced by some Doppler-free tech-
nique and its wide capture range is related to limitation
of the precision by the Doppler width and application of
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relatively high magnetic fields. High-precision, Doppler-free
frequency-stabilization schemes are preferred when locking
to the center of a single atomic transition or a cross-over res-
onance is required. Among many methods of this kind, two
are most popular: one based on saturated absorption [1] and
the second on polarization spectroscopy [6]. The saturated
absorption method uses phase-sensitive electronic feedback
systems, which require a small laser frequency modulation
(dither); this might be unacceptable in some applications (in
fact, locking to the slope of the peak does not require any
modulation, but introduces a frequency shift, which addition-
ally depends on the beam power). On the other hand, the
polarization-spectroscopy method requires neither laser mod-
ulation nor phase-sensitive detection, yet it is very sensitive to
many systematic errors due to external factors, e.g. small stray
magnetic fields and/or incoherent background [7]. For these
reasons, polarization spectroscopy cannot be recommended
for a reliable frequency reference without taking extra precau-
tions, like magnetic shielding, elimination of strain-induced
window birefringence, etc.

Below, we describe the Doppler-free extension of the mag-
netic dichroism method that combines the simplicity of its
Doppler-broadened version with the precision of the two-
beam, Doppler-free techniques. We call this method Doppler-
free dichroic lock (DFDL). Although it seems to be a natural
extension of well-known techniques, we have not found in
the literature any description of such a scheme. The described
method is free from the main drawbacks of its predecessors
(frequency modulation and sensitivity to external perturba-
tions). Though its capture range is smaller than that of the
DAVLL, it provides simultaneous Doppler-free reference to
the atomic frequency standard and is less sensitive to arbitrari-
ness of the differential detector offset voltage. Moreover, it
requires low magnetic fields of the order of a few Gauss.

We present two experimental implementations of DFDL:
a dye laser stabilization to the Na D1 line (589.6 nm) and
a diode laser stabilization to the Rb D1 line (795 nm), both
in a magnetic field of about 10 G, i.e. one order of magnitude
weaker than in the DAVLL.

2 Method of stabilization

2.1 Principle of the method

Our method is based on a dichroic behavior of the
atomic vapor in an external magnetic field. In a longitudinal
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magnetic field the atomic transition splits into σ± Zeeman
components, which is the origin of a magnetic-field-induced
dichroism and birefringence of the medium [8]. When probed
with a single laser beam of linear polarization, this dichroism
can be used to generate anti-symmetric Doppler-broadened
signals that have been used for laser frequency locking and
stabilization as described in [2–5]. Here, we consider the
situation depicted in Fig. 1, where two counter-propagating,
linearly polarized beams from the single tunable laser source
are present, just like in standard Doppler-free spectroscopy.
The atomic vapor cell is placed in a longitudinal magnetic
field B. Just as in [2–5], the dichroic signal, i.e. the difference
of σ+ and σ− probe-beam transmission, is detected, which is
accomplished by using a λ/4 plate, a polarizing cube beam
splitter, and two detectors.

2.2 Analysis

2.2.1 Two-level, J = 0 − J ′ = 1, model. For analysis of the
signal we employ a simple hole-burning model of a velocity-
selective saturation, e.g. [9], which works well for not-too-
strong light intensities and negligible coherence between the
magnetic sublevels, when the analysis can be simplified to the
superposition of the two-level effects. In the case of a sim-
ple model of the J = 0 − J ′ = 1 transition, such as shown in
Fig. 2, the absorption coefficients κ± for the σ± probe-beam
components can be calculated as κ± ∝ 〈Im �0,±1〉, where �0,±1

is the density matrix element associated with the optical co-
herence between states J = 0, m = 0 and J ′ = 1, m ′ = ±1,
respectively, and 〈 〉 means velocity averaging. To the low-
est orders, the elements �0,±1 are calculated within the hole-
burning model as

�0,±1 = Ep ·µ±
hD±

[N±1(Es, v)− N0(Es, v)] , (1)

where D± is the resonance denominator

D± = δ∓β1 − kLv− iΓ/2.

Ep (Es) stands for the electric field intensity of the probe
(pump) beam, µ± denote dipole matrix elements for the

FIGURE 1 Setup used for DFDL. Counter-propagating probe and pump
beams are depicted as single and double arrows, respectively. BS are regu-
lar beam splitters, PBS is the polarizing beam splitter, M are mirrors, λ/4 is
the quarter-wavelength plate, and D+ and D− are photodiodes measuring the
power of the σ+ and σ− polarization components of the transmitted probe
beam

FIGURE 2 The simplest atomic model to study the Doppler-free magnetic
dichroism, the J = 0 − J ′ = 1 transition, with ω0 the unperturbed transition
frequency and β1 the magnetic splitting of Zeeman sublevels. The pump and
probe beams stem from the same laser tuned to the unperturbed atomic fre-
quency, have the same linear σ polarization, and drive transitions between
m = 0 and m′ = ±1 sublevels, as indicated by double and single arrows,
respectively

m = 0 − m = ±1 transitions, δ = ωL −ω0 is the laser detun-
ing, ωL and kL are the frequency and wave vector of the laser
light, ω0 is the unperturbed atomic resonance frequency at
B = 0, β1 is the Larmor frequency, i.e. the magnetic splitting
of the Zeeman components in the magnetic field B, v is the
atomic velocity component along the probe laser wave vector,
and Γ is the homogeneous line width of the J = 0 − J ′ = 1
transition. Populations of the states m = 0 and m ′ = ±1 are
denoted as N0 and N±1, respectively. In our simple approach,
the only effect of the pump beam is to saturate the popu-
lation distributions, i.e. to burn holes in the N(v) distribu-
tions, as illustrated in Fig. 3. For a given laser detuning δ

the linear, σ-polarized pump burns two holes, correspond-
ing to the σ+ and σ− transition components at frequencies
ω0 ±β1 and two velocity classes, v = (δ±β1)/kL. At the same
time, the probe stemming from the same laser and having the
same linear polarization interacts with atoms having veloci-
ties v = −(δ±β1)/kL.

Within the hole-burning model with the above-discussed
approximations, the absorption coefficient for the σ± compo-
nents of the probe beam can be calculated as

κ± = C Im

∞∫

−∞

dv e−(v/u)2

D±

× [1 − g+L(δ−β1 + kLv)− g−L(δ+β1 + kLv)] , (2)

where the Lorentzian profile L is defined as

L(x) = (Γ/2)2

x2 + (Γ/2)2
.

C is a constant depending on the atomic transition, density,
and the sample length, ∆D = kLu CE

a is the Doppler width of
the transition, and g± are coefficients representing the depth
of the dips burnt in the N0(v) distribution by the pump beam
(Fig. 3). For a simple two-level system these coefficients can
be expressed by the pump-beam intensity, i.e. the pump-beam
Rabi frequency or by the saturation parameter. For a three-
level system of Fig. 2, they can also be very simply expressed

CE
a

∆D does not appear earlier!
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FIGURE 3 Velocity distribution of the ground-state population N0(vz) for
laser detuning δ. The velocity classes resonantly interacting with the pump
and probe beams are represented as black and white holes, respectively; ± re-
fer to the m = 0 − m′ = ±1 transitions, split by 2β1

as for independent two-level systems with g+ = g− = g. How-
ever, for a multi-level system, e.g. with a hyperfine structure,
the calculation of these coefficients becomes more compli-
cated as will be discussed below. The velocity integration in
(2) can be performed particularly simply in the Doppler limit,
∆D  Γ , yielding

κ±/C = Y± − g L(δ∓β1)Y± − g L(δ) (Y+ +Y−) , (3)

where Y± = π−1/2 exp(−[(δ∓β1)/∆D]2) are the magneti-
cally shifted Doppler profiles. On the background of such
a Doppler-broadened profile, two Doppler-free resonances
appear for each polarization, with one (cross-over) resonance
position common for both. These resonances correspond to
three possible overlaps of the velocity classes sampled by the
probe beam (white dips in Fig. 3) with those perturbed by the
pump (dark dips in Fig. 3). For a low optical density of the
sample, the dichroic signal, measured by the setup of Fig. 1, is
given by S = κ+ −κ−,

S(δ) = C [(Y+ −Y−)− g (L+Y+ −L−Y−)] , (4)

where L± = L(δ∓β1).
The signal consists of two parts: the first part does not de-

pend on the pump beam and represents a Doppler-broadened
dichroic signal, such as described in [2–5]. The second part
appears only when g �= 0, i.e. in the presence of the pump
beam, and results from the velocity-selective modification
of the magneto-optical properties (here dichroic) of the va-
por. This second part is represented by the difference of two
Doppler-free absorption coefficients of the σ+ and σ− compo-
nents split by a magnetic field. It is interesting that the cross-
over, the last term of (3), resonant at δ = 0, cancels out in the
differential signal since it does not depend on the light polar-
ization and the only contributions that are left in S are resonant
at δ = ±β1. Figure 4a shows the Doppler-broadened dichroic
signal of DAVLL calculated for the probe beam only (g = 0).
Figure 4b depicts the case of a pump and probe configuration
with the signal S(δ) calculated according to (4) with g �= 0.
Note the different vertical scale of Fig. 4a,b,c reflecting the
smaller shift of Doppler-broadened profiles in smaller mag-
netic fields. Figure 4c shows the extended central part of the
dichroic spectrum of Fig. 4b. As can be seen, for β1 ≈ Γ , S(δ)

exhibits a dispersion-like signal, centered at δ = 0 of a width
on the order of Γ . With a suitable feedback, this signal can

a

b

c
FIGURE 4 Signals for the J = 0 − J ′ = 1 transition calculated according
to (4). ∆D = 50Γ ; a β1 = 10Γ , g = 0, b, c β1 = Γ , g = 0.05

be used for laser frequency locking and stabilization. Its ob-
vious advantage over the Doppler-broadened methods [2–5]
is its subDoppler width, allowing better stabilization accuracy
and application of weaker magnetic fields (β1 needs to be only
on the order of Γ rather than ∆D, which is necessary for the
Doppler-broadened methods).

Note that, in addition to the Doppler-free dichroism, the
Doppler-free birefringence could also be applied for laser
stabilization, just as described in [5] for the single-beam,
Doppler-broadened case, but the locking point would then be
shifted from the exact transition-frequency position.

The above two-level model can be easily generalized to ac-
count for higher angular momenta. Generally, the presence of
Zeeman structure in the long-lived lower states dramatically
reduces the saturation parameters, i.e. allows sizeable popu-
lation redistribution at light intensities lower than in the case
of closed two-level systems [7, 10]. Additionally, while for
a two-level system the saturation dip has a limited depth [9],
velocity-selective optical pumping (VSOP) can cause com-
plete depletion of a given state; hence the resulting dips can
be arbitrarily deep. This may result in Doppler-free signal am-
plitudes comparable to those of unsaturated absorption and
eliminate the reduction of sensitivity pointed out by Cor-
win et al. [4]. The Doppler-free signal originating from the
VSOP can be either positive or negative [11], depending on
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whether optical pumping is of the depopulative of repopu-
lative character. Another important consequence of the pres-
ence of many magnetic sublevels can be creation of Zeeman
coherences among them, which can significantly affect the
magneto-optic signals [8, 10]. These coherences, however, are
important only near zero magnetic field [12] and are usually
negligible in fields such that β1 > Γ , e.g. a 10-G field in the
case of the Na D1 line that we use.

We do not attempt to analyze all optical pumping effects
here. Instead, we model them qualitatively by a proper choice
of the effective saturation parameters.

2.2.2 Transitions with hyperfine structure. The above model
can be straightforwardly extended to the case of the transitions
with some structure contained within the Doppler width, e.g.
hyperfine structure (hfs). In the Doppler-free spectroscopy of
gas samples, when some transitions share a common level,
such a situation leads to the occurrence of the cross-over res-
onances. To account for such a situation, we include in the
model two upper levels J ′ = 1 and J ′′ = 1 with Larmor fre-
quencies β1 and β2 (Fig. 5). In a completely analogous man-
ner we can consider situations with a lower-state structure.

If the Doppler-broadened profiles of transitions J − J ′ and
J − J ′′ overlap, the pump and probe lasers can select velocity
classes corresponding to σ+ and σ− components of the two
transitions, as shown in Fig. 6.

Similar calculations as above yield the differential absorp-
tion, dichroic signal S in the form

S(δ) = C [Y1+ −Y1− +Y2+ −Y2−
− g1 (L1+Y1+ −L1−Y1−)

− g2 (L2+Y2+ −L2−Y2−)

−g12 (L12+Y1+Y2+ −L12−Y1−Y2−)] , (5)

where Yi± = π−1/2 exp(−[(δi ∓ βi)/∆D]2), Li± = L(δi ∓
βi), and L12± = L(δ12 ∓β12). δi = ωL −ωi are laser de-
tunings from the individual atomic transition frequencies,
δ12 = ωL − (ω1 +ω2)/2 is the laser detuning from the mid-
point between two transitions, β12 = (β1 +β2)/2 is the aver-
age Larmor frequency of levels J ′ and J ′′, and g12 is the

FIGURE 5 Generalization of the model of Fig. 2 for lines with two com-
ponents having unperturbed frequencies ω1 and ω2 and excited states with
J ′ = 1 and J ′′ = 1 with respective Larmor frequencies β1 and β2

FIGURE 6 Velocity distribution of the ground-state population N0(vz) for
a laser detuned by δ1 and δ2 from ω1 and ω2. Other symbols are defined
analogously to those of Fig. 3

effective saturation parameter of the cross term taking into ac-
count various possible saturation situations in a real, complex
atomic structure (g12 can be either positive or negative and
different from g1,2). Expression (5) contains terms associated
with superpositions of two independent transitions J − J ′ and
J − J ′′ and an extra contribution associated with the cross-
over resonances, represented by the last term. Similarly to
the case of the simple system of Fig. 2, resonant changes of
the dichroic signal occur whenever ωL = ωi ±βi , but there is
also an additional class of noncompensated cross-over reso-
nances at ωL = [ω1 +ω2 ± (β1 +β2)]/2. Slight shifts of the
zero-crossing positions, which might occur because of the
nonzero and sloping background of the linear dichroism, call
for special attention.

The amplitudes of individual resonances are determined
by the effective saturation parameters g1, g2, and g12. As de-
scribed above for the case of a single transition (Sect. 2.2.1),
we treat these quantities as phenomenological parameters ad-
justed to model effects of optical pumping in a real, more
complex, energy-level structure.

3 Experimental

We used the described DFDL stabilization method
with two systems: a dye laser (CR-699-21, Coherent) locked
to the sodium D1 line and a home-made external-cavity diode
laser stabilized to the rubidium D1 line. In the first case, the
built-in short-term laser stabilization to the reference cavity
was operating, and we just fed our atomic stabilization signal
to the external input of the laser-control box as a long-term
reference. Both Doppler-broadened and Doppler-free stabi-
lization were achieved in the same setup, as shown in Fig. 2.
A sodium cell without buffer gas was placed in an oven and
heated to 130 ◦C. Suitable coils provided up to 300 G of lon-
gitudinal field in the cell center.

For the standard Doppler-broadened stabilization
(DAVLL) we used the maximum magnetic field and one
weak probe beam. The differential photodiode signal, shown
in Fig. 7a, was amplified and sent to the feedback loop of
the laser. In order to obtain Doppler-free signals, an intense
(≈ 2 mW/mm2), linearly polarized counter-propagating beam
was added, and simultaneously the magnetic field was de-
creased to about 10 G. The width and the amplitude of the
obtained signals showed a strong dependence on the ampli-
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FIGURE 7 Dichroic signals detected at the Na D1 transition. a Doppler-
broadened, DAVLL stabilization curve for the field of 300 G. b Doppler-free,
DFDL signal in the 10-G field, consisting of three resonances: F = 2 −
F′ = 1 (at δ = 0), a cross-over resonance F = 2 − F′ = 1, 2 (at δ = 2π ×
95 MHz), and F = 2 − F′ = 2 (δ = 2π × 190 MHz). Solid lines represent
experimental recordings, broken lines present the calculated signals for the
parameter values corresponding to the Na D1 line, ∆D = 2π ×1200 MHz, in
a lower-state hfs splitting A = 2π ×177 095 MHz and in b CEc upper-state
hfs splitting A′ = 2π ×190 MHz. The effective line width and amplitudes of
the resonances were deduced from the fit to the experimental curve

tude of the magnetic field and the pump-beam intensity, and
was limited by the natural line width of the transition.

A typical experimental signal recorded with two counter-
propagating beams (DFDL) is shown in Fig. 7b and it depicts
the central part of the Doppler-free dichroic signal cover-
ing the F = 2 − F′ = 1, 2 hfs transitions. The signal level is
adjusted to stabilize the laser on the F = 2 − F′ = 1 transi-
tion. It can be compared with the DAVLL signal shown in
Fig. 7a recorded with a single beam, according to the stan-
dard, Doppler-broadened method.

We can model both experimental signals of DAVLL and
DFDL with our calculations and achieve an excellent agree-
ment given the simplicity of the model. The broken lines in
Fig. 7 show theoretical signals calculated with the parame-
ters corresponding to our experiment with the Na D1 line. In
Fig. 7a, we model the single-beam, Doppler-broadened spec-
trum of this line with the lower-state hfs constant A = 2π ×
1770 MHz (177Γ ). The upper-state hfs structure is unresolved
here. In Fig. 7b a Doppler-free dichroic signal is presented,
with the hfs structure of the upper state A′ = 2π ×190 MHz
(19Γ ). To account for the power broadening and residual

Doppler effect it was necessary to introduce an effective line-
width parameter. The theoretical curve was fitted to the ex-
perimental one and we deduced in this way the amplitudes of
the three resonances and the effective line width (36.5 MHz).
As the actual sodium structure is much richer than our model
of Fig. 5, we calculated for each transition the effective Lar-
mor frequency taking into account the magnetic shifts of the
upper and lower states and transition probabilities, and thus
reduced the real structure to the model one with single σ+ and
σ− components. This difference of the Larmor frequencies is
visible in Fig. 7b as the three resonances have slightly differ-
ent widths.

The described Doppler-free setup could also be easily
used for an atomic reference, when scanning of the laser fre-
quency through the sodium line was needed. For this purpose,
we removed the λ/4 plate from the probe beam (Fig. 1), set
B = 0, blocked one photodiode, and obtained the usual satu-
rated absorption spectroscopy signals, centered on the hyper-
fine atomic transitions.

We used a similar setup for stabilization of an external-
cavity diode laser to the 85Rb D1 line. A 5-cm-long cell con-
taining Rb vapor at room temperature was placed in a solenoid
producing a 16-G field. The differential error signal presented
in Fig. 8a was fed to a servo circuit, which controlled the ex-
tension of a piezoelement and thus the laser-cavity length.
The DFDL spectra are compared with the standard satu-
rated absorption spectroscopy signal shown in Fig. 8b and
a DAVLL signal in Fig. 8c. For the Doppler-broadened case
we used a system similar to the one described in [5] with
rubber magnetic discs and a magnetic steel yoke to confine
the 180-G magnetic field. The 2-cm-long cell was heated to
40 ◦C. The Doppler-broadened magnetic dichroism signal for
three angular positions of the quarter-wave plate is presented
in Fig. 8c.

When using the dichroism method, the laser tuning can be
achieved either by electronic or by optical means. An offset
voltage can be added to the differential diode signal, which
means that the actual locking frequency is shifted from the
position where the difference of the two absorption signals
is zero. Another possibility is a small rotation of the quarter-
wave plate axis orientation from the standard position at 45 ◦C
relative to the polarization beam-splitter axis. This results
in a small imbalance of the σ+ and σ− intensities, which
produces an offset of the dispersive signal, and thus shifts
the locking frequency [5]. We have measured locking ranges
obtained in this way for the Rb setup: in the DAVLL case
the laser could be locked within more than 300 MHz for the
change of the quarter-wave plate orientation from 42 ◦C to
48 ◦C, as shown in Fig. 8c. For the DFDL case this range is
much smaller, below 30 MHz, see Fig. 9. There is another
possible locking range (with the other sign of the slope) for
frequencies about 50 MHz above the line center. The lock-
ing range is comparable to the signal width, which, as noted
above, sensitively depends on the laser power, magnetic field
intensity, and residual Doppler broadening. If necessary, the
locking range can be broadened to some extent by either of
these parameters, sacrificing the locking accuracy. It should
be noted that the optical way of laser tuning does not allow
for a fast change of the locking frequency (which is possible
with the electronic offset) but, as it stabilizes at the true zero-
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c
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a

FIGURE 8 a Doppler-free magnetic dichroism differential (DFDL) signal
for the 85Rb D1 line (795 nm) excited by an extended-cavity diode laser.
b Saturated absorption spectroscopy recorded simultaneously. c DAVLL sig-
nal for the same line. Three recordings are presented for different angles
between the wave-plate axis and the polarization beam-splitter axis. The fre-
quency axis is referenced to the F = 3− F′ = 2 transition frequency. The
thick bar marks the locking range that can be reached by rotating the quarter-
wave plate

signal position, it is free from disturbances caused by the
laser-intensity instabilities.

The long-term laser stability can be roughly estimated
from the error-signal amplitude. Figure 10 shows an example
of a recording of such an error signal with and without the
locking loop closed. We have filtered out the component
caused by the high-frequency noise of the electronic system
and analyzed only the remaining low-frequency component,
which reflects the laser frequency instability. The calibration
of the laser frequency deviation is given by the derivative of
the DFDL curve versus frequency in the locking point. In the
case of our Rb stabilization scheme we thus deduced the upper
limit of the laser frequency instability to be about 0.2 MHz.

4 Conclusions

We have presented a new scheme of laser fre-
quency stabilization to an atomic transition. It combines the
precision of Doppler-free techniques with the magnetically
induced dichroism detection method. It offers a serious advan-
tage of high accuracy of frequency calibration, similar to the

FIGURE 9 Doppler-free magnetic dichroism differential (DFDL) signal as
in Fig. 8a around the F = 3− F′ = 2 transition frequency for three different
angles between the wave-plate axis and the polarization beam-splitter axis.
The locking range used is marked by a thick bar. Another possible locking
range (with different slope sign) is for frequency detuning about 50 MHz

FIGURE 10 Recording of the error signal with and without the locking cir-
cuit operating

saturated absorption and polarization spectroscopy methods,
yet without any frequency dithering. The method is relatively
insensitive to external factors like stray magnetic fields. It
shows a low sensitivity against electronic offset instabilities.
Its experimental realization is simple, as it requires low mag-
netic fields of a few Gauss range and few optical elements.
The electronic feedback system uses only a differential ampli-
fier, without the need of a lock-in amplifier.

When compared to the Doppler-broadened DAVLL sys-
tem our method has a much reduced locking range, but pro-
vides the frequency calibration and stabilization in the same
setup. Rotation of the optical elements and, possibly, use of
a birefringence signal instead of dichroism allow for a limited
tuning of the locking point.
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