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We present a method of Doppler-free laser frequency stabilization based on magnetically assisted rotation
spectroscopy (MARS) which combines the Doppler-free velocity-selective optical pumping (VSOP) and
magnetic rotation spectroscopy. The stabilization is demonstrated for the atomic rubidium transitions at
780 nm. The proposed method is largely independent of stray magnetic fields and does not require any
modulation of the laser frequency. Moreover, the discussed method allows one to choose between locking the
laser exactly to the line center, or with amagnetically-controlled shift to an arbitrary frequency detuned by up
to several natural linewidths. This feature is useful in many situations, e.g. for laser cooling experiments. In
addition to presenting the principle of themethod, its theoretical background and peculiarities inherent to the
repopulation VSOP are discussed.
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1. Introduction

Most atomic physics experiments require laser sources with a
stable and controlled frequency. Long-term frequency stability and
reproducibility are accomplished by locking laser output to absolute
reference, in most cases to an atomic or molecular transition. There
are many known techniques of achieving such stability, depending on
the type of the laser and desired degree of the stability [1–12].
Stabilization of the laser frequency to an atomic reference most often
takes advantage of sub-Doppler spectroscopic techniques. One such
routinely used technique is the saturated absorption [1] where
Doppler-free resonances are symmetric, usually Lorentzian, functions
of the laser frequency detuning from an atomic transition. Frequency
modulation (FM) of the laser output allows application of a lock-in
detection which yields dispersion-like signals with zero crossings at
the atomic transition, suitable as error signals for frequency
stabilization at the atomic transition [2,3]. However, there are
applications where the modulation of the laser frequency, albeit
small, is unacceptable. Several methods have been developed to
eliminate the necessity of laser frequency dither. The simplest one
relies on locking the laser frequency to thewing of the resonance peak
and comparing the signal level with a reference voltage. This method
introduces some frequency shift from resonance, prone to the light
intensity and atomic density (temperature) fluctuations. Other
popular modulation-free methods are the polarization spectroscopy
[4,5,13–15] and the Doppler-free dichroic lock (DFDL) [6,7]. Polari-
zation spectroscopy, while very simple and convenient, is also
sensitive to many systematic errors caused by external factors,
primarily by stray magnetic fields [13] and/or by temperature-
dependent birefringence of both the atomic sample and optical
components. Because of that, special precautions need to be taken,
like the magnetic shielding, elimination of window birefringence, etc.
Some attempts to overcome the problem of the instrumental
birefringence include subtracting two signals of polarization spec-
troscopy obtained either with two probe beams of orthogonal linear
polarizations, like in refs. [8,9], or with two pump beams circularly-
polarized in opposite senses, like in the bi-balanced polarimeter
described in ref. [10].

In this paper we describe a method stemming from the
polarization spectroscopy but modified by employing nonlinear
magneto-optical rotation. In this way, the Doppler-free velocity-
selective optical pumping (VSOP) is combined with the magnetic
rotation spectroscopy. The method is fairly insensitive to external
perturbations by stray magnetic fields and allows convenient
magnetic tuning of the laser-lock frequency by up to several natural
linewidths from the exact resonances. This can be used, e.g., to laser
cooling experiments where the trap/cooling beams need to be
detuned from the line center. Below, in Section 2 we present the
principle of the method, in Section 3 the experimental setup and
results obtained for the D2 resonance line of rubidium vapour and in
Section 4 the theoretical background and interpretation of the
method. The paper is concluded in Section 5.
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Fig. 1. The experimental setup. PBS (ABS) are the polarizing (analyzing) beam splitters,
P is an additional polarizer, λ/4 is the quarter-wave plate, λ/2 is the half-wave plate, and
Dx, y label polarimeter photodiodes which measure intensities of the orthogonally
polarized beam components.
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2. Method of stabilization

The atomic transition used as a frequency reference splits in a
longitudinal magnetic field into σ± Zeeman components, which
results in the magnetically-induced dichroism and birefringence [16].
While the magnetically-induced dichroism has been used in the
dichroic atomic vapour laser lock (DAVLL) [11,12] and DFDL [6,7] laser
frequency stabilization schemes, in this work we describe the method
which takes advantage of the magnetically-induced birefringence.
The method's set-up is depicted in Fig. 1. Two counter-propagating
beams from the same tunable laser overlap in an atomic vapour cell,
like in a standard Doppler-free spectroscopy. The pump beam is
circularly-polarized by appropriate orientation of a quarter-wave-
length plate (λ/4), whereas the probe beam is linearly polarized by
the polarizing beam splitter (PBS). For some application, it may be
useful to use linearly-polarized pump beam (see Section 3.2.2). The
atomic vapour cell is placed in a longitudinal magnetic field B.
Rotation of the probe beam polarization is detected by a balanced
polarimeter consisting of an analyzing beam-splitting (ABS) cube and
two detectors (Dx and Dy). For the sake of convenience, we use a half-
wave (λ/2) plate for rotating the polarization by π/4 and for balancing
the polarimeter, rather than rotating the ABS.
(a) (b)

(e)(d)

(g) (h)

Fig. 2. A simple atomic system with F=1 and F′=0, when: (a, b, and c) the pump beam is ci
are simultaneously subjected to the pump beam and B≠0. The left column indicates trans
probe (thin arrows). The relativemF populations are represented by sizes of the grey dots. The
red lines) versus the detuning (δ) from the unperturbed line center, and the right column
The probe beam with intensity I0 is split by ABS into two
components, Ix and Iy, of orthogonal linear polarizations. In the
absence of the circularly-polarized pump beam and/or at non-
resonant laser frequency and without the magnetic field, the two
intensities are equal, Ix= Iy= I0cos

2π/4= I0/2. Consequently, far from
the resonance where the two components approach these unper-
turbed values, the differential signal Ix− Iy has zero background.
Normalization of Ix− Iy to the net probe beam intensity Ix+ Iy yields a
rotation signal with reduced effect of light intensity fluctuations.

Themagnetic field and the pump beam have two important effects
on atoms. First, the Zeeman effect removes the degeneracy of the
individual σ± components and, secondly, the pump beam modifies
populations of the ground-state sublevels by optical pumping. Both
effects cause that absorption coefficients, α+ and α−, and the
refractive indices, n+ and n− corresponding respectively to the σ+

and σ− polarizations of the probe beam have no longer the same
values. The difference Δα=α+−α− describes circular dichroism and
makes the polarization of the probe beam elliptical, while the
difference Δn=n+−n− represents an optical birefringence in the
sample, which rotates the polarization plane by an angle θ=πΔnl/λ,
where l is the length of the sample and λ the light wavelength. In our
case of a balanced polarimeter, the recorded signal is insensitive to the
induced ellipticity and, for not-too-big rotation angles, is the measure
of the polarization rotation. Fig. 2 illustrates schematically how the
rotation (birefringence) spectra are formed in a simple atomic system
with F=1 and F′=0 in B=0 (a–c) and B≠0 (d–i).

Since for a gas sample, the pump-induced birefringence is created
via VSOP, the plots in Fig. 2 represent contributions due to the zero-
velocity atomic class and the rotation spectra, θ(δ), are Doppler-free.
Doppler-free rotation signals have been observed previously with
various polarizations of the pump but mostly in a zero magnetic field
[4,13,17,18]. They appeared very sensitive to imperfect zeroing of the
magnetic field. An uncompensated magnetic field results in two types
of distortions of the rotation spectra. One is mixing of the magnetic
sublevels mF by the transverse magnetic-field components and the
resulting decrease of the pump-induced anisotropy, and the second
is due to a possible coherence of the Zeeman sublevels and their
(i)

(f)

(c)

rcularly-polarized and B=0; (d, e, and f) there is no pump and B≠0; (g, h, and i) atoms
itions induced by the circularly-polarized pump (thick arrows) and linearly-polarized
middle column depicts atomic refractive indices n+ (dotted blue lines) and n− (dashed

the resulting rotation spectra θ(δ).
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Fig. 3. Transitions from the upper hyperfine levels of 85Rb (a) and 87Rb (b) D2 lines.
Signals of the MARS with the pump beam circularly-polarized (lower traces), compared
with the saturation spectroscopy (upper traces) showing the probe beam transmission.
Dotted vertical lines mark positions of the hfs components (F→F') and crossovers
(COF'F"). The magnetic-field intensity is B=11 G.
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dependence on the external magnetic field, even as small as few
miliGauss [13].

While interesting for their own reasons [16], the coherence effects
are rather unwelcome for frequency locking as their use requires a
precise control over the magnetic fields and light intensity. It is thus
desirable to eliminate such coherences for robust frequency stabili-
zation. The simple and efficient way to do so is to apply a longitudinal
magnetic field which splits the mF sublevels by more than typical
width of the coherence resonance. Such widths are on the order of the
ground-state relaxation rate, so in a sufficiently high longitudinal
magnetic field, e.g. BN1 G, the coherence contributions to a cw probe
signal are negligible. At the same time, also the mixing of the mF

sublevels becomes negligible as the transverse components of the
weak stray magnetic field cannot couple mF sublevels which are
substantially split.

The application of the appropriately strong longitudinal magnetic
field makes the described method less prone to the lineshape
distortions than the standard polarization spectroscopy technique.
In this aspect it is similar to the DFDL dichroic technique which relies
on Δα anisotropies. The dispersive MARS and absorptive DFDL
methods are thus complementary techniques. One or another may
prove more useful depending on specific experimental conditions.

3. Experiment

3.1. Description of the setup

The discussed method is applied to stabilize the external-cavity
diode laser in the setup shown in Fig. 1. The laser linewidth is of the
order of 1 MHz, i.e., much less than the widths of the recorded
Doppler-free spectra. A small fraction of the laser light is used for the
stabilization purposes and split into the pump and probe beams,
counter-propagating across the rubidium vapour cell. The pump beam
power is 0.1 mW, the probe beam power is 44 μW and both beams
have a diameter of about 1 mm. The cell is 75 mm long and its
windows are slightly tilted relative to the beams to avoid spurious
reflections. A solenoid coiled around the cell produces amagnetic field
of up to 50 G intensity oriented along the laser beams. The experiment
is performed in an unshielded environment; ambient magnetic fields
are coarsely compensated within a fraction of a Gauss. A quarter-wave
plate (λ/4) allows to polarize the pump beam circularly (σ±),
elliptically or linearly. Because of the, demonstrated below, strong
polarization dependence of the detected signals, it is important to
assure that the polarization state of the pump beam is kept constant.
Therefore, any temperature dependence of the retardation in wave-
plates should be minimized. This can be realized by application of
low-order (preferably zero-order) plates. The temperature variations
need to be eliminated also at the vapour cell, since the polarization
rotation is strongly atomic density dependent which may cause
density (temperature) dependent systematic shifts of the locking
frequency. This point can be alleviated by setting the locking point at
zero rotation.

The probe beam transmitted by the cell is directed onto a balanced
polarimeter set for detection of the light-induced birefringence, i.e.,
rotation of the polarization plane. This is accomplished by using a λ/2
plate and an ABS, as described above. The differential photodiode
signal Ix− Iy is amplified and connected to two PI-controllers, the first
of which corrects the slow frequency drift by adjusting the length of
the laser cavity with a piezoelectric element, while the second
corrects the high frequency jitter by modulating the laser current.

3.2. Results on the rubidium D2 line

3.2.1. Circularly-polarized pump
In our measurements we studied the familiar D2 lines of 85Rb and

87Rb and concentrated on the transitions from the upper hyperfine
level of the ground state (F=3 for 85Rb and F=2 for 87Rb) since these
transitions play an important role in laser cooling experiments. We
explored two different ranges of the magnetic field. First, in the
weaker fields (up to about 10 Gauss), the magnetic field does not
produce any observable splitting of the rotation spectra but enhances
the optical pumping, and thus the rotation signal. Fig. 3(a) and (b)
shows the typical rotation signals of both isotopes recorded with the
circularly-polarized pump beam in the magnetic field B=11 G,
compared with standard saturated absorption signals, for the hfs
components F=2→F′=1, 2, 3 in 87Rb and F=3→F′=2, 3, 4 in 85Rb.

Fig. 4 illustrates the role of the magnetic enhancement for the
F=2→F′ transitions in 87Rb measured with the circularly-polarized
pump. The top curve represents the rotation spectrum recorded at
B=0, i.e., with no compensation of the longitudinal component of
the stray magnetic field of 0.37 G strength. It differs in shape and
amplitude from the spectrum shown by the middle curve which was
recorded when the longitudinal component of the stray field was
compensated. The signal in the zero effective field (middle panel) is
weaker and more regular. We attribute the difference between the
upper and the middle curve to the uncontrolled contribution of
ground-state Zeeman coherences, affected by the stray field in an
uncontrolled fashion. The bottom spectrumwas recorded at B=11 G,
i.e., for a field substantially stronger than the stray field. As can be
seen, not only the closed transition F=2→F′=3, but also several
cross-over resonances acquire dispersive lineshapes and can be used
for stabilization purposes. Also, the amplitudes of the resonances
are clearly bigger than at B=0 and B=0.37 G. This comparison



Fig. 4. MARS spectra with the hfs transitions and crossovers from the F=2 state of the
87Rb D2 line, for circularly-polarized pump beam and three different values of the
magnetic fields generated by solenoid: B=0, 0.37 G and 11 G. B=0.37 G is the value
which compensates the longitudinal component of the stray magnetic field, so that the
middle spectra correspond to the zero effective field.

(a)
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illustrates well that the moderately strong (some Gauss) longitudinal
magnetic field reduces the stray field mF-mixing and thereby
improves efficiency of VSOP, increases the amplitude of the rotation
spectra, and makes them less sensitive to uncontrolled external
perturbations.

To quantify the effect of the longitudinal magnetic field on the
stabilization accuracy, we analyzed the Allan variance [19] of the laser
frequency deviation from the F=2−F′=3 transition in 87Rb
measured by the error signal amplitude for B=0 and B=4.6 G. In
Fig. 5 the square root of the Allan variance is plotted as a function of
the averaging time. The filled circles depict stability of the laser lock
with the magnetic field B=4.6 G, while the open circles depict the
lock stability without the external magnetic field, B=0. Both data sets
represent the in-loop measurements performed in the same condi-
tions, hence they reflect well the specific influence of the longitudinal
magnetic field. We attribute the visible stability improvement at
Fig. 5. Square root of Allan variance of the laser frequency as a function of the averaging
time for locking of the laser to the 87Rb D2 F=2→F′=3 transition in B=0 G (open
circles) and B=4.6 G (filled dots).
B=4.6 G to the reduced perturbation of the spectra by uncontrolled
stray magnetic fields. On the other hand, the laser-lock stability
deteriorates when B=0 in an unshielded environment, similarly as
with other stabilization methods [13].

3.2.2. Linearly-polarized pump
While the rotation signals obtained with circularly-polarized

beams are very convenient for frequency locking, the linearly-
polarized pump beam also yields Doppler-free rotation spectra.
These signals appear very weak at the zero magnetic field, but are
significantly enhanced when B≠0. Typical signals recorded with the
linearly-polarized pump beam at B=6.9 G are presented in Fig. 6(a)
and (b). The spectra are again compared with the standard Doppler-
free spectroscopic signal. The cross-over resonances have twofold
peak reversal, similar to the ones reported in ref. [20].

Particular resonances at the hfs transitions and cross-over re-
sonances are symmetric functions of the laser frequency whichmakes
them less suited for modulation-free frequency locking. When the
magnetic field exceeds about 10 G, a distinct dip develops at the
center of the F=2→F′=3 cyclic resonance. The dip becomes deeper
with increasing B, and acquires a specific W-like shape. Similar
modification of the lineshape at this transition occurs also for other
polarizations of the pump beam, as illustrated in Fig. 7(a) for B=23 G.
The modified lineshapes have extra slopes which can be used for laser
locking. In particular, the resonance recorded with circular polariza-
tion of the pump beam becomes composed of two dispersion curves
and when the pump is linearly polarized, there are four slopes which
(b)

Fig. 6. Transitions from the upper hyperfine level of 85Rb (a) and 87Rb (b). MARS signals
with the pump beam linearly polarized (lower traces), compared with the saturated
absorption spectroscopy (upper traces). Magnetic field B=6.9 G.



(a) (b)

Fig. 7. (a) The section of the MARS spectra with the F=2→F′=3 transitions of the 87Rb D2 line at B=23G obtained for different polarizations of the pump beam. (b) Magnetically-
tuned shifts Δ of four different slopes (labelled 1–4 in inset) in the 87Rb D2 F=2→F′=3 transition when pumped with a linearly-polarized beam. The shifts were measured as the
frequency differences between the centers of the slopes and the unperturbed transition frequency at B=0. All four slopes can be used for laser stabilization. Shifts are presented in
the natural linewidth units Γ.

Fig. 8.MARS signals seen at the F=2→F′=3 transition of 87Rb with linear polarization
of the probe beam and various values of B.
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can be used for frequency locking. The centers of these slopes can be
conveniently tuned from the unperturbed transition frequency by the
magnetic-field intensity, as shown in Fig. 7(b). For B between 5 and
46 G, the shifts span the range from−5.5 Γ to+6.5 Γwhich covers the
detuning range relevant for magneto-optical trapping.

Fig. 8 shows the evolution of the signals with the intensity of the
magnetic field when Bwas varied between 0 and 17.5 G. As discussed,
the Doppler-free signals at B=0 are very weak but increase rapidly
with rising B. Besides the Doppler-free resonances, a wide, Doppler-
broadened background also shows up in B≠0. This wide feature is
caused by the linear Faraday rotation which, in the range of the
considered fields, is proportional to B, i.e., changes sign when mphB
changes sign. This linear background may be compensated by
appropriate unbalancing of the polarimeter. Such compensation has
been applied for registration of the signals in Fig. 6. The Doppler-free
resonance at the cyclic transition, F=2→F′=3, exhibits the W-like
shape with the four slopes. These signals are discussed in more detail
in the next section.

4. Theoretical analysis

As discussed above, application of the magnetic field at the Gauss
level (or stronger) allows one to neglect the ground-state coherences
and their effect on the recorded nonlinear magnetic rotation. This
greatly simplifies the theoretical analysis which can be now per-
formed with rate equations for populations of all relevant atomic-
sublevels. Below, it is shown that all salient features of the recorded
rotation spectra are faithfully reproduced by such rate equations in
the first-order perturbation theory. Such an approach has been first
developed by Nakayama et al. [21] for the analysis of Doppler-free
rotation spectra in relatively high magnetic fields. The essence of this
approach is to neglect all effects caused by a pump beam but the VSOP.
Specifically, the processes induced by the pump beam up to the first
order are the depletion and repopulation of a given velocity class
(hole-burning). Fig. 8.

In addition to the familiar cross-over resonances occurring in
coupled three-level systems, such as described in Section 2, ref. [21]
pointed out the importance of the four-level cross-overs. Such four-
level cross-over resonances are especially important when VSOP
involving repopulation by spontaneous transitions takes place, like in
the case of the cyclic transition F=2→F′=3. Fig. 9 presents all
transitions which are important for the discussed signals.

Judging by the relative strengths of the transitions, it may be
expected that optical pumping in the F=2→F′=3 transition over-
populates the most external mF=±2 sublevels. Consequently, it
might be expected that the transition components originating from
these sublevels would make the strongest contributions to the net
rotation signal [22]. According to such expectation and simple hole-
burning model, the lineshapes for the case of circularly-polarized
pump should take the form of an asymmetric resonance, such as
depicted in Fig. 2(i), and for the linearly-polarized beam, a symmetric
resonance given by difference of two dispersion curves, such as in
Fig. 2(f). However, Figs. 3 and 6 show clearly that, although the
rotation spectra recorded with the circularly-polarized pump indeed
look similar to these simplistic predictions, those seen with the
linearly-polarized pump do not. On the other hand, the calculation
based on the approach of ref. [21], reproduces the experimental
spectra for any pump beam polarization.

Within this approach, the spectra seen at the F=2→F′=3 com-
ponent are given by the differences of pairs of corresponding con-
tributions, R(ω), shown in Fig. 9, summed over all allowed transitions

R ωð Þ = ∑
m
ðIm + 1;m ωð Þ−Im−1;m ωð Þ

+ Vm + 1;m ωð Þ−Vm−1;m ωð Þ
+ Λm + 1;m ωð Þ−Λm−1;m ωð Þ
+ Nm + 1;m ωð Þ−Nm−1;m ωð ÞÞ;

ð1Þ

where IMm(ω),VMm(ω),ΛMm(ω) and NMm(ω) are the resonance
functions representing contributions associated with the structures
depicted in Fig. 9, i.e., the principal two-level transitions, V- and Λ-like
three-level cross-overs, and the N-like four-level cross-overs,
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Fig. 9. Contributions to the VSOP resonances: (a) principal two-level transitions, (b) standard, three-level cross-overs, and (c) four-level cross-overs. The thick and thin lines
represent transitions induced by the pump and probe beams, respectively, and the wavy arrow represents spontaneous repopulating transition.
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respectively. According to ref. [21], the above resonance functions are
given by the following expressions

IMm ωð Þ = − dM;m

�� ��4 1−bM;m

� �

×
ω−ωM;m
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Fig. 10. Experimental rotation spectra (dots) compared with theoretical curves (lines).
B=17.5 G (a) and 26.7 G (b).
where dM,m are the dipole matrix elements for transitions between
sublevels m and M, bM,m are branching ratios for spontaneous decays
of sublevel M to m, and

ωM;m = ω0
F; f− MgF−mgf

� �
μBB ð3Þ

are the resonance frequencies of the m–M transitions, with ωF, f
0 being

theunperturbed frequencyof transition f–F, gf and gF the Landé factors of
the ground and upper levels, respectively, and μB the Bohr magneton.
The small value of the excited-state hfs splitting allows one to neglect
the effect of the Maxwellian velocity distribution. As seen from Eq. (2),
some contributions to rotation signal (1) have opposite signs. This
reflects opposite effects of the de- and repopulation pumping. These
contributions differ in their lineshapes, so that they do not compensate
completely but give rise to specific W-shaped net structures.

Fig. 10 depicts the results of our calculations applied to the
F=2→F′=3 hfs component of the 87Rb D2 line and linearly-
polarized pump compared with the experimental spectra recorded at
two different magnetic-field strengths. We have assumed equilibrium
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Fig. 11. Solid lines represent rotation spectra at the F=2→F′=3 transition with the
linearly-polarized pump beam in B=15 G (a) and 20 G (b) calculated from Eq. (1). The
dotted (red) lines depict contributions of the two- and three-level pumping schemes,
i.e., the terms represented by the I, V and Λ terms in Eq. (1), and the dashed (blue) line
depicts the term N associated with the four-level pumping scheme. The net spectra
(solid curves) are multiplied 10× for better visibility.
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initial populations and carefully took all Zeeman components of the
transition into account when calculating the rotation signals according
to (1) and (2). The agreement of the simulated and experimental
spectra is quite satisfactory, given the calculations are performed
within very simple, first-order approach which does not include
saturation and power-broadening. In addition to calculation of the
net rotation signals, in Fig. 11 we plotted also the contributions of
opposite signs to indicate that the peculiar dip structure of the W-like
resonance at cyclic transition is due to interplay between the
depopulation and repopulation mechanisms. Since, as discussed
above, different Zeeman sublevels are affected by different pumping
mechanisms, the positive and negative contributions depend differ-
ently on the magnetic field which makes the net lineshape magnetic-
field dependent and the dip seen only for sufficiently strong B.

It is important to realize that the W-shaped resonance at cyclic
transition is not simply the resonance split into Zeeman components.
Consequently, the centers of the slopes which we use for magnetic
tuning of the locking frequencies do not follow directly the linear
dependence of the Zeeman components, as illustrated by Fig. 6.

5. Conclusions

Polarization spectroscopy is often the method of choice when it
comes to laser stabilization by locking to atomic or molecular
transitions [4,5,14,15]. However, because of its sensitivity to the
magnetic field, it requires compensation or shielding of the earth
magnetic field.We have shown that application of a longitudal driving
field allows alleviation of this drawback. The described MARS method
is simple, modulation free and its locking stability compares well with
that of polarization spectroscopy. In the regime of a higher magnetic
field, the lineshapes deform considerably which can be applied for
tuning of exact frequency at which the laser is to be stabilized. The
signal shapes in a weak, and strong field can be well explained by a
simple approach introduced in [21]. The method relies on the dis-
persive characteristics of the atomic sample and can be regarded as
complementary to the Doppler-free dichroic lock (DFDL) technique
where absorptive properties are exploited. Similarly as the polarization
and DFDL spectroscopies, the MARS method is sensitive to atomic
density variations and requires temperature stability for reliable results.

Acknowledgments

This work has been performed within the cold-atom program of
the National Laboratory of AMO Physics in Toruń and supported by
the Polish Ministry of Science grant no. N N202 230237 and the
Foundation for Polish Science (Team Program).

References

[1] W. Demtröder, Laser Spectroscopy, Basic Concepts and Instrumentation, Springer,
Berlin, 1988.

[2] G.C. Bjorklund, Opt. Lett. 5 (1980) 15.
[3] R.K. Raj, D. Bloch, J.J. Snyder, G. Camy, M. Ducloy, Phys. Rev. Lett. 44 (1980) 1251.
[4] C. Wieman, T.W. Hänsch, Phys. Rev. Lett. 36 (1976) 1170.
[5] G.P.T. Lancaster, R.S. Conroy, M.A. Clifford, J. Arlt, K. Dholakia, Opt. Commun. 170

(1999) 79.
[6] G. Wasik, W. Gawlik, J. Zachorowski, W. Zawadzki, Appl. Phys. B: Lasers Opt. 75

(2002) 613.
[7] T. Petelski, M. Fattori, G. Lamporesi, J. Stuhler, G. Tino, Eur. Phys. J. D 22 (2003)

279.
[8] C.P. Pearman, C.S. Adams, S.G. Cox, P.F. Griffin, D.A. Smith, I.G. Hughes, J. Phys. B:

At. Mol. Opt. Phys. 35 (2002) 5141.
[9] Y. Yoshikawa, T. Umeki, T. Mukae, Y. Torii, T. Kuga, Appl. Opt. 42 (2003) 6645.

[10] V.B. Tiwari, S. Singh, S. Mishra, H. Rawat, S. Mehendale, Appl. Phys. B: Lasers Opt.
83 (2006) 93.

[11] B. Chéron, H. Gilles, J. Hamel, O. Moreau, H. Sorel, J. Phys. III Fr. 4 (1994) 401.
[12] K.L. Corwin, Z.-T. Lu, C.F. Hand, R.J. Epstein, C.E. Wieman, Appl. Opt. 37 (1998)

3295.
[13] W. Gawlik, Acta Phys. Pol. A 66 (1984) 401.
[14] M.L. Harris, C.S. Adams, S.L. Cornish, I.C. McLeod, E. Tarleton, I.G. Hughes, Phys.

Rev. A 73 (2006) 062509.
[15] H.D. Do, G. Moon, H.-R. Noh, Phys. Rev. A 77 (2008) 0325138 (Type = Article).
[16] D. Budker, W. Gawlik, D.F. Kimball, S.M. Rochester, V.V. Yashchuk, A. Weis, Rev.

Mod. Phys. 74 (2002) 1153.
[17] M. Pinard, C.G. Aminoff, F. Laloë, Phys. Rev. A 19 (1979) 2366.
[18] P.G. Pappas, R.A. Forber, W.W. Quivers, R.R. Dasari, M.S. Feld, D.E. Murnick, Phys.

Rev. Lett. 47 (1981) 236.
[19] D. Allan, Proc. IEEE 54 (1966) 221.
[20] O. Schmidt, K.M. Knaak, R. Wynands, D. Meschede, Appl. Phys. B: Lasers Opt. 59

(1994) 167.
[21] S. Nakayama, G.W. Series, W. Gawlik, Opt. Commun. 34 (1980) 382.
[22] R. Drampyan, A.D. Greentree, A. Durrant, Opt. Commun. 276 (2007) 251.


	Laser frequency stabilization by magnetically assisted rotation spectroscopy
	Introduction
	Method of stabilization
	Experiment
	Description of the setup
	Results on the rubidium D2 line
	Circularly-polarized pump
	Linearly-polarized pump


	Theoretical analysis
	Conclusions
	Acknowledgments
	References


