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A simple all-optical technique for fixing the spectrum of the output from semiconductor laser at a
chosen absorption atomic line is realized and studied. The technique, which is not of a laser locking
type, uses a conventional diode laser without any influence on its operation. For implementation of the
technique, the diode laser output is fed to a modified Michelson interferometer, and controllable
disturbing of phase and amplitude correlation between the interfering beams in the two arms of the
interferometer is achieved by frequency scanning through a contour of a reference absorption line of a
substance introduced in one of the arms of the interferometer. It is shown both by experiment and
theory that, under properly chosen conditions, the spectrum of the obtained light is fixed at the atomic
line and has a linewidth comparable to the linewidth of the used absorption line.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

High efficiency, good power stability, wide wavelength cover-
age and tunability, high reliability and low-cost are the features
which have established the modern semiconductor diode laser as
a versatile tool for a variety of applications. Laser spectroscopy,
optical frequency synthesis, atomic physics and metrology are the
areas of their frequent utilization [1-4]. Diode lasers serve as
highly reliable frequency standards for wavelength division
multiplexed systems in optical communications [5]. The potential
of diode lasers is still to be exploited in laser isotope separation
systems [6] and differential absorption lidar [7,8].

Spectral control in diode lasers by locking to a reference atomic
or molecular absorption line has attracted a lot of research effort
over the last two decades [e.g. 9-34]. The techniques under most
active development in this field are of the so called “mode
locking” type [9-34]. Actually, the term unites two large groups of
approaches. The first group implements the mode locking by
using a tunable spectrally selective laser and an external opto-
electronic sub-system to compare the laser spectrum with a
reference absorption line as well as a servo-system to provide a
feedback control of the laser emission [10-27]. The essential
drawback of these systems is their technical complexity and
hence, expensive realization due to incorporation of additional
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subsystems and elements for spectral control. The second group of
approaches relies on different physical phenomena to influence
the laser operation to achieve the locking [9,23]. The systems
which are built following these two approaches, and especially
the first as traditionally employed, can produce very narrow
linewidths with a high factor of frequency stabilization. Typical
for operation of these laser systems, and being a general problem
for all resonator intervention (extra-, or intraresonator) locking
techniques, is the strong dependence of the laser output on small
and, respectively, difficult to control variations in the gain, losses,
temperature, or on inevitable resonator misalignment caused by
mechanical vibrations, electric and magnetic fields. Both technical
complexity and stability constraints make the mode-locked laser
systems rather cumbersome and sophisticated equipment to be
utilized for routine spectroscopic and metrological measure-
ments. There are many tasks with less stringent requirements
on the emission linewidth that do not need such high-precision
systems. For example, a frequently encountered task in spectro-
scopy or isotope separating experiments is an excitation of
transition which belongs to a particular substance in a mixture
of different substances, e.g. Cs, Rb or some other substance in a
gas mixture. The only requirement of the diode laser system
which should solve this task would be to ensure a narrow enough
output to act only on the desired transition.

In the present paper, we propose and check, both by theory and
experiment implementation, a simple non-locking type technique
for production of a pulsed diode laser emission, which is
spectrally fixed at the wavelength of a desired atomic absorption
transition. The emitted laser light at the output of the proposed
system is fixed at the reference line in a purely optical way
without any influence on the diode laser operation. A standard
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single-mode diode laser tuned by variation of the exciting current
can be used, and no spectrally selective elements or comparative
electronics are required. This essentially simplifies laser control
and decreases the influence of external electric, magnetic and
radiation fields. The system permits a distant control (up to ten
meters from the diode source).

The developed technique relies on feeding the diode laser
output into a modified Michelson interferometer and the con-
trollable disturbance of the phase and amplitude correlation
between the two interfering beams under frequency scanning
through a reference absorption line which belongs to a substance
introduced in one of the arms of the interferometer. The unbalance
is produced by the absorption and the refractive index change
throughout the contour of the absorption line. The control of the
unbalance is realized by variation of the optical path length in the
other arm of the interferometer through an appropriate tilting of a
glass plate introduced in this arm. This type of approach, but
without control, has been previously used in spectroscopy for
measurement of the variation of gas refractive indices [33,34] with
a dye laser [33] and a gas-discharge lamp [34].

2. Experimental arrangement

Our experimental set-up is shown in Fig. 1. A commercial
single longitudinal mode diode laser (DBR type, mark SDL-5702-
H1) with an emission linewidth of about 100 MHz was used as a
light source. The wavelength of the selected mode of the diode
laser was repetitively scanned (forward-backward) within
+10GHz (~0.0210nm) around the 852.1 nm Cs absorption line
(6S1/2—6P3,, transition). In our experiments, the scanning was
performed with 100 Hz repetition rate using a laser diode driver
EU-42 of Roithner Lasertechnik. The scanning repetition rate was
optional and could be increased. The chosen line was a single
absorption line within the scanned frequency region. The
scanning was accomplished by current modulation within +5
around 44.3 mA. The diode temperature was kept at 17.9 °C with
accuracy of +0.1°C. The diode laser beam, after passing through
an optical isolation system, impinged the entrance beam-splitter
of a modified Michelson interferometer composed from the beam-
splitter and wedged full reflecting dielectric mirrors M; and M.
The isolation system can be arranged as a Faraday isolator or a
combination of a polarizer and a quarter-wave plate; the latter
solution was used, as is shown in Fig. 1. Both mirrors were placed
at equal distances of 50 mm from the beam-splitter. The beams
reflected from M; and M, interfered at the beam-splitter and
formed the useful interferometer output (Output 1 in Fig. 1).

A cell with Cs atoms vapor at room temperature (22 °C) was
introduced in the interferometer’s first arm between the beam-
splitter and mirror My. The length of the cell was 5cm. The cell
absorption reached about 75% for a single pass when the laser
wavelength matched the maximum of 852.1 nm Cs line. An optical
quality plane-parallel glass plate with thickness of ~1 mm was
positioned in the interferometer’s second arm, i.e. between the
beam-splitter and mirror M,. The normal to the glass plate
subtended a small angle 6 (about one angular degree) with the
impinging beam. The plate was mounted on a controllable high-
precision rotary stage. The beams reflected from mirrors M; and
M, subtended an angle of 7° with the corresponding incident
beams. The diode laser and the interferometer were mounted on a
commercial optical bench. The part of the light beam from the
useful interferometer output (Output 1 in Fig. 1) was redirected to
illuminate the first diode-receiver PhD;. A wedged glass plate (the
splitter SP in Fig. 1) was placed in front of the Michelson
interferometer. The reflected 4% of the diode laser beam, after
passing a second reference Cs cell (5 cm length, room temperature
of 22°C), illuminated the second receiver PhD,. The measured
linewidth in the reference Cs cell was ~0.92 GHz (0.0019 nm,
FWHM). The signals from the diode receivers were monitored
using a two-channel beam oscilloscope. The oscilloscope trigger-
ing was synchronized with the scanning of the diode laser driving
current.

3. Simulation of system performance

Operation of the proposed system can be briefly described as
follows: as a first step, the wavelength of the diode laser is chosen
by setting an appropriate value of the diode driving current close
to the Cs line, but outside the region of noticeable absorption.
Then, by carefully tilting of the glass plate, a completely
destructive interference of the light beams from both arms of
the interferometer is obtained. The de-phasing of the interfering
beams at a given wavelength depends essentially on the value of
the refractive indices in both arms of the interferometer and,
respectively, on the variation of the optical path length introduced
by the glass plate. As a result, Output 1 practically vanishes. If the
wavelength of the selected mode remained outside the absorption
line during the scanning of the diode driving current, the
interference conditions remain the same, and the Output 1 is
negligibly small. When the diode laser wavelength falls into the
contour of the chosen absorption line, variation of the refractive
index and the absorption change the interference conditions.
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Fig. 1. Experimental set-up for spectral fixation of a diode laser light at the Cs absorption line.
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Thus, the destructive interference is terminated and the inter-
ferometer Output 1 appears. Therefore, due to the scanning of the
laser frequency in the frequency interval which exceeds the width
of the absorption spectrum, the system operates in a “pulsed”
regime.

We simulated the system operation using the theory of the
Michelson interferometer [35,36]. The intensity of the beam,
emitted from the interferometer Output 1, in the absence of the
cell with Cs atoms and the glass plate is given by

I IZOIE‘“‘ feklp2 = %0[1 + cos(kAL)] (1)

where Ip is the intensity which is fed to the interferometer
entrance, L; and L, the geometrical path lengths of the light in the
first and the second arm of the interferometer, respectively, and
k = 2m|A gives the dependence on the wavelength. In the first arm
of the interferometer the laser light passes twice the cell with Cs
atoms, and the total phase shift and absorption upon passing
through the cell can be derived from

E. = % exp{—knor(Az + AZ) }exp{ikng(Az + AZ)}

= % exp{—kngi(Az + AZ))}exp{ik(Az + AZ)}
xexpfik(ng — 1)(Az + AZ)} )

where Ey is the amplitude of the light fed to the interferometer
entrance, n(v) = ng(1+ik) is the complex index of refraction of the
cell with Cs atoms, where ng and k are frequency dependent real
quantities, v = ¢/ the linear frequency and c the velocity of light,
Az and Az give the lengths of the geometrical paths of the laser
light within the cell on the way to and back from the mirror M. If
we neglect the change of the optical path introduced by refraction
at the cell surfaces, we have Az’ = Az/cos ¢, where ¢ is the angle
between the incident and reflected beams for the mirror M;. The
expression (2) can be rewritten as

E. = %T(V)exp{ik(Az + AZ)}exp{ido(v)} 3)

where the factor 7(v) describes the amplitude transmission of the
cell, (v) is the phase shift introduced by the cell with Cs atoms,
and the term exp{ik(Az+Az')} corresponds to free space propaga-
tion.

In the second arm of the interferometer, the laser light crosses
the tilted glass plate twice. The total phase shift introduced by the
plate is given by exp(i¢) with

27 1 1 1 !
¢ = o h {ngl <COS 0 + cos 9”> B (COS 0 + cos(¢p — 9))} | @

where h is the glass plate thickness, ng its refractive index (we
assume that the refractive index of the air, ng, is equal to 1), 0 is
the angle between the incident laser beam and the normal to the
plate surface, ¢ is the angle between the incident and reflected
beams for the mirror My, its value being the same as for the mirror
My, sin@ = ng~'sin0 and sin0” = ng~ ' sin(p—0).

The complex amplitude of the beam, emitted from the
interferometer Output 1, in the presence of the cell with Cs atoms
and the glass plate is given by the expression

Ev — % [eka1 ei(ST(V) + eikl.z ei(/)] (5)

Finally, for the intensity at Output1, we obtain

Iv) = Izo[l + T2(v) 4 27(v)cos(d — )] (6)

where we assume that by a proper adjustment the contribution of
ng(L,—L;) is made equal to zero.

The modeling of the system performance had two goals: the
first was to check the proposed idea, and the second was to find
the optimal absorption in the cesium vapor cell for achieving
maximal signal output. The calculation was performed using a
simplified classical atomic model [37] which is appropriate for an
atomic vapor, taking into account the Doppler line broadening.
The natural width of the Cs D, resonance line is 5 MHz [38]. Fig. 2
depicts the plots of the output intensity I(v)/I, within an interval
of 4 GHz centered at vy = 3.5183 x 10'*Hz for the case when the
phase shift introduced by the glass plate alone yields
cos(—¢)=~—1. For the purpose, we chose h = 0.9995mm and
0 = 0.0245rad. The obtained curves correspond to increasing
density of atoms, and, hence, to increasing absorption which in
figure is characterized by the value of the amplitude transmission
7(/) at the center of the line vo. The calculated variation of the
refractive index, no(v)—1, and the absorption, ng(v)x(v), around
the 6S;/,—6P5; Cs transition at 7(vo) = 0.05 is presented in Fig. 3.
As it can be seen from Fig. 2, the introduced phase shift ¢ leads to
negligible output signal outside the contour of the absorption Cs
line. In the contour of the line, the output signal has a more or less
symmetrical and smooth profile at low absorption within the cell,
whereas at high absorption the curves become asymmetrical and
may have two peaks. However, at low absorption, the output
power is halved. In general, the spectral profile of the output
signal strongly depends on the angle 0. Fig. 4 gives the change in
the spectral dependence of the output intensity I(v)/Ip with
0 = 0p+AO for 7t(vo)=0.11. The calculation starts from
0p = 0.0205, and for better comprehension the angular
increment A6 is given in angular minutes. We see that the
desired profile of I(v)/Ip (high intensity values close to the center
of absorption line and vanishing wings outside it) is observed
within a few angular minutes. This result is confirmed by Fig. 5
which shows the total power P(0)= [I(v)/Iopdv at the
interferometer output within the spectral interval of
v,—Vv1 =4 GHz as a function of 0 at increasing absorption within
the cell with Cs atoms. The integral is evaluated by numerical
integration. The appropriate values of 0 are the values close to the
angle corresponding to the minimum in Fig. 5. We see that P(0)
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Fig. 2. Spectral dependence of the laser light emitted by the diode laser at the
interferometer Output 1 at increasing absorption in the cell with Cs atoms
(simulation); the numbers indicate the amplitude transmission of the cell in the
center of the Cs line.
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Frequency, GHz

Fig. 3. Calculated frequency dependence of the refractive index and absorption

variation throughout the Cs 852.1 nm line at amplitude transmission of the cell
7(vo) = 0.05 in the center of the line (see Eq. (3)).
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Fig. 4. Spectral dependence of the laser light emitted by the diode laser at the
interferometer Output 1 as a function of the inclination angle of the glass plate
with respect to the laser beam propagation (simulation); the amplitude
transmission of the cell in the center of the line is 0.11.

remains practically constant within 4-5 angular minutes around
the minimum. The spectral dependence of the output intensity
within this interval is shown in Fig. 6 for t(vg) =0.16. It is
interesting to evaluate the spectral width of the system output as
a function of absorption within the cell with Cs atoms. This
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Fig. 5. Total power P(0) = fxfl(v)/lodv at the interferometer output within the
spectral interval of v,—v; =4GHz as a function of 0 (simulation); the numbers
indicate the amplitude transmission of the cell in the center of the Cs line.

Fig. 6. Spectral dependence of the laser light emitted by the diode laser at the
interferometer Output 1 as a function of the inclination angle of the glass plate
with respect to the laser beam propagation (simulation); the amplitude
transmission of the cell in the center of the line is 0.16.

dependence is depicted in Fig. 7 (top), where the X axis
corresponds to amplitude absorption in the center of the line.
Fig. 7 (bottom) shows the ratio between the output power P(0) =
J Kfl(v)/lodv evaluated for the optimal value of the angle 0 only
within the contour of I(v)/Ip and the input power delivered in this
spectral interval. We see that there exists an optimal absorption at
which the system output reaches its maximum value. We may
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Fig. 7. Spectral width of the laser light emitted by the diode laser at the
interferometer Output 1 (top) and the ratio between the output power and input
power delivered within the spectral interval of the output intensity I(v)/I (bottom)
as a function of the amplitude absorption in the center of the line.

conclude from the results of the simulation that (i) the proposed
laser system can emit radiation with a spectral width of the order of
1 GHz and (ii) it exhibits stable operation allowing for misalignment
of the introduced glass plate of several angular minutes.

4. Experimental verification

The experimentally obtained plots of the laser output demon-
strated the described interference phenomenon when scanning over
a large spectral range, covering a few tens GHz (about 0.016 nm).
An example of the laser output is shown in Fig. 8, where the top
curve corresponds to the Mickelson interferometer Output 1
(the signal from the diode PhD;) while the bottom curve depicts
the signal from the diode PhD, (inverse polarity) that gives the
absorption by the Cs line in the external reference Cs cell.
The increase in the interferometer output which is correlated
with the spectral position of the Cs line is clearly seen in the right
part of the top curve in Fig. 8. By tilting the glass plate, an optimized
compensation between the refractive indices in both arms can be
achieved and a single spectrally fixed line can be produced.
The absorption within the line leads to an additional increase of
the power at Output 1, especially at the absorption line center.

Three typical cases of emission control performed by varying
the angular position of the glass plate are shown in Fig. 9. The
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Fig. 8. Spectrograms of the laser light emitted by the diode laser at the
interferometer Output 1 (top) and after passing the external reference Cs cell
(bottom; inverted polarity) for the diode laser frequency scanned within a given
interval.

curves of the laser line and the reference line (represented with
inverse polarity) have notations A and B, respectively. Both curves
are superimposed in figures. The top picture (Fig. 9a) shows the
spectral fixation under strongly non-optimized conditions. In this
case, the emission spectrum consists of two peaks of more or less
comparable height. By further inclining the glass plate by a few
angular minutes, an optimum position is achieved and the
emitted output transforms into a single line (Figs. 3b and c). As
it is seen in the non-optimized case, the intersection area of the
two curves comprises approximately one third of the surface
restricted by each curve and the spectrum of the laser emission
covers a relatively large spectral range. For the optimized
conditions (Fig. 3c), a linewidth of ~1.7GHz (0.0035nm) is
achieved that is comparable to the measured width of the
reference line B (0.9 GHz, 0.0019 nm). The intersection area of
the two curves approaches 50% of the surface restricted by each
curve. The performance of the optical arrangement is completely
reproducible and is characterized with good long-term stability
(~hours). As we showed in simulation (Fig. 6), the emitted power
is practically constant for misalignments of a few angular
minutes, so the set-up could be considered stable with respect
to inevitable mechanical vibrations. In our experimental
arrangement, we achieved accuracy of 20MHz rms of intensity
peak spectral position. The output power comprises ~20% of the
diode laser emission power. Note that a very important
requirement for successful operation of the described
arrangement is the exclusion of the parasitic feedback for the
diode laser. Any non-controlled scattering in the optical elements
of the scheme can produce such a feedback. The use of a Faraday
isolator could guarantee the successful operation of the system.
However, we applied much cheaper isolation in our experiment
by mounting a polarizer and a quarter-wave plate in front of the
diode laser. The obtained results proved that for the used
interferometer, placed at 2m from the diode Ilaser, the
introduced isolation was completely sufficient, provided a
careful alignment was maintained and two 1mm hole
diaphragms were used. The final result is ~2 mW light power at
the Output 1 for ~10 mW emitted power of the diode laser.

5. Conclusion

In conclusion, we have described a simple, low-cost and purely
optical arrangement to produce a diode laser emission, spectrally
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Fig. 9. Spectrograms of the diode laser light emitted at the Output 1 (curve A) and
after passing the external reference Cs cell (curve B, inverted polarity) for the diode
laser frequency scanned within a given interval. The three figures (a)-(c)
correspond to three different angular positions of the glass plate (the change of
the angle 0 from (a) to (c) is within a few angular minutes); (c) shows the obtained
optimal spectral fixation condition.

fixed at a desired atomic absorption line. The reported technique
differs from the well-known “laser locking” type approaches
characterized with a complicated intra- or extra-resonator
influence on the laser operation. Quite the contrary, no influence
is performed on the laser operation in the proposed approach
which implements external spectrally selective interferometric
control of emission from a conventional diode laser. The spectral
scanning around the absorption line is achieved by changing the
diode driving current. We have found conditions which ensure
that the obtained laser emission is practically a single line; its
spectrum is fixed to the desired transition, but slightly shifted
from its central frequency to the shorter wavelengths. In the
realized experimental set-up, the spectral fixation was demon-
strated on the example of the Cs 852.1 nm line. The obtained
output spectrum in this case was characterized with FWHM of
0.0035nm, whereas the linewidth of the Doppler-broadened
transition was 0.0019 nm; the intersection area of the two curves
reached 50% of the surface restricted by each curve. The output

power was ~20% of the diode laser emission power. The reported
technique can be useful in variety of spectroscopic applications
when the target is a single transition which should be excited to
monitor or separate a particular substance from a mixture of
different substances.

The analysis of the system operation, based on the classical
atomic model, is in good agreement with the experimental results.
The theory confirms that such control of a diode laser emission is
completely realizable. Moreover, the calculations prove that a
deviation of the glass plate from the chosen position of the order
of a few angular minutes is not critical for the system operation. In
practice, we observed better overlap of the absorption and
generation curves than is predicted by the theory, which could
be related to the accepted simplifications in the theoretical
consideration.
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