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Abstract. Continuously tunable ultraviolet laser radi- 
ation at 397 nm was generated by doubling the output of 
a semiconductor diode laser. The fundamental radiation 
was provided by a 150 mW A1GaAs laser diode injected 
by a low-power A1GaAs laser diode which was frequency 
stabilized by optical feedback using a new scheme of 
a miniature external cavity. Second-harmonic generation 
was produced in a lithium-triborate crystal placed in 
a compact enhancement cavity. The fundamental radi- 
ation was used for sub-Doppler spectroscopy of the Ar 
I 4s3p°o-4plP1 transition at 795 nm; the second-har- 
monic radiation was used for spectroscopy of the Ca II 
4 2S1/2-4 2P~/2 transition at 397 nm. 

PACS: 42.55.Px; 42.65.Ky 

Semiconductor diode lasers are attractive light sources for 
spectroscopic experiments in the visible and near-infrared 
region of the spectrum [1]. Because of their unique prop- 
erties of compactness, efficiency, low amplitude noise and 
fast frequency tunability, they not only allow a drastic 
simplification of the experimental setups, but also lead to 
an improvement of their performances. On the other 
hand, the low spectral purity of this kind of lasers may 
represent a serious drawback for their use in high-resolu- 
tion spectroscopy experiments. Different techniques have 
been demonstrated for the frequency stabilization of diode 
lasers. The use of diode lasers has been limited also be- 
cause they are available only at specific wavelength re- 
gions and at relatively low power when they operate in cw 
single-mode. Injection locking allows to use full power 
while having single-mode operation. This technique 
couples two oscillators so that their frequencies and 
phases are highly correlated. As applied to lasers, this 
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technique is more interesting when a low-power laser with 
desirable frequency properties (the master) is used to im- 
pose its frequency and mode structure onto a high-power 
laser (the slave) whose spectral properties would otherwise 
not be so good. This is accomplished by injecting the 
master laser output into the slave laser's cavity. Injection 
locking operation has been demonstrated to be an easy 
and valid way to convert on single mode the power of 
laser diodes which are multimode free-running lasers [2]. 
This technique, applied to laser diodes, offers the advant- 
age of single-frequency operation of a high-power laser 
without the use of external cavities that reduce the efficien- 
cy and output power of the oscillator. 

Generally, efficient frequency doubling of laser diodes 
is limited by the fundamental power available from single- 
mode lasers. By using an enhancement cavity for the 
fundamental radiation, good second-harmonic generation 
efficiency can be obtained [3, 4]. In [3] the laser diode was 
frequency stabilized by optical feedback fl'om the en- 
hancement external cavity. The high conversion efficiency 
demonstrated in these works was mainly due to the large 
nonlinear susceptibility of the crystal used (KNbO3) and 
to the possibility of using non-critical phase matching. 
However, generation of radiation at shorter wavelength in 
KNbO3 is not possible because the crystal has a low- 
wavelength cut-off at 419 nm. Generation of UV radiation 
at 397 nm by frequency doubling a laser diode was dem- 
onstrated [5] by using angle tuning phase matching of 
LiIO3 crystal in an enhancement cavity. Hayasaka et al. 
[5] used a laser diode frequency stabilized by optical 
feedback from the external enhancement cavity while the 
tuning of the wavelength was realized only by changing 
the temperature of the diode, which gives, as is well 
known, a discontinuous tuning. Furthermore, optical 
feedback from the doubling external cavity limits the 
continuous frequency scanning of the UV radiation. In 
case the laser diode is optically locked to the enhancement 
cavity, the frequency scanning range is never greater than 
6 GHz in the UV region [5]. Frequency doubling of the 
laser diode at shorter wavelength has been realized by 
Tamm [6]. In his work, a low-power frequency-stabilized 
diode laser emitting at 740 nm was doubled by using an 
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LiIO3 crystal placed in an enhancement cavity. Only a few 
microwatts of UV radiation were produced but the optical 
independence of the laser source from the enhancement 
cavity permitted a large scanning range (about 8 GHz). 
Recently, a systematic analysis has been done for the 
generation of UV radiation in the spectral region 
350-420 nm by frequency doubling a Ti: sapphire laser 
[7, 8]. In these works, the second-harmonic generation 
was produced by an LBO crystal mounted in an enhance- 
ment cavity for IR radiation. 

In this work, we report the generation of UV radiation 
around 397 nm by a novel frequency doubling system. It 
consists of a 150mW laser diode injection locked by 
a low-power single-mode laser, mounted in a new pseudo- 
external cavity scheme. Doubling is then obtained by 
using a small cavity, locked to the master (single-mode) 
laser. This system turns out to be extremely compact. The 
IR and UV radiation provided by the system have a low 
amplitude noise because it is an all-solid-state source. 
Finally, it is a versatile laser source because the laser diode 
system for the fundamental radiation and the doubling 
apparatus are independent (optical feedback from the 
doubling cavity is avoided); this allows a large tuning 
range and a large continuous frequency scanning for both 
IR and UV radiation. Frequency stabilization and power 
obtained for IR radiation and UV radiation are enough to 
realize spectroscopic applications: two spectra, one at the 
fundamental frequency and the other in the UV, are 
shown to illustrate the performances of this tunable 
doubling laser system. 

1 Laser source setup 

A schematic diagram of the experimental apparatus is 
shown in Fig. 1. The basic elements of the experimental 

apparatus used in this work were a low-power frequency- 
stabilized laser diode injecting a high-power laser diode, 
a second-harmonic generation crystal mounted in an en- 
hancement cavity for the fundamental radiation, the 
polarization scheme and the servo system to lock the 
cavity (on resonance) to the fundamental radiation; the 
Ar I and Ca II cell and the setup for recording the absorp- 
tion signals. 

An A1GaAs laser diode (Spectra Diode rood. 
SDL5402-H1) was used as the master laser. It emitted 
50 mW cw at 796 nm at room temperature with an injec- 
tion current of 70 mA. The diode was delivered in a sealed 
housing including a Peltier cooler and a thermistor for 
temperature control. The laser temperature was actively 
stabilized to better than 1 inK. The laser was operating 
multimode. For frequency stabilization the laser diode was 
mounted in a novel pseudo-external cavity. The cavity 
was designed in order to have a single output beam with 
a variable optical feedback into the laser diode. This 
allows to optimize the amount of feedback to the laser and 
to maximize the output intensity. The pseudo-external 
cavity was formed by a collimator (focal length = 8 ram), 
a polarizing beam-splitter cube (PC), a quarter-wave plate 
(all of them are AR-coated) and a 1200 lines/ram diffrac- 
tion grating in the Littrow configuration. The linearly 
polarized collimated beam was reflected by the PC and 
became elliptically polarized after passing through the 
retardation plate. The first-order reflection from the grat- 
ing was retroreflected into the diode laser. With the cavity 
properly aligned, the laser operated on a single mode. The 
optical feedback from the grating also allowed a coarse 
selection of the wavelength. By rotating the grating, the 
emission wavelength showed discrete jumps of about 3 A 
corresponding to the spacing of the diode's internal cavity 
modes. Continuous frequency scan was possible by syn- 
chronously changing the current of the diode and the 
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Fig. 1. Schematic diagram of the 
experimental apparatus for the injection 
laser system and the enhancement cavity 
for the second-harmonic generation. 
Details on the novel pseudo-external 
cavity for frequency stabilization of the 
laser diode are shown 
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length of the external cavity using a piezoelectric trans- 
ducer on the grating. The retardation plate can be rotated 
in order to change the relative intensity of the two beams: 
the one reflected by the PC which provided the optical 
feedback into the laser diode, and the one transmitted by 
the PC which represented the most powerful output of the 
pseudo-external cavity system. With a weak feedback, the 
output beam power was larger but the total tuning range 
and the single-sweep amplitude around one wavelength 
were shorter; if the retardation plate was rotated in order 
to provide a larger feedback, the tuning range and the 
frequency scanning range became larger even if the output 
was weaker. We mounted this external cavity configura- 
tion using several frequency-stabilized laser diodes emit- 
ting in the near-infrared. The performances of this kind of 
cavity were analysed by using a laser diode Sharp. rood. 
LT025MD emitting 30 mW single-mode cw radiation at 
782 nm at room temperature. In the external cavity there 
were two main channels of losses: one was a spurious loss 
(about 15% of the free-running laser diode power) caused 
by the bad quality of the grating; the other was the 
zeroth-order reflection of the grating which represented 
an output of the cavity containing about 15% of the 
free-running laser diode power. The maximum power 
output obtained from the external cavity was 70% of the 
free-running laser; under these conditions the wavelength 
tuning range was approximately 1 nm and the continuous 
frequency scanning range was 3 GHz. With an output 
power of 40% of the free-running laser diode power, the 
tuning range became more than 11 nm and the frequency 
scanning range increased to 15 GHz. The zeroth-order 
reflection from the grating represented a weak but useful 
output for diagnostics. 

The single powerful output from the pseudo-external 
cavity could be used as fundamental radiation for second- 
harmonic generation in the doubling enhancement cavity. 
Only a few microwatts of UV radiation were obtained in 
this case because the power of the fundamental radiation 
was still too low. For this reason, we decided to use an 
injection locking system that provides more power. In this 
scheme, the frequency-stabilized laser is the master, the 
slave laser is a Spectra Diode SDL 5422-H1 laser diode, 
similar to the previous one: It emits 150 mW cw at 796 nm 
at room temperature with an injection current of 180 mA. 
The emission of the free-running laser was analysed with 
a Fabry-Perot spectrum analyser; we found a 150 MHz 
full width at half maximum (FWHM), a discontinuous 
frequency changing vs temperature and often a two-mode 
operation. The laser's temperature was actively stabilized 
to better than 1 mK. An optical isolator (isolation 

40 dB) was used to avoid undesired optical feedback 
and, at the same time, permitted a perfect overlap of the 
master and slave beams for injection operation, avoiding 
to send slave radiation back into the master cavity. This 
was accomplished by using the two Glan-Thompson po- 
larizers mounted at both ends of the Faraday rotator of 
the isolator. The beam coming from the slave laser was 
linearly polarized and passed through the isolator, but 
a small part of it was always reflected by the Glan-Thom- 
pson polarizer. This weak beam passed through the es- 
cape port of the isolator. The beam coming from the 
master diode was aligned in the opposite direction on this 

weak beam by using two mirrors and a half-wave plate to 
ensure the optimum polarization. The laser emission 
coming from the slave was monitored with the 1.5 GHz 
free-spectral range Fabry-Perot spectrum analyser. As the 
frequency of the master laser approached one of the mode 
frequencies of the slave laser, light from the master laser 
was regeneratively amplified to higher intensity. The inter- 
ferometer fringes signal at the spectrum analyser is given 
by the slave radiation and by the master radiation that 
started gaining into the semiconductor cavity of the slave 
laser. The optimum alignment for the injection was ob- 
tained by maximizing this last signal until the master light 
eventually saturated the gain in the slave laser to such an 
extent that the original free-running mode was extin- 
guished. Within this locking range, the output of the slave 
laser is phase-locked to the master laser's output. Typi- 
cally, 2 mW of power of the master radiation were neces- 
sary to obtain the locked-oscillator regime and the 
wavelength difference between the master and the slave 
was never greater than 2 nm. Continuous frequency 
scanning of the slave laser radiation was obtained by 
frequency scanning the master radiation while the slave 
was injection-locked; a typical scanning range was of 
about 6 GHz. For a larger frequency scanning range, it is 
necessary to modulate the slave current while modulating 
the frequency of the master radiation. 

To couple the fundamental radiation into the cavity, it 
is important to consider that the laser beam has an ellipti- 
cal cross-section, which can be circularized by means of an 
anamorphic prism pair (Melles Griot 06GPU001). 
A couple of these prisms was mounted on the beams of 
both laser diodes in order to obtain circular beams with 
about 2 mm diameter cross-section. A half-wave plate in 
front of the prism pairs rotated the polarization such that 
the light was transmitted through the prisms at Brewster's 
angle. The half-wave plate and the anamorphic prism 
pairs were mounted immediately after the collimating 
lens; this provided a small cross-section of the beam which 
could be easily aligned through the isolator. 

In order to estimate the efficiency and stability of the 
injection laser system, we beat the master laser and the 
slave laser. This measurement was performed by using an 
injection laser system emitting at 850 nm. The master laser 
was a laser diode (STC LT50A-03u) emitting 30mW 
single-mode and was frequency stabilized by the external 
cavity; the slave laser was a laser diode (SDL-5422-H1) 
emitting 150mW. Light coming from the slave laser 
passed through an acousto-optical modulator (AOM) and 
was frequency-shifted by 120 MHz. In the locked-oscil- 
lator regime, the beat note between the master laser and 
the slave laser was analysed by a spectrum analyser as 
shown in Fig. 2. The width of the central peak was limited 
by resolution of the spectrum analyser. A background of 
less than - 4 0  dBc was observed when the resolution 
bandwidth was 1 kHz. This indicated that about 99% of 
the power was in the carrier. 

UV radiation was generated by a lithium-triborate 
crystal placed in an external enhancement cavity. To in- 
vestigate the production of UV radiation in the 
350-420 nm region, Adams et al. [7] compared the effi- 
ciency of three crystals suitable for UV generation in this 
spectral range: /~-barium borate (BBO), lithium iodate 
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Fig. 2. Spectrum analyser recording of the beat note between the 
master laser and the slave laser in the injection locking regime. The 
frequency span is 500 kHz and the resolution bandwidth is 1 kHz 

(LiIO3) and lithium-triborate (LBO). This work points 
out that the second-harmonic conversion coefficient in 
BBO is lower than that in LiIO3, while in LBO and LiIO3 
they are comparable. Moreover, LBO has a much lower 
walk-off and angular sensitivity. Finally, LiIO3 is hygro- 
scopic and requires a dry nitrogen purge during use. O n  
the basis of these considerations, we selected LBO as the 
most suitable material for frequency doubling of laser 
sources operating in the 700-850 nm region. 

The laser diode emission was focused into the four 
mirrors enhancement cavity, which was a bow-tie ring 
resonator with two curved mirrors and two planar mir- 
rors. The planar input coupler had a transmission of 
2.2%, a value chosen as a result of an estimate to obtain 
a high enhancement. The other three mirrors were highly 
reflecting for the fundamental radiation. The two curved 
mirrors had radii of 50mm and were separated by 
dl = 65 mm. The optical path that connected the two 
curved mirrors through the two planar mirrors was 
d2 = 270 ram. The 12 mm lithium-triborate (LBO) crystal 
was placed in the small focus of the cavity between the two 
curved mirrors which were 85% transmitting in the UV 
region near 400 nm; the crystal ends were cut at Brewster's 
angle for 794 nm. The cavity turns out to be astigmatically 
compensated. We achieved the phase matching by angle 
tuning; the crystal was mounted on a tiltable mount and 
was held in place by heat-conducting paste. The whole 
cavity and the mounts were realized as described in [9]. 
The mounts had a maximum dimension of about 20 mm 
and were fabricated from a single piece of nickel silver (an 
alloy of 62% copper, 18% nickel, and 20% zinc which is 
sufficiently elastic and easy to machine). All the mirrors 
were glued on the mounts. Horizontal- and vertical-angle 
fine adjustment were possible within a small range. 
A drawing of the beam path, the crystal and the exact 
position of the mirror mounts was realized by computer 
and printed with a laser printer. The plot paper was glued 
on a 20 mm thick aluminium plate and the cavity elements 
were fixed to that plate with a precision of about 0.2 mm. 
No fine spatial adjustment was necessary or foreseen. The 

whole cavity (200 x 100 x 50 mm) was covered with a lu- 
cite box in order to avoid air turbulence which reduced 
the cavity stability. The confocal parameter in the short 
arm of the cavity was calculated to be 5.4 mm outside the 
crystal, which yielded a 0.033 mm waist in the sagittal 
plane and a 0.053 mm waist in the tangential plane inside 
the crystal. The beam is focused into the cavity by a sys- 
tem of two lenses ( f  = 300 mm and f =  30 ram); the beam 
matched the larger waist of the cavity between the two 
planar mirrors. To provide a stable locking and also to 
scan the frequency of the UV radiation, we controlled the 
cavity length with a piezo-mounted mirror. To servo con- 
trol this length to the desired value, we used a polariza- 
tion-locking scheme like the one suggested by Hiinsch and 
Couillaud [10]. The continuous frequency scanning range 
of the UV radiation was larger than in [3, 5]. This is due to 
the independence of the injected laser system, which pro- 
vides the fundamental radiation, from the enhancement 
cavity. Optical feedback from the enhancement cavity into 
the injected diode laser is prevented by use of an optical 
isolator. Actually when the slave laser diode was not 
injected by the master, it tried to lock to the enhancement 
cavity because of optical feedback, although the optical 
isolator was aligned at best; while operating in the locked- 
oscillator regime, it is not at all sensitive to feedback from 
the enhancement cavity. The power available at the en- 
trance of the enhancement cavity is 130 mW when the 
slave laser diode is operating at its maximum injection 
current. Nearly 60% of the fundamental radiation is effec- 
tively coupled into the cavity. The UV radiation produced 
in the enhancement cavity was collected after the curved 
mirror by a convex lens ( f  = 100 mm), a dielectric mirror 
HR-coated for UV and a cylindrical lens ( f  = 400 mm). 
The lenses were mounted to collimate the UV beam and 
to correct its astigmatism due to the walk-off in the LBO 
crystal. The maximum second-harmonic power obtained 
is 0.850 mW, measured behind the cylindrical lens, with 
130 mW of laser input power. In fact, the second-har- 
monic power produced in the crystal was ~ 1.2 mW, but 
the UV radiation is partially reflected by the output face of 
the crystal (19.7%) and by the curved mirror (about 15%). 

A better mode matching should give the possibility to 
attain a higher conversion efficiency in second-harmonic 
generation. Mode matching can be made more efficient by 
careful adjustment of the prism pair and of the mode- 
matching lenses. Another parameter that should be opti- 
mized is the position of the crystal relative to the beam 
waist. A translation stage should be used to find the best 
point on the front face of the crystal. 

As we will show in the next section, the power ob- 
tained is enough to detect spectroscopic lines with a good 
sensitivity (better than one part in 102). The sensitivity of 
the spectrometer is limited by the amplitude noise intro- 
duced by the cavity locking. Therefore, a better sensitivity 
is only possible if this amplitude noise is reduced. 

2 Spectroscopic applications 

In this section, some applications of our system to 
spectroscopy will be described. To test the master laser 
with the newly developed cavity, we have recorded the 
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Ar 1 4s 3P° 0 - 4 p  1P 1 transition at 795 nm while the doub- 
led radiation was used to record the Ca II  4 2S~/2-4 2P~/2 
absorption line at 397 nm. 

Calcium ion was produced by sputtering in a hollow 
cathode discharge sustained by argon; this also made it 
possible to observe argon atoms in the excited levels. 
Details on the construction of the cell have been given in 
[11]. The solid calcium cathode was 15 mm long with 
a 4 m m  hole drilled through it. The maximum current 
value was 100 mA. The minimum argon pressure at which 
the discharge operated in a stable regime was 0.3 Tort.  

The Doppler-free spectrum of the Ar a tom was re- 
corded using radiation from the master laser. The un- 
focused beam, having a power of 1.5 m W  and a diameter 
of 1.2 ram, was sent through the cathode bore and reflec- 
ted back by a mirror  mounted behind the cell, the super- 
position of the two beams was of a few mrad, in order to 
separate the returning beam and send it to a photodiode. 
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Fig. 3. Top: Absorption profile of the 4s 3P° o-4p 1P 1 transition of 
argon at 795 nm. The laser beam was retroreflected through the 
cathode in order to produce a saturation dip, which can be observed 
on the top of the Doppler profile. The frequency calibration is 
performed by recording the 75 MHz FSR interference fringes of 
a confocal Fabry-Perot cavity. The pressure of the argon gas was 
0.5 Tort. The saturation signal was recorded by sending the photo- 
diode signal to a digital oscilloscope; a 4 ms time constant was used. 
Bottom: The derivative signal of the spectrum of the argon line is 
shown; in this case the pressure of the argon gas inside the cell was 
1.3 Torr 

In Fig. 3 the Doppler  profile of the Ar I line with the 
saturation dip is shown, together with a recording of the 
dip in first derivative. The derivative signal was obtained 
by modulating the laser diode current at 10kHz  and 
detecting in phase the photodiode output with a lock-in 
amplifier (1 ms time constant). The amplitude noise spec- 

tral density was of the order of 5 x 10-5/.~Hz. The signal- 
to-noise ratio is mainly limited by intensity fluctuations of 
background radiation from the cell. To measure the Ar 
I linewidth, the zeroth-order output from the master grat- 
ing was sent to a 1 m long Fabry-Perot  spectrum analyser 
with a 75 MHz  free spectral range. A Doppler  width of 
1.39(6) G H z  (FWHM) was measured, giving a temper- 
ature of 1060 K for argon atoms. 

The calcium ion absorption line was recorded with an 
absorption spectroscopy scheme. It was necessary to re- 
duce the amplitude noise mainly introduced by the doubl- 
ing cavity. For  this reason, a beam splitter was mounted 
before the cell in order to split the laser beam into two 
beams: one which passed through the cell and experienced 
the absorption, and the other which represented a refer- 
ence beam. Two separate photodiodes were mounted to 
detect the intensity of the two beams and a difference was 
performed between the signal of the two photodiodes. 
A further noise reduction was achieved by amplitude 
modulating with a chopper at a 2 kHz rate and de- 
modulating the difference signal from the two photo- 
diodes with a lock-in amplifier. The irises before the 
photodiodes reduced the amount  of emitted radiation 
from the cell reaching the detectors. A recording of the 
Ca I I  transition is shown in Fig. 4. The amplitude noise 
spectral density was of the order of 5 x 10-4/ , /Hz.  The 
low UV power radiation and the intensity fluctuations of 
the background radiation from the cell limited the signal- 
to-noise ratio. From this recording and from others using 
the 75 MHz  FSR Fabry-Perot ,  we measured a Doppler  
width of 3.49(3) G H z  (FWHM), corresponding to a kin- 
etic temperature of about  1680 K. A 40% absorption was 
observed for this line, while the total span for the single 
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Fig. 4. Absorption spectrum of the 4 2S1/2 4 2P1/2 transition in Ca 
II at 397 nm. The pressure of the buffer gas was 1.2 Torr. The 
frequency calibration is performed by recording the 1.5 GHz FSR 
interference fringes produced by the fundamental radiation at 
796 nm in a confocal Fabry-Perot cavity 
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continuous sweep in Fig. 4 is 11.2 G H z  in the UV, cal- 
culated by taking into account the nonlinear dependence 
of the P Z T  displacement on the applied voltage. A low- 
frequency (about 0.1Hz) triangular wave was syn- 
chronously fed to the P Z T  and to the current of the 
master  laser, to perform the sweep withofit mode jumps. 
The limiting factor for larger frequency scans turns out to 
be the injection locking bandwidth. In fact, changing the 
master laser current to perform long sweeps, as already 
explained, unavoidably implies an intensity modulat ion of 
the laser output, used for the injection. This prevents 
a necessary optimization of the injection power which, the 
larger the scan is, the more changes. 

almost two times better than previous results. This gives 
the possibility to use this spectroscopic apparatus to re- 
cord transitions of atoms even lighter than calcium and, 
therefore, with larger Doppler  widths. Frequency self-cal- 
ibration of UV sweeps may also be achieved by simulta- 
neously recording some carefully selected reference 
transition at the fundamental frequency, using for 
example the iodine molecule, which has a rich spectrum in 
this spectral region [-12]. 
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3 Conclusions 

We have frequency-doubled radiation from a semiconduc- 
tor diode laser emitting around 794 nm, injection-locked 
to a low-power laser diode mounted in an external cavity 
of new design, which allows to change the ratio between 
internal feedback and emitting power. 

A compact  enhancement cavity, in combination with 
an LBO crystal, was used to produce up to 0.850 m W  of 
UV radiation. 

The spectroscopic performance of the system, both at 
the fundamental and at the doubled frequency, was tested 
by recording the Doppler-free Ar 1 4s 3P° o - 4 p  Ip1 line at 
795 nm and the absorption signal from the Ca II  
4 2S1/2-4 2p1/2 transition at 397 rim. 

The system proved to be a narrow-line, low-noise, 
all-solid state spectroscopic source, able to make continu- 
ous, broad scans of more than 11 G H z  in the UV, a value 
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