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Abstract. We propose a new technique for measuring the frequency stability of cw laser radiation. The
technique relies on using the laser to be tested as a coupling laser in a scheme of electromagnetically-induced
transparency (EIT), either on a Λ or a ladder system. A second, frequency tunable laser (stabilization of
this laser is not needed) is used both to act as the EIT probe laser, and to form an atomic frequency
reference spectrum. The frequency stability is monitored via the frequency deviation of the EIT resonance
with respect to an atomic reference frequency. We also present an improved dichroic atomic vapor laser
lock (DAVLL) method for frequency stabilization based on a nanocell with a λ/2 thickness.

PACS. 32.80.Qk Coherent control of atomic interactions with photons – 42.50.Gy Effects of atomic
coherence on propagation, absorption, and amplification of light; electromagnetically induced transparency
and absorption – 42.60.Lh Efficiency, stability, gain, and other operational parameters – 42.55.Px Semi-
conductor lasers; laser diodes

1 Introduction

Continuous-wave single-frequency tunable diode lasers
(DL) are widely used as convenient tools in atomic physics
experiments, in particular for the high-resolution spec-
troscopy of dilute atomic media, such as alkali vapors and
beams. The transitions from the nS1/2 ground state to
the lowest-lying nP1/2 and nP3/2 states (D1, D2 lines) of
those elements remain in the center of interest due to the
simplicity of their level scheme and their large oscillator
strengths. The DL emission frequency strongly depends
on its temperature, injection current, external optical cav-
ity length, and other parameters. Conventional techniques
used for the active stabilization of those parameters yield
a substantial reduction of the short-term noise and long-
term drift of the laser frequency. A most efficient way to
reduce frequency fluctuations is the locking of laser fre-
quency to a reference frequency with an intrinsically high
stability, such as an ultrastable high-finesse Fabry-Pérot,
or, better, a narrow atomic resonance transition. In the
past decades, many different experimental schemes were
elaborated for locking DL frequencies to atomic resonance
lines, such as saturated absorption [1,2], magneto-optical
processes [3], including the technique of dichroic atomic
vapor laser locking (DAVLL) [4–7], transversely-pumped
thin cell spectroscopy [8], polarization spectroscopy [9],
and selective reflection spectroscopy [10–13].

Recently a new spectroscopic technique was developed
that uses vapor cells of sub-micrometer-range thickness
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(so called nanocells, or extremely thin cells, etc.). The
interaction of atoms with laser radiation in such cells is
strongly anisotropic [14–17]. Atoms with a non-zero longi-
tudinal (with respect to the laser beam) velocity compo-
nent experience frequent quenching collisions with the cell
walls (windows). As a result, the interaction is favored for
atoms flying parallel to the cell walls, i.e., perpendicular
to the laser beam. Such atoms yield a nearly Doppler-free
response. This key feature, together with a Dicke-type of
coherent spectral narrowing occurring for a vapor thick-
nesses L = (2n + 1)λ/2 and a Fabry-Pérot type of behav-
ior occurring for L = nλ/2 [15–17], where n is an integer,
determine the significant difference of the optical spectra
recorded with such nanocells from those in ordinary, cm-
sized cells.

In the present work, we have modified the DAVLL
method by use of a Rb nanocell with a thickness L = λ/2,
which yields error signals with a much steeper slope than
obtained in ordinary cm-sized cells.

Besides the frequency locking proper, an important
issue is the quantitative determination of the character-
istics and quality of the lock. A conventional procedure
for characterizing the stabilization of a DL implies the
recording and analysis of a beat-note between the laser
of interest and an auxiliary well-stabilized laser. Here we
present a novel, simple and robust technique for test-
ing the laser frequency stabilization. The technique uses
an electromagnetically-induced transparency (EIT) reso-
nance (see review [18]) formed by the laser to be tested
(coupling laser) and an auxiliary frequency tunable laser
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(probe laser). The EIT process can be realized either on a
Λ or a ladder system. The probe laser also serves to form
an atomic reference spectrum. It is important to note that
the probe laser does not need to be frequency stabilized.
The frequency stability is measured by monitoring the de-
viation of the EIT resonance frequency with respect to the
reference frequency. The benefit of the proposed scheme
is the fact that it does neither require a highly-stable ref-
erence laser, nor any complex electronics.

2 Experimental details

The design of the nanocells used to realize the modified
DAVLL technique for laser frequency locking and for form-
ing the reference spectrum, is similar to the one described
in [14]. The windows (30 mm diameter, 3 mm thick) are
made from very well polished wafers of garnet (YAG),
which is resistant to the highly corrosive hot alkali vapor.
The roughness of the inner surfaces of the YAG windows
is on the order of λ/10. In order to realize a vertically-
wedged gap between the YAG windows allowing a smooth
variation of the cell thickness, a 1 mm wide and 10 mm
long Al2O3 strip coating with a thickness of approximately
1000 nm was deposited near the lower edge of the surface
of one of the windows. A sapphire sidearm with a “molyb-
denum glass” termination is used for filling the cell with
Rb in the same way as for all-glass cells. A hole is drilled in
the bottom of the YAG windows for attaching the sidearm.
Before filling the nanocell with natural rubidium, the cell
was carefully outgassed during 8 h at 400 ◦C. The wedged
gap between the windows allows us to vary the thickness
of the vapor column traversed by the laser beam by a
vertical translation of the cell, and to adjust the thick-
ness to be L = λ/2 or L = λ, which is important for
achieving the narrowest sub-Doppler linewidth [15,19], or
for the formation of the reference spectrum [20]. An inter-
ferometric mapping of the gap thickness was performed
using a He-Ne laser, showing that the thickness of the
gap varies between 100 nm and 1000 nm. The upper tem-
perature limit for the nanocell is ∼500 ◦C. The nanocell
is operated with a specially designed two-chamber oven,
which enables the independent temperature control of the
cell body and sidearm. The atomic vapor density is de-
termined by the temperature of the vapor-liquid metal
interface in the sidearm. The sidearm temperature was
typically kept at 110 ◦C, while the window temperature
was set to a somewhat higher value (120 ◦C) in order
to prevent metal condensation. The corresponding atomic
number density is NRb ≈ 1013 cm−3, and the collisionally
broadened width of the D2 line is ≈2 MHz. The thin cell
of sub-millimeter thickness used for recording the nanocell
resonance was of similar design.

A schematic diagram of the optical part of the exper-
imental setup is shown in Figure 1. Tunable free-running
single-mode laser diodes (Sanyo model DL-7140-201W)
with a maximum power of 70 mW and a spectral linewidth
ΔνL < 5 MHz, emitting in the region of Rb D2 line, were
used to form the coupling and probe beams, respectively.
After passing through Faraday isolators (FI), both beams

Fig. 1. Experimental setup for stabilization and testing of
laser diode frequency. DL: diode laser, FI: Faraday isolator,
G: Glan prisms.

(3 mm diameter) were well superposed and directed with
the help of a first Glan prism (G1 ) onto the thin cell with
a thickness L = 0.7 mm at near-normal incidence. In this
way the coupling and probe beams have mutually orthog-
onal linear polarizations. A second Glan prism (G2 ) was
used for separating the coupling and probe beams, so that
only the probe beam transmission could be monitored.
The thin cell was placed inside three pairs of mutually
perpendicular Helmholtz coils providing the possibility to
cancel the laboratory magnetic field, or to apply a homo-
geneous magnetic field, when needed. The power of the
beams was recorded by photodiodes followed by opera-
tional amplifiers; and the photodiode signals were stored
in a two-channel digital storage oscilloscope (Tektronix
TDS 3032B). Neutral density filters (F) were used to ad-
just the power of the individual beams.

The formation of a frequency reference spectrum was
realized with the help of an auxiliary nanocell. When
the nanocell thickness is L ≈ λ, sub-Doppler peaks of
reduced absorption appear in its transmission spectrum.
These peaks are centered on the individual hyperfine tran-
sitions [20] as in saturated absorption. Unlike in saturated
absorption spectroscopy, however, the nanocell technique
shows no crossover resonances.

3 Locking the laser radiation frequency
by DAVLL technique using a nanocell

The primary passive stabilization of the laser frequency
was realized by stabilizing the LD temperature (accu-
racy 0.01 ◦C) and its injection current (5 μA accuracy).
An improved DAVLL method [4,5], realized using a sep-
arate L = λ/2 nanocell, was implemented for locking
the coupling laser frequency to an atomic resonance line.
The idea of improvement is as follows. The efficiency of
the frequency lock strongly depends on the slope of the
error signal [13]. In a cm-sized cell, such as used with
the conventional DAVLL method, the error signal [4,5]
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Fig. 2. Curves 1 and 2: error signal spectra for different offset
voltages; lower curve: reference spectrum of the L = λ nanocell.

is Doppler-broadened. The sub-Doppler resonances occur-
ring in a L = λ/2 nanocell are approximately 4 times
narrower [19], and the slope of the error signal increases
accordingly.

The linearly-polarized laser beam propagates through
the nanocell placed in an external longitudinal magnetic
field. Due to the Zeeman shifts of the atomic sublevels,
the absorption spectra of the σ− and σ+ components of
the linearly polarized light shift in opposite directions. A
λ/4 plate placed after the cell transforms the σ− and σ+

components into mutually orthogonal linear polarizations,
which are spatially separated by a Glan prism (G3 ) and
detected by two photodiodes, as shown in the upper right
corner of Figure 1. The error signal (shown in Fig. 2) is
obtained by the electronic subtraction of the photodiode
signals, which yields a dispersive resonance. Frequency-
controlling feedback to the laser is achieved by controlling
the laser’s injection current. A longitudinal magnetic field
is provided by a permanent ring magnet having a 2 mm
diameter bore for passing the laser beam. The shape of
the error signal spectrum depends on the sign and mag-
nitude of the magnetic field. The magnetic field strength
(measured by a calibrated Hall probe) is controlled by
a longitudinal motion of the ring magnet through a mi-
crometer translation stage. The ring magnet produces a
strongly inhomogeneous field, which varies, however, only
by a few μT inside of the atomic vapor column because
of its small thickness (780 nm) [21]. The possibility to
substitute Helmholtz coils by a permanent magnet is an
additional asset of the error signal formation in nanocells.

Typical error signal spectra of the Fg = 2 → Fe =
1, 2, 3 transitions of the 85Rb D2 line are presented in Fig-
ure 2. In order to increase the absorption in the nanocell,
the side-arm temperature was kept at 130 ◦C (with a
20 degrees higher window temperature). The lower curve
in the figure is a frequency reference spectrum formed by
the nanocell with L = λ thickness [20]. The feedback is
adjusted to lock the signal to zero voltage. By adding an
offset voltage (horizontal dashed line in Fig. 2) to the error
signal one can thus control the (frequency) position of the
lock point (vertical dashed line). The error signal spectra
in Figure 2 confirm the expected spectral narrowing and

Fig. 3. Lower curve: transmission spectrum of the probe laser
with EIT resonance; upper curve: frequency reference spectrum
formed by the probe laser in a L = λ nanocell.

the substantial increase of the slope steepness compared to
a Doppler-broadend signal in an ordinary cell. The error
signal represented by curve 1 allows locking the laser diode
frequency to the 5S1/2, Fg = 2 → 5P3/2, Fe = 2 transi-
tion, while the signal of curve 2 corresponds to a 30 MHz
blue-shifted locking frequency.

4 EIT technique for measuring frequency
stability

The idea of the proposed technique for the quantitative
characterization of laser frequency stability, in particular
the determination of a residual frequency drift, is to use
the laser under investigation as a coupling laser for pro-
ducing a dark EIT resonance. A second frequency-tunable
laser was used as probe laser, as well as for forming a
frequency reference spectrum. By monitoring the differ-
ence of the EIT resonance position and the position of the
atomic frequency reference peak in the L = λ nanocell,
one has a direct measure of the locking efficiency and ac-
curacy. It is noteworthy that the probe laser does not need
to be frequency-stabilized, as explained below.

When the coupling laser is locked to the Fg = 3 →
Fe = 2 transition, and the probe laser is scanned across
the Fg = 2 → Fe = 1, 2, 3 transitions (Fig. 4), a Λ system
is realized when the probe frequency is resonant with the
Fg = 2 → Fe = 2 transition. The corresponding dark res-
onance is shown as lower curve in Figure 3. The power of
the coupling and probe lasers were 0.3 and 0.1 mW, re-
spectively. Note that this sharp resonance can be formed
by coherent population trapping (CPT) process as well.
The cell thickness was L = 0.7 mm, and the sidearm tem-
perature was 70 ◦C. Dark resonance formation in thin cells
was recently presented in [22,23]. It was shown that a de-
crease of the cell thickness down to L = 0.7 mm does not
cause noticeable degrading of the dark resonance width
and contrast (for signal/noise reasons the use of cm-sized
cells for dark resonance studies may be preferable). The
upper curve of Figure 3 is the reference spectrum, in which
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Fig. 4. Energy levels of 85Rb; the coupling laser is in resonance
with the Fg = 3 → Fe = 2 transition, and the probe laser is
scanned across the Fg = 2 → Fe = 1, 2, 3 transition.

velocity selective optical pumping/saturation (VSOP) res-
onances, located at the Fg = 2 → Fe = 1, 2 transitions in
the transmission spectrum of the nanocell with L = λ,
are well seen. For this configuration of coupling and probe
lasers frequencies, the EIT resonance is located exactly at
the position of Fg = 2 → Fe = 2 VSOP resonance (lower
curve in Fig. 3).

If the coupling (tested) laser frequency is blue-shifted
by, say 2 MHz, the EIT condition will only be fulfilled
when the probe frequency, νP , has an identical blue shift,
corresponding to a new Λ system as indicated by the dot-
ted lines in Figure 4. In consequence, the EIT resonance
position will be blue-shifted by the same amount (verti-
cal dotted line on the right of Fig. 3). This shift will be
well detectable in the spectra presented in Figure 3. It
is important to note that any frequency drift of the free
running second (probe) laser will cause an overall simul-
taneous shift of both spectra in Figure 3, while the differ-
ence between the EIT and VSOP resonance frequencies
will not be affected. Figure 5 presents the frequency de-
viation of the dark resonance position with respect to the
Fg = 2 → Fe = 2 VSOP frequency as a function of time.
The proposed stabilization testing scheme is thus capable
of detecting deviations of the coupling laser frequency ex-
ceeding 200 kHz. Note that the EIT resonance lineshape is
shown to be insusceptible to ±10 MHz frequency detuning
of the coupling laser from Fg = 3 → Fe = 2 transition.

The recorded limit of frequency resolution is sufficient
for many applications, in particular, in atomic physics
(note that even for the conditions of Fig. 3, the proposed
technique is much more accurate than the one presented
in [13]). If needed, the accuracy can be increased by op-
timization of experimental conditions. As is seen from
Figure 3, the frequency resolution depends both on the
linewidth of EIT resonance and the sharpness of frequency
reference spectrum formed by the probe laser. It is well
known that the EIT resonance linewidth can be strongly
reduced [18]. Also, the width of reference line formed by
the probe laser can be reduced (∼5 times) with the use of
saturated absorption spectrum in a small external mag-
netic field [24]. This optimization, as well as evaluation of
frequency stability by standard means (statistical uncer-

Fig. 5. Deviation of dark resonance frequency with respect to
VSOP resonance frequency as a function of time.

Fig. 6. Ladder (Ξ) system for dark resonance formation.

tainty, Allan variance, noise budget, etc.) was out of the
scope of present paper, which solely presents a technique
that can be further elaborated.

The suggested technique for testing the EIT resonance
frequency position (TEITR) can equally exploit EIT in
ordinary cm-size cells, not only in Λ but also in ladder
(Ξ) systems (see Fig. 6). In [25], an efficient EIT involv-
ing Rydberg levels of Rb was demonstrated. The coupling
laser wavelength was in the range of 479–484 nm, reso-
nant with 5P3/2 → nD, where n > 20 is integer, while the
tunable probe laser wavelength (≈780 nm) was scanned
across 5S1/2 → 5P3/2 as shown in Figure 6 [25]. An effi-
cient dark resonance can be formed also for 5D state, when
the coupling wavelength is 776 nm [26]. Spectra similar to
those presented in Figure 3 can be obtained for Ξ sys-
tems as well, thus allowing the use of TEITR for testing
laser frequency stabilization also in the 479–484 nm wave-
length range. In addition, there is a large number of Λ and
Ξ systems with probe laser wavelengths of 766, 770, 780,
794, 852, or 894 nm (D2 and D1 lines of K, Rb, and Cs
atoms), at which single-frequency DLs are available, and
the coupling laser wavelength can be chosen in the range
of 480 ÷ 900 nm. Thus, TEITR can be useful for test-
ing the laser frequency stabilization in a wide wavelength
range.
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5 Conclusions

A new reliable method for testing laser diode frequency
stabilization, TEITR, was developed. It is based on the
effect of electromagnetically induced transparency (EIT).
With this technique the tested laser is used as a coupling
laser for the formation of the EIT resonance. A second
frequency-tunable laser, for which no stabilization is re-
quired, is used as a probe laser (and also for forming
the frequency reference spectrum). By monitoring the fre-
quency position of the EIT resonance with respect to the
atomic reference frequency, it is easy to monitor deviations
of the laser frequency. Using different Λ and Ξ systems,
it is possible to implement the TEITR technique for mea-
suring the frequency stability of lasers with wavelengths
in the range of 480–900 nm.

We have experimentally demonstrated the efficiency
of the proposed TEITR method for the case when the
coupling laser frequency was stabilized using an improved
DAVLL method, based on a Rb nanocell with a thickness
L = λ/2. This locking scheme allows the formation of an
error signal with a much steeper slope compared to the
one realized using ordinary cm-thick vapor cells.

The authors are grateful to A.S. Sarkisyan for his valuable
participation in fabrication of the nanocells. This work was
supported, in part, by Swiss SCOPES Grant IB7320-110684/1
and by INTAS South-Caucasus Grant 06-1000017-9001.
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