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Dichroic atomic vapor laser lock with multi-gigahertz stabilization range
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Institute of Physics, Jagiellonian University, Łojasiewicza 11, 30-348 Kraków, Poland and
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A dichroic atomic vapor laser lock (DAVLL) system exploiting buffer-gas-filled millimeter-scale
vapor cells is presented. This system offers similar stability as achievable with bulk vapor cells,
but has several important advantages. In addition to its compactness, it may provide continuous
stabilization in a multi-gigahertz range around the optical transition. This range may be controlled
either by changing the temperature of the vapor or by application of a buffer gas under an appropriate
pressure. In particular, we show that the DAVLL system with a buffer-gas cell enables locking the
laser frequency between two hyperfine components of the 85Rb ground state or as far as 16 GHz
away from the closest optical transition.

PACS numbers: 33.57.+c, 32.60.+i, 85.70.Sq

I. INTRODUCTION

Most of modern atomic, molecular, and optical physics
experiments require precise control over optical proper-
ties of light. For example, long-term stability of light
frequency is needed in experiments with optical cool-
ing and trapping, investigation of nonlinear (coherent)
optical effects, and optical metrology. A popular tech-
nique of laser-frequency stabilization exploits magneti-
cally induced circular anisotropy of a medium [1]. In this
technique, a longitudinal magnetic field, i.e., field along
the quantization axis, shifts energies of Zeeman sublevels
lifting their degeneracy. This results in a frequency-
dependent difference in absorption and dispersion of the
two orthogonal circular polarization (σ±) components of
light1. Thus, detection of light ellipticity or polarization
rotation provides an error signal, which enables light-
frequency stabilization. This approach has been used in
various incarnations of dichroic atomic vapor laser locks
(DAVLLs) employed for stabilization of laser-light fre-
quency to optical transitions in helium [1], alkalis (ru-
bidium [2–5], cesium [6–8], potassium [9]), strontium [10],
mercury [11, 12], ytterbium [13], and barium [14].

One of the most important advantages of the DAVLL
system is its technical simplicity. A complete DAVLL set
consists of a vapor cell, magnets or a solenoid, a pair of
wave plates (quarter- and half-wave plate), a polarizer
with two photodiodes (polarimeter), and a proportional-
integral-derivative (PID) controller to process electrical

∗ pustelny@uj.edu.pl
1 The quantization axis is oriented along the light-propagation di-

rection.

signals. This limited number of components enables
miniaturization of the system. In fact, a DAVLL with
a volume of several cm3 was recently demonstrated [15].
The key element of the system was a microfabricated va-
por cell (microcell) with a volume smaller than 1 mm3

[16]. As shown in Ref. [15], the performance of such a sys-
tem is comparable to that of a traditional DAVLL, which,
among the others, opens the possibility of its incorpora-
tion into laser heads to enhance the laser performance.

Another important feature of the DAVLL system is its
ability to lock the laser in a relatively broad frequency
range (e.g., ∼ 600 MHz in systems exploiting a buffer-
gas-free room-temperature alkali vapor). While this is
significantly more than obtainable with other techniques
(e.g., those based on saturated-absorption spectroscopy
or those referencing the laser to an optical cavity), it
may not be enough for some applications. For example,
pump-probe spectroscopy requires detuning of a probe
laser several linewidths from the investigated transition.
In such a case, off-resonance locking may be achieved
by superimposing two light beams, one to be stabilized
and other that is stabilized to a particular transition,
and measuring/locking their beating frequency [17]. Al-
ternatively, laser stabilization may be realized by seed-
ing a slave laser with a frequency-stabilized laser whose
amplitude or phase is modulated with an electro-optical
modulator (EOM) [18]. The drawback of these solutions,
however, is their complexity, as they require two lasers
and EOM, and detection of beating (error) signals at a
frequencies often exceeding 1 GHz.

In general, off-resonance locking may be also achieved
with the DAVLL system. For such a purpose, however,
the DAVLL locking range needs to be shifted or expanded
to include the frequency of interest.

From a practical point of view, the locking range in

http://arxiv.org/abs/1512.08919v1
mailto:pustelny@uj.edu.pl
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DAVLL systems is limited by the width of the optical
transition used for stabilization. Therefore, a straight-
forward approach to off-resonance stabilization would ex-
ploit broadening of the absorption line in the locking
system. This may be achieved either by heating the va-
por cell (increasing absorption) or by introduction of an
additional gas into the cell (inducing pressure broaden-
ing). The first approach was recently demonstrated in the
context of the Faraday spectroscopy, where laser locking
6-14 GHz away from the optical transition was demon-
strated [19]. While this solution enables stabilization of
laser frequency far from the optical transition, it does
not provide an opportunity to lock the laser closer to the
transition, where absorption is so strong that no light is
transmitted through the cell2.

In this paper, we investigate light-frequency stabiliza-
tion employing the combination of the approaches based
on increasing absorption and inducing pressure broaden-
ing. To do that we build a DAVLL system with micro-
cells filled with rubidium vapor and molecular nitrogen
as a buffer gas. This allows us to demonstrate locking
the laser in a continuous 30-GHz range extending from
16 GHz below the center of the F = 1 → F ′ = 2 transi-
tion to 8 GHz above the center of the F = 2 → F ′ = 1
transition of the 87Rb D1 line. In particular, locking the
laser in the middle between two Doppler-broadened tran-
sitions of 85Rb (F = 3 → F ′ and F = 2 → F ′), as well
as, 16 GHz away from the optical transition is presented.
In all the cases, compensation of ≈1-GHz drifts or in-
stant frequency jumps with a residual instability less than
5 MHz is demonstrated. The performance of the system
is investigated as a function of temperature of the vapor
and pressure of the buffer gas. To confirm the capabil-
ities of the technique, we support experimental results
with numerical simulations based on the density-matrix
formalism.

II. EXPERIMENTAL SETUP

The experimental arrangement used for laser-
frequency locking and characterization of the DAVLL
performance is shown in Fig. 1. The DAVLL system
was essentially identical to the one used in Ref. [15]. The
only difference was in a microfabricated rubidium (natu-
ral abundance) vapor cell (1×2×3 mm3), manufactured
at IPHT Jena as described in Ref. [20] for the case of
cesium. In addition to rubidium, the cells used in this
work contained molecular nitrogen, as a buffer gas, at
two pressures: 46 mbar and 230 mbar 3. The cells were
heated up to 125◦C with a set of resistors. The vapors

2 In order to lock the laser closer to the optical transition the
temperature of the cell needs to be reduced.

3 Buffer-gas pressure was determined based on Lorentzian fits to
the D2 absorption spectra, using the relation between frequency
shift and buffer-gas pressure of -4.52 MHz/mbar [21].
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FIG. 1. Schematic of the experimental setup used to char-
acterize the DAVLL system. ECDL stands for the extended-
cavity diode laser, HeNe laser is a frequency-stabilized HeNe
laser operating as the reference for the wavemeter, BS stands
for a beam-splitter, M is a mirror, WP is a Wollaston prism,
PD is a photodiode, and λ/4 and λ/2 are quarter- and half-
wave plates, respectively.

were subject to a 200-G longitudinal magnetic field (with
less then 20 G inhomogeneity within the cell volume [15])
generated with a set of toroidal permanent magnets. The
cell’s heater-magnet system was enclosed in a single-layer
µ-metal cylindrical magnetic shield with two lids of a to-
tal length of 16 mm and a diameter of 9 mm.

For a thorough characterization of the microDAVLL
system, additional measurements were performed in a
“traditional” DAVLL system, employing a bulk cylindri-
cal evacuated vapor cell of a length of 10 mm and 10 mm
in diameter [3]. The bulk system was operated under
the conditions providing comparable properties to those
of the microDAVLL (e.g., optical depth, magnetic field,
light intensities, etc.).

To control the locking point, a pair of wave plates was
used in the systems: a half-wave plate was mounted in
front of the cell and a quarter-wave plate behind the cell.
This provides the control over the stabilization point via
adjustment of the DAVLL-signal zero crossings. Partic-
ularly, the wave plates allow for switching between the
dichroism detection, enabling locking close to the cen-
ter of the transition, and the Faraday-rotation detection
(birefringence), when laser light can be locked far from
the transition. Moreover, the two wave plates can be
used to eliminate thermal drifts of the locking point [22].

After the shield, the light was detected with a bal-
anced polarimeter, consisting of a Wollaston prism and
two photodiodes. The polarimeter output signal (a
photodiode-difference signal) was amplified and fed into a
PID system (SRS SIM960) and next into the modulation
input of the laser controller (External Cavity Diode Laser
from VitaWave). For the characterization of the system,
the PID signal was combined with an external-generator
signal. It allows investigation of the system’s ability to
compensate for drifts or instant changes (square-wave
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modulation) of the laser frequency. The laser frequency
was monitored with a wavemeter (HighFinesse WS/7),
which according to the specification, offered a spectral ac-
curacy of 200 MHz. In our measurements, higher resolu-
tion of the measurements was achieved by referencing the
wavemeter to a frequency-stabilized He-Ne laser (Spectra
Physics 117A with a residual instability less than 5 MHz
over 1 hour). In such a way, a residual instability of
the wavemeter of about 1 MHz within half an hour was
demonstrated.

III. SIMULATION OF THE DAVLL SIGNAL

In this work, the experimental investigations are sup-
ported with theoretical modeling of the system. The
modeling is based on the density-matrix calculations ex-
ploiting a full experimental system with two hyperfine
ground states and two hyperfine excited states of two ru-
bidium isotopes (85Rb: F = 2, 3 and F ′ = 2, 3 and 87Rb:
F = 1, 2 and F ′ = 1, 2) with a complete set of mag-
netic sublevels, interacting with linearly polarized light.
The atoms are subject to a longitudinal magnetic field
splitting Zeeman sublevels and mixing those of the same
m but different F , where m is the magnetic quantum
number. The interaction with light and magnetic field
results in optical anisotropy (circular birefringence and
dichroism) of the medium; polarization rotation and el-
lipticity change of light propagating through the medium
is observed.

The Hamiltonian of the system is given by

Ĥ = Ĥ0 − d̂ ·E − µ̂ ·B, (1)

where Ĥ0 =
∑

Fm ωF |Fm〉〈Fm| is the Hamiltonian of
an unperturbed system with ωF being the frequency of
a hyperfine level with the total angular momentum F ,
E and B are electric and magnetic fields, respectively

and d̂ and µ̂ are respective electric- and magnetic-dipole-
moment operators (we choose a natural unit system with
c = h̄ = 1). The evolution of the density matrix is gov-
erned by the Liouville equation

˙̂ρ = −i
[

Ĥ, ρ̂
]

− Γ̂(ρ̂) + Λ̂(ρ̂), (2)

where Γ̂(ρ̂) is the relaxation operator and Λ̂(ρ̂) is the
repopulation operator. There are two sources of re-
laxation/repopulation in the system under considera-
tion. First is uniform relaxation that tends to repop-
ulate atoms toward thermal equilibrium (equally popu-
lated ground-state magnetic sublevels of a given isotopes
and 27/73 division of the population between 87Rb and
85Rb given by the isotope abundances). The process is
induced mainly by collisions with the walls of the cell.
The second relaxation/repopulation process is associated
with optical pumping and spontanous emission, which
drives the system toward dynamic equilibrium incorpo-
rating both processes.

By introducing the macroscopic polarization P and
relating it to the electric field E and the density matrix

ρ, P = natTr
(

ρ̂d̂
)

, where nat is the rubidium number

density, one can derive the equations for the change in
electric field of light E0, light polarization rotation ϕ,
and ellipticity change ε per unit distance [23]

dE0

dl
(ω) = −πωnatIm

[

∑

FmF ′

‖dFF ′‖ (〈Fm11|F ′ m+1〉ρFm,F ′m+1 + 〈Fm1−1|F ′ m−1〉ρFm,F ′m−1)

]

,

dϕ

dl
(ω) = −πωnat

E0
Re

[

∑

FmF ′

‖dFF ′‖ (〈Fm11|F ′ m+1〉ρFm,F ′m+1 + 〈Fm1−1|F ′ m−1〉ρFm,F ′m−1)

]

,

dε

dl
(ω) =

πωnat

E0
Im

[

∑

FmF ′

‖dFF ′‖ (〈Fm11|F ′ m+1〉ρFm,F ′m+1 + 〈Fm1−1|F ′ m−1〉ρFm,F ′m−1)

]

,

(3)

where ‖dFF ′‖ is the reduced electric dipole moment be-
tween the hyperfine ground state (F ) and hyperfine ex-
cited state (F ′), λ is the wavelength of light, and 〈...|...〉
is the Clebsch-Gordan coefficient. Summation in Eq. (3)
runs over all ground-state sublevels.

It should be noted that Eqs. (3) are derived for x-
polarized light. This allows one to present them in a
relatively compact form. In general, however, light po-
larization is arbitrarily oriented in the xy-plane, which is

determined by the orientation of the half-wave plate situ-
ated in front of the cell. Nonetheless, since there are not
preferred directions in the plane, the means of light-atom
interaction (i.e., light absorption, polarization rotation,
ellipticity change) are identical for all linear polarization
in the xy-plane. Thus, in the calculations, the effect of
arbitrary orientation of light polarization is incorporated
by rotating the polarization axis of light departing the
atomic medium by the angle 2θ1 rather then rotating
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polarization of the incident light4.

In alkali-vapor cells, there are two contributions to
the linewidths of optical transitions, which are impor-
tant for determination of the DAVLL signal. The first
contribution stems from the finite lifetime of an atom
in the excited state. In the buffer-gas cells, the lifetime
is predominantly determined by the alkali atoms colli-
sions with the buffer-gas atoms/molecules, while in the
buffer-gas-free cells it is determined by spontaneous emis-
sion. The buffer-gas collisions introduce additional factor
to the excited-state relaxation, which enters Eq. (3) via
density-matrix element ρFm,F ′m′ but also through the
modifications of reduced electric dipole moment ‖dFF ′‖.
Nonetheless, as the collisions affect all atoms identically,
i.e., each atom reveals the same excited-state relaxation
rate γe, the collisions lead to homogenous broadening of
the transitions. The second contribution to the linewidth
stems from a thermal motion of atoms; the Doppler shift
that is associated with the atomic/molecular motion re-
sults in an inhomogeneous broadening of the transitions.
As the shift is specific for atoms moving with specific ve-
locities, this effect is not present in Eq. (3), it can be,
however, included by convolving Eqs. (3) with a Doppler

broadened line
〈

dE0

dl
(ω)

〉

v

=
1√
π∆D

∫ ∞

−∞

dE0

dl
(ω − ω′) e−ω′2/∆2

Ddω′,

〈

dϕ

dl
(ω)

〉

v

=
1√
π∆D

∫ ∞

−∞

dϕ

dl
(ω − ω′) e−ω′2/∆2

Ddω′,

〈

dε

dl
(ω)

〉

v

=
1√
π∆D

∫ ∞

−∞

dε

dl
(ω − ω′)e−ω′2/∆2

Ddω′,

(4)
where ∆D is the Doppler width of the transition5.

Finally, to calculate the polarization rotation induced
by the medium, Eqs. (4) need to be integrated over the
transition path through the medium. The result of this
calculation provides parameters that enable one to deter-
mine the DAVLL signal.

To calculate a signal at the polarimeter (the DAVLL
signal), we used the Jones formalism. Within the for-
malism, the signal at the balanced polarimeter is given
by

S = A
(

|Sx|2 − |Sy|2
)

, (5)

where A is the factor depending on light intensity and
gain in the detection system and Sx and Sy are the two
elements of the Jones vector

(

Sx(ω)
Sy(ω)

)

= M λ

4

(θ2)

(

−i cos(ϕl(ω) + 2θ1) sin εl(ω)− cos εl(ω) sin(ϕl(ω) + 2θ1)
cos(ϕl(ω) + 2θ1) cos εl(ω)− i sin εl(ω) sin(ϕl(ω) + 2θ1)

)

e−κl(ω), (6)

where κl(ω), ϕl(ω), and εl(ω) are the light-frequency de-
pendent absorption, polarization rotation, and ellipticity
change given by Eq. (4) integrated along the light path

(e.g., εl(ω) =
∫ l

0〈dE0/dl
′(ω)〉vdl′) and M λ

4

(θ2) being the

matrix describing a quarter-wave plate oriented at the
angle θ2 with respect to the x axis is given by

M λ

4

(θ2) =

(

1√
2
(1 + cos 2θ2) − i√

2
sin 2θ2

− i√
2
sin 2θ2

1√
2
(1− cos 2θ2)

)

. (7)

In this paper, Eqs. (5)-(7) are used to simulate the
DAVLL signals.

4 An explicit form for polarization absorption, rotation, and
change in ellipticity of arbitrarily polarized light can be found
in Ref. [23].

5 Although there are difference between frequencies of specific
transitions, the difference are small compared to the transitions
frequencies. Hence, herein, we assumed identical Doppler broad-
ening of all optical transitions.

IV. RESULTS AND ANALYSIS

Figure 2(a) presents the DAVLL signals measured and
simulated versus light frequency in three atomic va-
por cells (two microcells and a bulk cell with no buffer
gas)6 together with the corresponding absorption spec-
tra (measured at lower temperatures) [Fig. 2(c)]. The
presented data reveal differences among the three cases.
Particularly, the number of zero crossings of the signals,
i.e., the number of independent locking points, varies be-
tween the cells. While 10 zero crossings are observed in
the buffer-gas-free cell, significantly fewer crossings are
present in the microcell signals. This difference origi-
nates from a different ratio between linewidths of specific
optical transitions and the level splittings. In particular,
in the evacuated cell the Doppler width is on the order
of 300 MHz, i.e., it is narrower than most of the hy-
perfine splittings. In turn, the transitions independently
contribute to the signal. In the investigated buffer-gas-

6 The DAVLL signal in the bulk system was measured for
the Faraday-spectroscopy arrangement (purely birefringence-
determined signal), while the signals in the microcells are com-
bination of dichroic and birefringent contributions.
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FIG. 2. (a) The measured and (b) simulated DAVLL spec-
tra of bulk- (solid black) and two microcell (46 mbar of N2 –
dotted red and 230 mbar of N2 – dashed blue) systems. The
bulk-cell measurements were performed at 75

◦C, while the
temperature of microcells were ∼ 100

◦C. The microDAVLL
signals were measured with a 5-mW light beam. (c) The cor-
responding normalized absorption spectra in the cells (after
subtraction of the linear background in the signal.) For better
visibility of the spectrum, the two spectra in buffer-gas micro-
cells were measured at a slightly lower temperature (94◦C),
so that no full absorption is observed in the center of the
spectrum.

filled cells7, the pressure broadening overwhelmed the
transition linewidth (additionally causing deterioration
of the transition amplitudes), which results in an overlap

7 The width of the rubidium D1 transitions (full width at half
maximum) due to the collisions with N2 is calculated from a
pressure broadening of ∼ 18 MHz/mbar [21].

between neighboring transitions. Thereby, fewer zero-
crossings are observed in the DAVLL signal.

Another source of difference between the signals arises
due to different temperatures under which the DAVLL
signals were detected. Specifically, the microcell sig-
nals were measured at temperatures, corresponding to
stronger light absorption and hence larger amplitudes of
the DAVLL signals are observed. Moreover, under such
conditions, the medium is opaque for light frequencies
close to the strongest transitions (e.g., at the 85Rb tran-
sitions), thus no light and hence no DAVLL signal is ob-
served for such tunings.

Other differences are observed at the wings of the sig-
nals. In particular, the negative-detuning wings of the
signals measured in the buffer-gas cells extend much fur-
ther than those of the evacuated cell. This stems from
the higher temperature under which the cells are oper-
ated, i.e., the approach demonstrated, for example, in
Ref. [19], but also from the pressure broadening and shift
of the optical transitions. The impact of the buffer gas
is also visible in the high-frequency wings of the DAVLL
spectra. In particular, for this part of the spectrum the
DAVLL signal measured in the 46-mbar and 230-mbar
cells have opposite signs; in an optical arrangement used
in Fig. 2, the 230-mbar cell reveals only positive signal
for all positive detunings (there are no zero crossings),
while such crossings are observed in the two remaining
cases.

Experimental results shown in Fig. 2(a) are supported
with theoretical simulations based on the density-matrix
formalism described in Sec. III [Fig. 2(b)]. The results
are in general agreement with the experimental data
[Fig. 2(a)]. Particularly, the simulations show the change
in the signal shape, including the number of zero cross-
ings in different cells. The small differences in the shape
of the experimental and theoretical signals is most likely
a consequence of the assumption of an optically thin
medium, which in the case of higher temperature does
not hold (i.e., light intensity depends on the positions
within the cell). Additionally, since in our experiment
laser-frequency scanning is obtained by changing laser-
diode current, this modulation is also accompanied by
the changes of light intensity. It may lead to appear-
ance of a slope superimposed on the atomic signal or the
additional dependence of the DAVLL signal on the light
frequency [dependence of the factor A in Eq. (5) on the
light frequency] and hence slight modification of the ob-
served DAVLL spectra.

A smaller number of zero crossings in the DAVLL spec-
trum of the buffer-gas-filled microcells with respect to the
bulk cell may suggest limited locking range of the micro-
DAVLL system with respect to the “traditional” systems.
To demonstrate that this is not the case, we first investi-
gate the temperature dependence of the 230-mbar micro-
DAVLL spectra. As shown in Fig. 3, at the lowest tem-
perature (67◦C), the DAVLL signal provides continuous
stabilization within a ∼15-GHz range (detuning roughly
from -10 GHz to 5 GHz) by adjusting orientations of
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FIG. 3. DAVLL signals measured at various vapor temper-
atures as a function of light-frequency detuning. At higher
temperatures the observed signal broadened due to stronger
absorption of the signal (the change in the Doppler broaden-
ing is small - from 320 MHz at 67◦C to 340 MHz at 125◦C, so
it may be neglected). Along with the broadening, the absorp-
tion in the cell also increases eventually leading to complete
opacity of the vapor for light tuned close to the center of
the transition (see, for examples spectra detected at 125◦C);
under such conditions, laser cannot be stabilized for that fre-
quency range.

the wave plates. Such a locking range was achieved by
the combination of Doppler (∼ 0.3 GHz) and pressure
(∼ 2.8 GHz) broadenings. Locking the laser close to
the maximum or minimum of the dichroic signal (i.e., at
0 GHz or -4 GHz in the considered case), where shown
signals are flat and, is possible by switching to detecting
birefringence (rotating the quarter-wave plate by ∼ 45◦)
[3, 15, 19]. At such an arrangement, the birefringence
provides the steepest error signals for those detunings,
offering the strongest frequency locking.

Despite the ability to lock the laser frequency in a
whole 15-GHz range using a 67◦C vapor, a problem of
the system may be relatively small signal-to-noise ratio
(SNR), which may result in weaker locking and hence
more significant drifts of laser frequency) fluctuation of
laser frequency. To avoid this problem, operation at
higher vapor temperatures (larger optical depths) is de-
sired. Importantly, at such temperatures, not only the
signal becomes stronger but also the locking range in-

FIG. 4. DAVLL spectra measured for different orientation of
the quarter- and half-wave plates. Rotation of the wave plates
modifies the DAVLL signal and the laser can be precisely
locked anywhere between -15 GHz and -4 GHz and 8 GHz
and 13 GHz. The constant signal of 5 V appearing in the
60◦ data at the detunings smaller than -8 GHz is due to the
saturation of the detectors in our system. The signals were
measured at the 230-mbar cell at a temperature of 125◦C.

creases. For instance, at 94◦C, one can tune the stabi-
lization point of the laser within a ∼ 20-GHz range (a
5-GHz increase of the locking range). Further increase
of the temperature (>100◦C) resulted on the one hand
in extension of the wings of the DAVLL signal, on the
other, however, in stronger absorption of the vapor. In
particular, the signals measured at 110◦C and 125◦C re-
veal the loss of the ability to lock the laser close to the
center of the D1 line, due to the complete opacity of the
vapor for such a frequency range.

To further investigate the capability of the DAVLL sys-
tem to lock the laser far from the optical transition, we
first studied the dependence of the signal on the orienta-
tion of polarimeter’s quarter-wave plate. Figure 4 shows
the error signal measured as a function of the light fre-
quency for various quarter-wave plate orientations8. The
signals were measured in the 230-mbar cell at a temper-
ature of 125◦C, where no transmission is observed at the
center of the D1 line. At the same time, the wings of
the signal extend far into lower and higher frequencies
(>∼10 GHz) enabling off-resonance locking of the laser.
In particular, for the 0◦ orientation of the wave plate
(relative angle), the locking point (the zero crossing) ap-
pears ∼ 15 GHz away from the closest optical transition
(F = 2 → F ′ = 1 of 87Rb). The position of this point
may be precisely adjusted by rotating the quarter-wave
plate so that the laser can be stabilized to any frequency

8 Every quarter-wave-plate rotation results in reshaping of the sig-
nal, particularly, shift of its base line. Thus, to enable locking of
the laser, i.e., to observe zero crossings of the signal, every rota-
tion of the quarter-wave plate is accompanied by an appropriate
rotation of the half-wave plate.
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within the low-frequency part of the spectrum. Specif-
ically, at 60◦ the locking point can be brought 10 GHz
closer to the center of the line (being still −4 GHz below
the center of the F = 2 → F ′ = 1 transition of 87Rb).
Similarly, one can lock the laser ∼3 GHz above the 87Rb
F = 1 → F ′ = 2 transition (30◦) and the tuning range
extends roughly 5 GHz further into the higher frequencies
for 90◦ quarter-wave-plate orientation.

It is noteworthy that the locking range at positive de-
tunings is smaller than that obtained for negative detun-
ings. This is in part due to the difference in the shift
of the transition frequencies due to the buffer gas (pres-
sure shift). As shown in Fig. 2, the transitions in the
230-mbar cell are shifted by –1.3 GHz with respect to
the evacuated cell. Hence the whole locking range is 1.3-
GHz detuned toward the lower frequencies. Addition-
ally, the combined strength of the 87Rb F = 2 → F ′

and 85Rb F = 3 → F ′ transitions is larger than that
of the 85Rb F = 2 → F ′ and 87Rb F = 1 → F ′ tran-
sitions, which are weaker and further apart. This leads
to the larger amplitude of the DAVLL signal at the low-
frequency wing compared to that at the high-frequency
wing of the spectrum and thus lower range of frequencies
for laser stabilization. Finally, there is a contribution
to low-high-frequency asymmetry from the change of the
light intensity accompanying the sweep of the light fre-
quency (achieved by laser-current modulation). In turn,
the amplitude of the low-frequency signal is larger than
that of high frequency. Over the frequency-sweep range
of Fig. 4, the change is on the order of 20%. The slope
associated with this effect is most pronounced in the 30◦

data.

The ability to lock the laser in a broad frequency range
is demonstrated in Fig. 5. The figure depicts two cases of
laser locking: between the F = 3 → F ′ and F = 2 → F ′

transitions of 85Rb [Fig. 5(a)] and 16 GHz away from the
F = 2 → F ′ = 1 transition of 87Rb [Fig. 5(b)]. In both
cases four regimes are shown: laser unlocked (I), laser
locked (II), laser unlocked with superimposed modula-
tion (III), and laser locked with superimposed modula-
tion (IV). As shown in cases (II) and (IV), the DAVLL
was able to compensate for slow frequency drifts of the
signal as well as instant frequency changes/jumps (with
a 600-MHz amplitude peak-to-peak). For both laser lock
points, the system reveals the same stability (better then
5 MHz) for the time of an hour (not shown).

Analysis of the locking signal shown in Fig. 5(b) (par-
ticularly toward the end of the measurements) reveals
a slow drift of the frequency of the locked laser. This
drift occurred even though the error signal was kept at
zero the whole time. Therefore, the drift does not re-
sult from lack of ability to compensate for the drift, but
rather reflects shifting of the zero-crossing position of the
DAVLL signal. To verify weather the drift was caused by
temperature variation of the atomic vapor, we took the
approach presented in Ref. [22], where it was shown that
an appropriate choice of the incident-light polarization
makes the DAVLL system insensitive to the temperature

FIG. 5. The performance of the DAVLL system for the laser
locked between the F = 3 → F ′ and F = 2 → F ′ transi-
tions of 85Rb (a) and 16 GHz away from the unperturbed
F = 2 → F ′

= 1 transition of 87Rb (b). The laser stabiliza-
tion was performed using the 230-mbar-cell DAVLL system at
110◦C. From 0 to 1 min (yellow, I), the laser frequency was
not stabilized and freely drifted over time. Between minute
1 and 2 (red, II) the laser frequency was locked using the
DAVLL system. Over the next minute (blue, III), the laser
was unlocked and modulation was put into the modulation
channel of the laser. The current modulation corresponded
to 600 MHz (peak-to-peak). Over the last minute (green,
IV), the DAVLL stabilization was turned on with the applied
current modulation. In such a way, the ability of the locking
system to compensate for instant up to 600-MHz frequency
jumps (peak-to-peak) was demonstrated. The inset showing
the magnification of the stabilization signal reveals a stability
better then 5 MHz. The positive slope observed toward the
end of the 4th minute is due to the temperature-induced shift
of the zero-crossing position (see text).

changes. Despite a number of attempts, we were unable
to demonstrate such insensitivity. In fact, the frequency
drifts were comparable for all wave-plate arrangements.
This led us to the conclusion that the drift arises not
due to the change in atomic-vapor density but due to
temperature-induced changes of the magnetic field the
vapor is subject to or changes of the birefringence of the
glass windows of the cell. We verified by numerical simu-
lations that variation of the magnetic field by 10% results
in a shift of the locking point by roughly 200 MHz. These
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results show that for more reliable performance of the
system, particularly locking the laser far from the optical
transition, a DAVLL with the magnetic field generated
by a magnetic-field coil rather than a set of permanent
magnets ought to be used. This is particularly appealing
as the coil may also be used for heating the cell similarly
as proposed in Ref. [19].

V. CONCLUSION

We discussed a new version of a DAVLL system that
exploits buffer-gas-filled millimeter-scale vapor cells. The
system offers similar stability as is achievable with bulk
vapor cells, additionally offering several advantages. For
example, in addition to its compactness, the micro-
DAVLL system with buffer-gas cells may provide contin-
uous stabilization in a multi-gigahertz range around the
optical transition. The range may be controlled either
by changing the temperature of the vapor or by applica-
tion of the buffer gas under an appropriate pressure. In
particular, we showed that the buffer gas enables locking
the laser between the two hyperfine components of the
85Rb ground state or far from the center of optical reso-

nance (-16 GHz from the center of 87Rb F = 2 → F ′ = 1
transition) with a residual instability of less than 5 MHz.
The model developed for the system enabled calculation
of the DAVLL signal and optimization of its operation
(by adjustment of gas mixture, vapor temperature, and
buffer-gas pressure) for specific applications. The ability
to stabilize laser light far from optical transition will be
useful in applications where light works as a weakly per-
turbing probe. A particular example of such application
is nuclear magnetic resonance in zero or ultra-low mag-
netic fields [24, 25], where the probe laser needs to be
detuned tens of GHz from the optical transition.

ACKNOWLEDGMENTS

We thank Stefan Woetzel for the manufacturing of the
Rb cells and Simon Rochester for stimulating discussion
and suggestions regarding simulations of the DAVLL sig-
nal using the AtomicDensityMatrix Mathematica pack-
age. This work was supported by the National Centre for
Research and Development within the Leader Program
and by the National Science Foundation under Award
CHE-1308381.

[1] B. Chéron, H. Gilles, J. Hamel, O. Moreau, and H. Sorel,
J. Phys. III 4, 401 (1994).

[2] K. L. Corwin, Z.-T. Lu, C. F. Hand, R. J. Epstein, and
C. E. Wieman, Appl. Opt. 37, 3295 (1998).

[3] V. V. Yashchuk, D. Budker, and J. R. Davis, Rev. Sci.

Instrum. 71, 341 (2000).
[4] G. Wasik, W. Gawlik, J. Zachorowski, and W. Zawadzki,

Appl. Phys. B 75, 613 (2002).
[5] T. Petelski, M. Fattori, G. Lamporesi, J. Stuhler, and G.

M. Tino, Eur. Phys. J. D 22, 279 (2003).
[6] M. A. Clifford, G. P. T. Lancaster, R. S. Conroy, and K.

Dholakia, J. Mod. Opt. 47, 1933 (2000).
[7] N. Beverini, E. Maccioni, P. Marsili, A. Ruffini, and F.

Sorrentino, Appl. Phys. B 73, 133 (2001).
[8] K. R. Overstreet, J. Franklin, and J. P. Shaffer, Rev. Sci.

Instrum. 75, 4749 (2004).
[9] M. Pichler and D. C. Hall, Opt. Commun. 285, 50 (2012).

[10] C. Javaux, I. G. Hughes, G. Lochead, J. Millen, and M.
P. A. Jones, Eur. Phys. J. D 57, 151 (2010).

[11] S. Yin, H. Liu, J. Qian, T. Hong, Z. Xu, and Y. Wang,
Opt. Commun. 285, 5169 (2012).

[12] H. Liu, S. Yin, J. Qian, Z. Xu, and Y. Wang, J. Phys. B:

At. Mol. Opt. Phys. 46, 085005 (2013).
[13] J. I. Kim, C. Y. Park, J. Y. Yoem, E. B. Kim, and T. H.

Yoon, Opt. Lett. 28, 245 (2003).
[14] T. Hasegawa and M. Deguchi, J. Opt. Soc. Am. B 26,

1216 (2009).

[15] C. Lee, G. Z. Iwata, E. Corsini, J. M. Higbie, S. Knappe,
M. P. Ledbetter, and D. Budker, Rev. Sci. Instrum. 82,
043107 (2011).

[16] L.-A. Liew, S. Knappe, J. Moreland, H. Robinson, L.
Hollberg, and J. Kitching, Appl. Phys. Lett. 84, 2694
(2004).

[17] U. Schünemann, H. Engler, R. Grimm, M. Weidemüller,
and M. Zielonkowski, Rev. Sci. Instrum. 70 242 (1999).

[18] K. Szymaniec, S. Ghezali, L. Cognet, and A. Clairon,
Opt. Commun. 144, 50 (1997).

[19] A. L. Marchant, S. Händel, T. P. Wiles, S. A. Hopkins,
C. S. Adams, and S. L. Cornish, Opt. Lett. 36, 64 (2011).

[20] S. Woetzel, V. Schultze, R. IJsselsteijn, T. Schulz, S. An-
ders, R. Stolz, and H.-G. Meyer, Rev. Sci. Instrum. 82,
033111 (2011).

[21] M. V. Romalis, E. Miron, and G. D. Cates, Phys. Rev.

A 56, 4569 (1997).
[22] N. Kostinski, B. A. Olsen, R. Marsland III, B. H.

McGuyer, and W. Happer, Rev. Sci. Instrum. 82, 033114
(2011).

[23] M. Auzinsh, D. Budker, and S. M. Rochester, Optically

Polarized Atoms (Oxford University Press, Oxford, UK,
2010).

[24] M. P. Ledbetter, C. W. Crawford, A. Pines, D. E. Wem-
mer, S. Knappe, J. Kitching, and D. Budker, J. Magn.

Reson. 199, 25 (2009).
[25] M. P. Ledbetter, T. Theis, J. W. Blanchard, H. Ring, P.

Ganssle, S. Appelt, B. Blümich, A. Pines, and D. Budker,
Phys. Rev. Lett. 107, 107601 (2011).




