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Abstract 

Some applications of semiconductor diode lasers in atomic spectroscopy 
are discussed by describing different experiments performed with lasers 
emitting in the visible and in the near-infrared region. I illustrate the results 
obtained in the investigation of near-infrared transitions of atomic oxygen 
and of the visible intercombination line of strontium. I also describe how 
two offset-frequency-locked diode lasers can be used to excite velocity 
selective Raman transitions in Cs. 

I discuss the spectral resolution, the accuracy of frequency measure- 
ments, and the detection sensitivity achievable with diode lasers. 

1. Introduction 

In recent years, semiconductor diode lasers (SDLs) have 
been rapidly improving in power, spectral purity, and wave- 
length coverage. They can now emit cw at room tem- 
perature producing tens of milliwatts on a single mode. 
Considering their low cost, small size, and ease of operation, 
they will become, and I shall show that in many cases they 
already are, a real alternative to other lasers for spectro- 
scopic applications. Indeed, they show some specific proper- 
ties which make them suitable sources of radiation for very 
high resolution and/or extremely high sensitivity spectros- 
copy experiments [l]. 

In this paper, I discuss the possibilities offered by semi- 
conductor diode lasers in atomic spectroscopy and give 
examples of some experiments that we performed using 
semiconductor diode lasers operating in the visible (650- 
690 nm) and in the near-infrared (750-850 nm) region. 

In Section 2, a brief introduction to the characteristics 
and principles of operation of SDLs is given. Section 3 is 
devoted to the description of the different techniques to 
narrow the linewidth and control the emission frequency of 
SDLs, which is a central point for the application of these 
lasers in spectroscopy. Then, I illustrate the results obtained 
in an accurate investigation of near-infrared transitions of 
atomic oxygen (Section 4) and of the weak visible inter- 
combination line of strontium (Section 5). Finally, in Section 
6, I report preliminary results obtained by exciting velocity 
selective stimulated Raman transitions in Cs using two 
phase-locked SDLs. 

The emphasis here is mainly on those features of SDLs 
which allowed us to perform these experiments rather than 
on the intrinsic interest of the results. In particular, I will 
discuss the spectral resolution, the accuracy of frequency 
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measurements, and the detection sensitivity achievable with 
diode lasers. 

2. Diode laser characteristics 
2.1. Laser diodes structure 

The basic structure and operation of semiconductor diode 
lasers are in principle very simple and easy to understand. 
However, real devices can have very complex structures 
whose development required important technological 
advances [2, 31. In this section, I will give a brief description 
of a sort of user’s understanding of diode lasers operation, 
focusing on those characteristics which are more important 
for spectroscopy. 

The diode laser basically works as a p-n junction biased 
in the forward direction. The recombination of electrons 
and holes taking place at the junction leads to the emission 
of radiation whose frequency depends on the energy gap 
between the conduction and the valence bands. Different 
from LEDs, in SDLs the reflectivity of the cleaved facets of 
the diode is high enough to have stimulated emission domi- 
nate. 

In practice, for cw operation of the laser it is also neces- 
sary to confine both the carriers and the light in a well 
defined region in order to have a high enough gain. This is 
accomplished by what is called a double-heterostructure. In 
a double-heterostructure laser the active region is sand- 
wiched between two layers of semiconductors with a larger 
bandgap. This prevents the carriers to flow out of the active 
region. Furthermore, because a larger bandgap corresponds 
to a smaller index of refraction, this structure also acts as a 
waveguide for the radiation which is confined in the same 
region. If the chip is grown with a structure such that this 
confinement is achieved only in the longitudinal direction 
(the direction in which the current is injected) we have gain 
guided lasers (for the transverse direction the carriers con- 
finement is given only by the limited region in which the 
current is injected). The laser is instead called index-guided 
if the active region is limited also in the transverse direction 
by a higher-bandgap material. 

Recently, also lasers with a quantum-well structure in the 
active region have become commercially available, with 
lower threshold currents and higher output power com- 
pared with normal double-heterostructure SDLs. 

The above description of the principle of operation of 
laser diodes, although a little naive, allows us to understand 
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some of the characteristics which are relevant for their use 
in spectroscopy experiments. 

2.2. Emission wavelength 
This is one of the most important properties for a source of 
radiation to be used in spectroscopy. Such a source should 
be tunable to any particular wavelength of interest in a wide 
interval. Since many important atomic transitions are in the 
visible and near-infrared region of the spectrum, in the fol- 
lowing we will focus on SDLs emitting in this region. As 
mentioned above, the emission wavelength of semicon- 
ductor diode lasers depends on the bandgap of the semicon- 
ductor forming the active region. Light is emitted, for 
example, in the 1100-1650 nm interval (In,-,Ga,As,P,, 
semiconductor), in the 620-890 nm interval (Gal -,Al,As), 
or in the 630-690 nm interval (AlGaInP). In practice, the set 
of wavelengths available from the laser diodes presently 
available on the market is much smaller than this and is far 
from being continuous. The reason for that is twofold. First, 
although semiconductors can be produced with energy gaps 
corresponding to the emission of radiation from the visible 
to the infrared, they can work as laser material only if they 
satisfy some requirements. In particular, only direct semi- 
conductors can give rise to laser emission because direct 
radiative transitions are possible (in direct semiconductors 
the minimum of the conduction band and the maximum of 
the valence band correspond to the same value of the wave 
vector). Also, the material must have good optical and elec- 
trical characteristics in order to minimize losses and have a 
reasonably long operation lifetime. For this reason, for 
example, room temperature operation was only recently 
demonstrated for diode lasers emitting in the green-yellow 
region. The second main factor which limits the wavelengths 
presently available from commercial laser diodes is not 
related with fundamental laws of physics; it depends on the 
fact that companies produce only laser diodes emitting at 
wavelengths which are important for commercial applica- 
tions. For example, laser diodes are produced emitting in 
the 630-690 nm interval (for laser pointers, bar code 
readers, optical data storage devices), around 780 and 
850nm (CD players, laser printers, fiber optic 
communications), and near 1300 and l500nm (fiber optic 
communication systems). High power diode lasers are also 
produced at particular wavelengths for pumping solid state 
lasers and amplifiers. 

From the above discussion it is clear that if a particular 
region of the spectrum must be investigated, first of all a 
laser must be found which is made of the proper semicon- 
ductor material. Then, because the laser’s wavelength 
depends also on the diode’s temperature, a given laser can 
typically be tuned by about 15-20nm by changing its tem- 
perature. In fact, a change in the temperature of the diode 
leads to a change of the frequency of the cavity modes, 
because of the change of the optical length of the cavity, and 
to a shift of the gain curve. The temperature dependencies of 
these two effects are different, however, so that the wave- 
length changes in a discontinuous and rather unpredictable 
way. 

The wavelength tunability and control is therefore one of 
the major problems in using SDLs for spectroscopy. In the 
following, we will show that this problem can be reduced by 

using optical feedback techniques, which allow to enlarge 
the tuning interval and to avoid the wavelength “jumps”. 

In the experiments described in the following, we used 
AlGaAsIGaAs diode lasers emitting around 780 nm and 
850 nm at room temperature and AlGaInP/GaInP diode 
lasers emitting at 690 nm. 

2.3. Spectral linewidth 
This is an important characteristic of laser sources, espe- 
cially for high resolution spectroscopy applications. As for 
other characteristics of SDLs, their spectral purity is rapidly 
improving following progresses in diodes fabrication. In 
particular, index-guided lasers can now be found in several 
wavelength ranges ; in proper operating conditions, they 
essentially oscillate in a single transverse and longitudinal 
mode. However, the emission linewidth is still large com- 
pared, for example, to the intrinsic linewidth of important 
atomic transitions. Several factors contribute to the SDLs 
emission linewidth [4], but the most fundamental is the one 
given by the Schawlow-Townes formula (modified by the 
introduction of a factor a which takes into account the 
dependence of the refractive index on the carrier density) 
PI: 

where Po is the output power, L is the cavity length, R is the 
facets reflectivity, a gives the distributed losses in the cavity, 
c/n the group velocity, and nsp is the spontaneous emission 
factor which is of the order of unity. In the case of a typical 
AlGaAs diode laser (Po  = IOmW, L = 300pm, R = 0.3, 
51 - 4-5), this formula leads to a linewidth of several MHz. 
Also, smaller power-independent factors contribute to the 
emission linewidth. 

From the above formula it is apparent that the emission 
linewidth can be reduced by increasing the cavity length L 
or, more generally, by increasing the cavity quality factor 
Q,. This is the idea leading to the use of external optical 
cavities for the line narrowing of SDLs, as discussed in 
Section 3. 

2.4. Amplitude noise 
As in the case of the frequency noise, the intrinsic stability of 
the structure of SDLs reduces the sources of technical noise 
which affect, for example, dye lasers. On the other hand, the 
properties of the active medium give rise to a peculiar AM 
and FM noise spectrum. In the low frequency range, which 
is an important range for absorption spectroscopy experi- 
ments, the amplitude noise is typically only 10-20dB above 
the shot noise level. This means that the power fluctuations 
can be as low as one part in lo7 for a 1 Hz detection band- 
width. The AM noise can be further reduced by active sta- 
bilization techniques [SI. This makes the diode lasers 
extremely good sources for high sensitivity spectroscopy. 
Larger fluctuations can be observed, however, at frequencies 
around 2-3 GHz due to the lasers relaxation oscillations. 
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2.5. Modulation characteristics 
An important advantage of SDLs over other laser systems is 
that the amplitude and frequency of the emitted radiation 
can be easily modulated by changing the injection current. 
The output electric field for a current-modulated SDL can 
then be written as 

E(t) = A [  1 + m cos (w, t)]  sin [ o t  + B cos (0, t + e)], (2) 

where 4271 is the laser carrier frequency, wJ271 is the 
modulation frequency, and m and p are the amplitude and 
frequency modulation indices, respectively. The FM modu- 
lation index is typically more than ten times larger than the 
AM modulation index. In fact, in those applications where 
FM modulation is important, the AM modulation can be 
often ignored. 

As far as the FM modulation capabilities are concerned, 
changes in the injection current affect both the diode tem- 
perature and the index of refraction which depends on the 
carrier density. The temperature effect is the dominant one 
in the low frequency modulation range (< 105-106 Hz), 
where the frequency change is about 3 GHz/mA. For higher 
modulation frequencies, the change in the index of refrac- 
tion dominates, leading to a smaller variation of the emis- 
sion frequency with the injection current. 

In presence of optical feedback, the frequency modulation 
capabilities are strongly modified. 

3. Frequency stabilization of diode lasers 

Although commercial diode lasers usually have a rather 
broad emission linewidth which makes them not suitable 
for very high resolution spectroscopy, they can be easily sta- 
bilized by means of electronic or by optical feedback tech- 
niques [l]. 

In the first case, electronic feedback is used for the stabili- 
zation of the laser frequency to a frequency reference by 
changing the injection current to the diode. This method 
can allow a considerable reduction of the emission linewidth 
but, in fact, it is not very popular for several reasons. First, 
this line-narrowing technique requires very fast electronics 
because the FM noise extends to high frequencies. Second, a 
change in the injection current produces changes both in the 
emitted frequency and in the emitted power, so that an 
additional AM noise is introduced. Finally, this stabilization 
method does not give any control on the emission wave- 
length and does not allow to avoid the mode “hopping” 
problem mentioned above. 

A drastic reduction of the emission linewidth of the laser 
can be more easily accomplished using optical feedback, and 
this is in fact the most common method. As mentioned 
above, the basic idea in this case is to reduce the intrinsic 
linewidth of the laser by using a cavity with a Q much 
higher than the one of the solitary laser diode. In addition, if 
a wavelength-selective optical element is used in such a 
cavity, this system may also allow a control of the emission 
wavelength. Two main schemes have been devised to 
achieve stabilization and control of the emission frequency 
of a diode laser: one is coupling through optical feedback to 
a high-Q Fabry-Perot interferometer [7], the other is the 
operation of the diode laser in an external cavity. They cor- 
respond to two different regimes, weak-feedback and strong- 
feedback regimes, respectively, in which the compound laser 
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diode-external cavity system results in a stable single mode 
operation. 

In our work, we mainly used the latter scheme. Strong 
feedback from an external diffraction grating allowed us to 
obtain a reduction by about two orders of magnitude of the 
emission linewidth and to achieve a wavelength tuning 
range of several nanometers at fixed temperature. Com- 
pared with the other methods, one of the drawbacks of 
using external-cavity systems for the frequency stabilization 
of SDLs is that they usually require the diode facets to be 
antireflection coated in order to increase the amount of light 
coupled into the diode. However, most of the average- and 
high-power diode lasers available on the market are already 
provided with a high reflectance coating on the back facet 
and with a reduced reflectance coating on the output facet. 
In fact, in this work we used such diode lasers in pseudo- 
external cavities without any modification to the com- 
mercial diodes. 

Around 780 nm we mainly used Sharp LT024MD lasers; 
in the free-running operation their output power is about 
20mW in a single mode with a linewidth of 20-30MHz. 
The lasers used in the 850nm region were Sharp 
LTO15MD, emitting 20 to 30mW, STC LT50A-O3U, SDL- 
5412-H1 and SDL-5422-H1. The STC and Spectra Diode 
lasers have a quantum-well active region. The output power 
ratings are 50mW for the STC lasers and 100mW and 
150 mW, respectively, for the Spectra Diode lasers. They 
typically emit in a single mode with less than 10MHz line- 
width. In the visible, we used Nec and Toshiba lasers. The 
work on strontium reported here was done with the 
Toshiba TOLD9140 which emits - 20 mW at 690 nm. 

The schematic design of the extended-cavity lasers which 
we used is shown in Fig. 1. The first order diffracted beam 
from a grating, mounted in the Littrow configuration, was 
fed-back into the laser diode. 

The diode was usually attached to a small copper block 
in thermal contact with a Peltier element. The Spectra 
Diode lasers had instead an internal thermoelectric cooler. 
Using active stabilization, the temperature was controlled to 
better than 1 mK. The diode was fed by a low-noise current 
source or by a battery. The external cavity was about 9cm 
long; it consisted of a collimating lens with numerical 
aperture = 0.5, a 1200 lines/” ruled diffraction grating, 
and in some cases a 20-30% reflectance beam splitter as 
output coupler. The proper choice of the reflectance of the 
beam splitter, that is of the feedback level, may depend on 

Fig. 1. Design of the pseudoexternal-cavity laser using a commercial diode 
laser. Frequency stabilization is achieved by optical feedback from a dif- 
fraction grating. BS: beam-splitter; PZT: piezoelectric transducer. 
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the particular laser diode. A higher reflectivity beam-splitter 
can be used to couple more light out of the cavity; this is 
obtained, however, at the cost of a reduced tuning range. 

It is also possible to omit the beam splitter and to use 
only the zero order from the grating as the output. The 
advantage of this configuration, which is the one we used 
for example in the phase lock experiment described below, is 
the extreme simplicity and compactness, and the possibility 
of having only one output beam. On the other hand, it has 
some drawbacks: first, it is not easy to control the amount 
of power in the output beam, which depends on the eff- 
ciency of the grating. Also, a change of the grating angle 
produces an angular displacement of the output beam (such 
displacement can be reduced however if the zero-order 
beam from the grating is reflected from a mirror mounted 
perpendicular to the grating). 

The lens and the grating were held by commercial mounts 
with high precision tilters for the alignment. Granite, steel, 
or aluminum baseplates were used. Temperature stabiliza- 
tion of the baseplate, although not necessary, proved to be 
useful for a long term stability. 

A simple procedure for the alignment of the cavity is the 
following: first, the laser diode is mounted so that the 
output beam hits near the center of the grating and is pol- 
arized in the direction perpendicular to the grating grooves. 
This increases the grating reflectivity (a higher resolution is 
obtained, instead, if the beam is polarized parallel to the 
lines; because of the elliptical shape of the beam, a larger 
number of lines is illuminated in this case). Then, the colli- 
mating lens position is adjusted to be perpendicular to the 
emission axis and centered with respect to it. Its distance 
from the diode is changed until the beam appears the same 
diameter over a path of several meters. The grating is 
rotated and tilted to direct the first order diffracted beam 
back into the laser. By operating the diode at a current 
slightly above the threshold current, the good alignment of 
the cavity is indicated by an increase of the output power. 
Sometimes, we also used a Michelson ).-meter during the 
alignment process. When the laser is frequency narrowed, 
the longer coherence length gives a higher contrast of the 
interference fringes and the wavelength can be changed by 
rotating the grating. 

The extended-cavity lasers are typically tunable, by 
simply rotating the grating, over a range of -10nm in a 
coarse manner. Because of the finite reflectivity of the chip's 
facets, the longitudinal modes of the solitary laser diode 
remain essentially unchanged. The feedback from the 
grating allows to select one of these modes and to drasti- 
cally suppress other side-modes. Fine tuning to the fre- 
quency of interest can then be achieved by slightly changing 
the temperature and the injection current of the diode. Con- 
tinuous frequency scans up to - 10 GHz were accomplished 
by synchronously sweeping the length of the cavity, by 
means of a piezoelectric transducer on the grating, and the 
injection current. Light from the intracavity beam-splitter 
and the weak zero-order reflection from the grating were 
used for the experiments. The output power depended, of 
course, on the type of laser diode and on the reflectance of 
the beam splitter. The 20% reflectance beam splitter coupled 
out two beams; the maximum output power was, for 
example, 4 and 3mW for the Sharp diodes and about 8 and 
6mW for the STC diodes. The Spectra Diode lasers were 

used with no beam-splitter in the external cavity. About 
50% of the power was coupled out in the zero-order beam 
from the grating. Stable operation up to 45mW output 
power was observed. 

The effect of the increased Q of the laser cavity can be 
qualitatively observed by recording the transmission of a 
Fabry-Perot interferometer as the laser frequency is 
scanned. Broad peaks (20-50 MHz depending on the partic- 
ular laser and operating conditions) are observed by block- 
ing the return beam from the grating, while much narrower 
peaks are obtained in presence of the optical feedback. An 
accurate analysis of the spectral properties of the extended- 
cavity lasers requires mixing two similar lasers in a photo- 
diode. By observing the heterodyne spectrum for two 
frequency stabilized near-infrared lasers, we found that in 
the millisecond time scale the lasers exhibited a linewidth of 
less than 50kHz; on a longer time scale, acoustic noise 
increased the linewidth to about 1 MHz, which is not bad, 
considering that the cavities were only covered with a lucite 
box. 

A dramatic improvement of the frequency stability can be 
achieved by combining optical feedback and electronic 
control. An example is discussed in Section 6.1, where 
phase-locking of two extended-cavity diodes lasers is 
described. The relative linewidth in that case goes down to 
the sub-hertz level. 

4. High precision spectroscopy of near-infrared transitions of 

In atomic oxygen, we investigated the 3s 5S2-3p 5P,, 2 ,  

transitions at 777nm, using Sharp LT024 lasers, and the 
3s 3S1-3p 3P1, 2 ,  ,, transitions at 845 nm, using STC LT5OA 
lasers. The Doppler broadening of the lines was eliminated 

, by means of high-resolution spectroscopy schemes; Fig 2 
shows the scheme of the apparatus which we used to imple- 
ment different saturation and polarization spectroscopy 
techniques [8]. In particular, polarization spectroscopy 
techniques allowed a drastic reduction of the collisional 
broadening of the lines. 

Using isotopically enriched samples, we resolved the 
isotope shift and the hyperfine structure of the lines. Figure 
3 shows indeed the spectra relative to the 3s 5 S z - 3 p  5P, ,  2 ,  

transitions, recorded by saturation spectroscopy in an iso- 
topically enriched sample. 

The transmission fringes of a 75-MHz free spectral range 
Fabry-Perot interferometer (which are not shown in the 
figure) were recorded simultaneously and provided the cali- 
bration of the laser frequency scan. In addition to the 
160-180 isotope shift, the hyperfine structure of 1 7 0  

(nuclear spin I = 5 / 2 )  can be observed, with five main com- 
ponents corresponding to the structure of the 3 5Sz level. 

Our main purpose was indeed to look for a nuclear 
volume effect in the isotope shift of these transitions, which 
start from the lowest excited s levels [9]. Due to the small 
size of the expected effect, we had to perform very accurate 
measurements of the frequency separations amongst the 
lines of the three stable isotopes l60, "0, and l 8 0 .  

Possible errors due to the calibration of the reference 
interferometer or nonlinearity in the laser frequency scans 
were eliminated using a heterodyne spectroscopy scheme 
[lo]. Two independent lasers were locked to the sub- 
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777.4 nm I 

1 

t to '"0 

Fig. 2. Scheme of the experimental apparatus used to record Doppler-free 
spectra by saturation or polarization spectroscopy methods. A and B indi- 
cate different optical devices depending on the detection technique. A high- 
finesse Fabry-Perot interferometer (FPI) is used for the frequency 
calibration of the spectra. EOM : electro-optic modulator. (From Ref. [SI). 

Doppler resonances of different isotopes and mixed in a fast 
photodiode. The scheme of the experimental apparatus is 
shown in Fig. 4. It consisted of two similar set-ups for satu- 
ration spectroscopy, a fast photodiode (300 ps risetime), and 
an rf spectral analyzer (HP 8592A). The lasers were 
frequency-narrowed by means of the grating extended- 
cavity, and temperature stabilized to better than lmK,  as 
described above. Atomic oxygen was produced in two pyrex 
cells by means of radio frequency discharges. 

The output beam of each laser was split into two parts of 
different intensities which were sent in opposite directions 
into the sample cell. The changes in the intensity of the 
weak probe beam were detected with a good SIN ratio 
using a photodiode. Derivative signals were obtained by 
applying a 780 Hz modulation to the laser frequency and 
using phase sensitive detection. Both first and third deriv- 
ative signals were easily detected. In the case of the first 
derivative, the sub-Doppler signals were superimposed on a 
wide background slope. This affected the precision of the 
locking of the laser frequency to the line centers. Indeed the 
servo loop works around zero voltage and thus a systematic 
shift can occur. The background was instead strongly 
reduced using 3f detection. 

The servo loop (bandwidth - 10Hz) used for frequency- 
locking each of the laser, consisted of a lock-in, an inte- 
grator, and a high voltage amplifier. The output of the 
integrator was fed back to the high-voltage amplifier, which 
controlled the grating position by means of the piezoelectric 
transducer. The intrinsic frequency-stability of such a laser 
system is determined by the increased Q of the optical 
cavity, which reduces the fast frequency fluctuations; only a 
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Fig. 3. Doppler-free spectra of the 3s 'S2 -3p  ' P ,  (J  = 1, 2, 3) transitions of 
atomic oxygen at 777.8 nm, 777.6 nm, 777.4 nm, respectively, recorded by 
saturation spectroscopy using an isotopically enriched sample. Five peaks 
are observed for "0, corresponding to the hyperfine structure of the 3 ' S 2  
level ( F  = 9/2, . . . , 1/2). Each of the five peaks shows a finer structure due 
to the upper state hyperfine splittings, which can be only partially resolved. 
(From Ref. [8]). 

relatively slow electronics is then required to correct long 
term drifts. The beat note between two lasers was observed 
using the spectrum analyzer. 

The isotope shifts were directly measured from the fre- 
quency of the beat note between the two lasers locked on 
the relevant isotope resonances and combined in the fast 
photodiode. The broadening of the beat note due to the FM 
modulation of the lasers was minimized by in-phase modu- 
lation. The center frequency was determined considering the 
middle point between the frequencies corresponding to the 
half maximum on the two sides of the curve. Since absolute 
frequency measurements are not precise enough with our 
spectral analyzer, we used an rf synthesizer (HP 8341B) for 
calibration. Measurements were repeated several times for 
different discharge conditions. The beat frequency repro- 
ducibility was within 2MHz in the case of If locking and 
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cell 1 cell2 

- I 

Fig. 4 .  Scheme of the experimental set-up used for heterodyne spectros- 
copy. Two frequency-stabilized lasers are locked on two relevant tran- 
sitions and mixed in a fast photodiode. Spectral structures can be 
accurately measured by measuring the frequency of the beat note. P.D.: 
photodiode; A.P.D.: avalanche photodiode. 

within a few hundred kilohertz for 3f locking. The data 
obtained by the heterodyne technique resulted more accu- 
rate by one order of magnitude with respect to the ones we 
had obtained in previous experiments, where the Fabry- 
Perot interferometer was used for frequency calibration. 

This experiment demonstrates the possibility of very accu- 
rate measurements of spectral structures by beating of 
extended-cavity diode lasers locked to Doppler-free reson- 
ances. The simplicity of the method is based on the versatil- 
ity and low cost of this kind of lasers, which makes the 
simultaneous operation and frequency-locking of different 
lasers a rather simple matter. The use of faster detectors for 
heterodyne measurements and the demonstration of fre- 
quency stabilization of visible diode lasers makes it possible 
to extend this technique to wider frequency separations and 
to new spectral regions. 

5. Spectroscopy of the visible intercombination line of 

It is only a few years now that visible diode lasers have been 
commercially available. The first visible GaInP diode lasers 
operating at - 670 nm at room temperature were gain- 
guided and emitted on several modes. Also the available 
output power did not exceed 3mW. With the development 
of index-guided lasers, single mode operation was achieved 
but still with a linewidth of several tens of megahertz. The 
extension of the optical feedback schemes to this class of 
lasers was not straightforward and often required the depo- 
sition of an antireflection coating on the output facet of the 
diode. 

We found that diode lasers emitting at 690nm at room 
temperature (in particular the Toshiba TOLD9140 SDL) 
can be used in an extended cavity configuration, without 
any additional coating treatment, with a reduction of the 
emission linewidth to less than one megahertz [ll]. Using 
this laser with a grating external cavity, we investigated the 

strontium 

narrow (8 kHz natural linewidth) intercombination line of 
strontium at 689.448 nm. Amongst the alkaline-earth ele- 
ments, Ca and Ba intercombination lines have also been 
investigated with diode lasers [12, 131. Because of their 
small natural linewidth, these transitions are very interesting 
as optical frequency references. 

We produced strontium by sputtering in a hollow 
cathode discharge sustained by argon. The solid strontium 
cathode was 15 mm long with a 4 mm diameter hole drilled 
through it. With a discharge current of lOOmA and an 
argon pressure of 1 Torr, we observed a 1% absorption 
signal corresponding to a density of about l O I 3  atoms/cm3. 

The Doppler-free resonance was observed by means of 
saturation and polarization spectroscopy. Thanks to the low 
amplitude noise of the diode laser, the small saturation dip 
( - 5 %  of the absorption signal) was observed in real time 
on an oscilloscope (Fig. 5).  The minimum linewidth we 
observed by polarization spectroscopy was 6 MHz FWHM. 

In addition to the intrinsic interest of this line for metro- 
gical reasons, it can also provide a significative test for the 
actual linewidth of the laser. In fact, after subtracting the 
contribution due to pressure broadening (1 1( 1) MHz/Torr) 
and finite angle between pump and probe beam, we found 
that the contribution of the laser linewidth to the observed 
width of the line was less than 1 MHz. A more precise deter- 
mination requires heterodyning of two similar lasers or, 
even better, the observation of the intercombination line in 
an atomic beam. 

Work is actually in progress in these directions. Prelimi- 
nary results obtained in the atomic beam can be found in 
Ref. [ 141. 

I / I  I 

Fig. 5 .  Absorption profile of the 5 s  ISO-5p 3 P ,  intercombination transition 
of strontium at 689.4nm. The laser beam was retroreflected through the 
cell in order to produce a saturation dip, which can be observed on the top 
of the Doppler profile. (From Ref. [ 113). 
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As already mentioned above, one of the most important 
characteristics of diode lasers is their low amplitude noise. 
This makes them very good radiation sources for high- 
sensitivity absorption spectroscopy. Indeed, in the experi- 
ments reported above, although resolution was the major 
issue, a high detection sensitivity was also required. In the 
case of oxygen, because of the small concentration of atoms 
produced in the relevant excited states. In the case of stron- 
tium, because of the weakness of the investigated transition. 

6. Stimulated Raman transitions in Cs using two 

Recently, the possibility of inducing stimulated Raman tran- 
sitions between the two hyperfine levels of the ground state 
of alkaline atoms was demonstrated [l5]. For this purpose, 
laser radiation at two different frequencies is needed; the 
two frequencies must be detuned from the atomic resonance, 
in order to avoid resonant excitation, and their difference 
must correspond to the hyperfine splitting of the atom. 
Since the transition takes place between two long-lived 
levels, extremely narrow linewidths can be obtained. 

One important point is that if the two laser beams are 
sent in opposite directions into the sample, the process is 
velocity-selective. Therefore, this technique provides an 
almost unique way to achieve velocity selection in atomic 
samples with a resolution which can be hardly obtained by 
other means. In particular, a method based on Raman exci- 
tation was used to demonstrate sub-recoil cooling of Na 
[16]. In this section, I describe some preliminary results 
which we obtained in a similar experiment on Cs which is in 
progress at the Ecole Normale Superieure in Paris. 

6.1. Phase locking of SDLs at 9.2GHz 
The transition used in this experiment is the D ,  line of Cs at 
852nm. As already shown above, at this wavelength diode 
lasers can be used with extended-cavity frequency stabiliza- 
tion. The hyperfine splitting of the ground state is Vhfs  = 
9.192GHz. Such a large splitting makes it more difficult to 
produce the two frequencies for the Raman excitation com- 
pared to the case of Na where they could be generated using 
an electro-optic modulator [l5]. 

In order to achieve a high enough velocity resolution, the 
absolute linewidth of the lasers is not important but the 
relative linewidth must be small compared to the photon 
recoil which is about 5KHz in the case of Cs. We found it 
rather easy to offset-lock two different laser diodes with the 
required level of relative stability by using a heterodyne 
phase-locked loop scheme [17]. In fact, phase-locking two 
lasers, which can be quite a difficult task for other kinds of 
lasers, is greatly simplified in this case by the good fre- 
quency stability of extended cavity diode lasers and by the 
large modulation bandwidth, as discussed in the following. 

The scheme of the optical phase-locked loop is shown in 
Fig. 6. The outputs of the two extended cavity lasers (SDL- 
5422-H1) were mixed on a fast silicon photodiode. The beat 
note was amplified and heterodyned in a double-balanced 
mixer with a 9.190GHz reference signal from a frequency 
multiplication chain. The output of the mixer was again 
amplified and mixed in a second mixer with the signal from 
an rf synthesizer. The output of the mixer is thus the phase 
difference between the beat signal and the reference signal ; it 
can then be used to keep this difference constant. This 

phase-locked diode lasers 
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ensures that the frequency difference between the two lasers 
is equal to the sum of the frequencies of the two local oscil- 
lators. A double heterodyne system was chosen because it 
requires a smaller number of microwave components and 
because it allows to easily vary the frequency difference by 
changing the rf synthesizer frequency. 

As indicated in Fig. 6, the detected phase error signal was 
fed back to the injection current of the slave laser after 
passive phase compensation. This produced a control band- 
width of 3-4MHz. In order to increase the gain in the low 
frequency range and to achieve long-term stability, the cor- 
rection signal was also sent to the current and to the grating 
PZT after low-pass filtering and integration. 

The lasers remained locked for several hours. The phase- 
error variance was 4 * lov3 rad’, as estimated by recording 
the beat note and by graphical integration. The fraction of 
the optical power which was locked was 99.6% of the total 
output power. 

Details on the phase-lock realization and performance are 
given in Ref. [17]. It is interesting to observe here that, 
starting with two free-running diode lasers whose relative 
frequency fluctuates by typically 50 MHz, we reduced the 
frequency fluctuations to less than 5 MHz using optical feed- 
back from the external grating and then down to the sub- 
hertz region using the electronic control described above. 
This is then an ideal system for high resolution Raman spec- 
troscopy, as described below. 

6.2. Atomic velocity selection using stimulated Raman 
transitions 
In this section, I show an example of application of two 
offset-frequency-locked diode lasers. As already mentioned 
above, velocity selective Raman transitions can be excited 
by sending in the atomic sample two counterpropagating 
laser beams whose frequencies v1 and v 2  are detuned from 
the optical transition and such that I vl-vz I = Vhfs  + 6. By 
changing the detuning 6, different classes of atomic velo- 
cities can be excited. Only those atoms are excited for which 
the difference of the Doppler shifted frequencies equals vhfs .  
The velocity spread AV of the excited atoms is given by: 

(3) 
AV 

v1 + v2 
A v = c * - .  

Such velocity spread can be very small; in fact, the line- 
width of the transition is negligible as well as the broaden- 
ing due to frequency jitter of the lasers if they are 

Fig. 6. Schematic of the set-up used for heterodyne optical phase-locking 
of two extended-cavity semiconductor lasers. P.D.: photodiode; DBM : 
double-balanced mixer; LPF: low-pass filter. 
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phase-locked. A resolution AV in the order of some kHz can 
then be easily achieved, limited only by the interaction time. 

The sequence used to record the spectra was the follow- 
ing: the atoms were trapped in a magneto-optical trap [18]; 
after about 200 ms the inhomogeneous magnetic field was 
switched off and the atoms were further cooled in atomic 
molasses [19]. After pumping the atoms in the lower F = 3 
hyperfine level, all the beams were switched off and a 
Raman pulse was sent to excite the atoms in the F = 4 level. 
The population of this level was then probed by a resonant 
light pulse. 

Figure 7 shows the atomic velocity distribution in Cs 
atomic molasses recorded by changing the detuning 6. Two 
different profiles are shown corresponding to two different 
detuning of the trapping laser. As expected, the larger 
detuning leads to a lower temperature in the molasses [20]. 
The central peak is a spurious signal due to velocity- 
independent excitation caused by stray light in the cell. 

It is important to observe that the direct recording of 
such a narrow velocity distribution cannot be obtained by 
using the resonance line because of its natural linewidth of 
5.3 MHz. In fact previous investigations of the temperature 
in atomic molasses were mostly performed by time of flight 
techniques. 

These results, although only preliminary, indicate the 
importance of this method for several applications. The reli- 
able operation of two frequency-offset lasers is of course a 
key element for the implementation of this rather sophisti- 
cated technique. As discussed above, when the required 
wavelength allows to use diode lasers, heterodyne optical 
phase locking is an almost straightforward and very reliable 
method. The frequency separation can also be easily 
changed and the maximum frequency is only limited by the 
availability of suitable detectors. 

Although the experimental apparatus used in this experi- 
ment cannot be described in detail here, it is worth empha- 

3m 150 D I50 3m 

Raman detuning [kHz] 
Fig. 7. Velocity distribution in Cs molasses recorded by velocity-selective 
stimulated Raman spectroscopy. Two different profiles are shown corre- 
sponding to two different detunings 6,,, of the trapping laser with respect 
to the F = 4-F = 5 component of the D, line (natural linewidth 
r = 5.3 MHz). As expected, a narrower velocity distribution, that is a lower 
temperature, is achieved with a larger detuning. An offset was added to the 
signal corresponding to 3 r  detuning for ease of visualization. The central 
peak is a spurious signal due to velocity-independent excitation caused by 
stray light in the cell. 

sizing that the experiment was performed using only diode 
lasers. Five diode lasers were operated at the same time. 
Three of them were used to cool and trap the atoms: a first 
low power laser (HLP 1400) was frequency narrowed using 
optical feedback from an external Fabry-Perot and was 
locked to a suitable hyperfine component of the D,  line of 
Cs. This laser was used to injection-lock a high power diode 
laser (SDL-5422-H 1) which was used as the trapping laser. 
A third, grating stabilized, laser was used as a repumping 
laser to avoid optical pumping of the atoms in the F = 3 
level. The operation of the two phase-locked lasers used for 
the Raman excitation has been described above. 

Indeed, this experiment provides a nice demonstration of 
the possibilities offered by SDLs. First of all, because of 
their low cost, small size and reliability it is possible to use 
several lasers at the same time. Second, because of the possi- 
bility of controlling the emission frequency, by optical feed- 
back and/or electronic control, sophisticated techniques can 
be implemented. 

7. Conclusions 

From the results reported in this paper it is apparent that 
the diode lasers can be a real alternative to other lasers, 
such as dye lasers or Ti:sapphire lasers, for several atomic 
physics experiments. They can potentially cover the visible 
and near-infrared region where many important atomic 
transitions are found. The problem of the limited spectral 
range covered by the diodes is partially reduced by the 
optical feedback techniques, as the ones described above, 
which allow to enlarge the spectral range covered by a 
diode laser and to eliminate the gaps in the tuning. The 
demonstration of frequency control of the visible diode 
lasers by means of external cavities makes also these lasers 
available for spectroscopy. Also, blue and near-ultraviolet 
radiation can be produced by frequency-doubling diode 
lasers [21]. 

The spectral emission properties can also be improved by 
optical feedback techniques and the emission linewidth can 
be drastically reduced down to levels which allow very 
narrow transitions to be investigated. This is obtained at the 
cost of a slightly larger size and complexity of the system. 
However, it is worth mentioning that with the progress of 
integrated optics, it becomes possible to integrate the 
grating with the diode both for near-infrared and for visible 
lasers (DBR diode lasers). 

The limited output power of diode lasers, on the other 
hand, does not represent a serious problem for several 
reasons. First, the power emitted by SDLs, especially 
quantum-wells SDLs, starts to be comparable with the 
output power of other lasers. Furthermore, as demonstrated 
also in this work, high sensitivity spectroscopic techniques 
can be developed which only require low laser power. 
Under this respect, the possibility of fast frequency modula- 
tion and the low amplitude noise are particularly important 
characteristics of the diode lasers. 

Finally, two more advantages of diode lasers must be 
emphasized; one is the high efficiency and low cost of these 
lasers which do not need large power supplies nor cooling 
water. This allows experiments to be performed which could 
not even be conceived of before. An example is given by the 
experiments of cooling and trapping of atoms by laser radi- 
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ation, which can now be performed also in very difficult 
conditions such as in micro-gravity laboratories [ 2 2 ] .  The 
other advantage of using diode lasers for spectroscopy is 
their ease of operation, a characteristic which anybody who 
has used a ring dye laser will certainly appreciate. 
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