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Abstract

Ž .We report on a lithium triborate LBO second harmonic generator delivering up to 6-mW usable power at 397 nm out of
33 mW of a 794-nm diode laser radiation. The LBO crystal is placed in an external ring cavity, compensated for astigmatism
and coma, to enhance the fundamental power. Three cavity input couplers were tested for impedance-matching. With the
best cavity, the enhancement factor of 1.5 is measured for 794-nm radiation, leading to an enhancement factor of 225 for the
397-nm beam. q 1998 Elsevier Science B.V. All rights reserved.

PACS: 42.55.P; 42.62; 42.65.K
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1. Introduction

In high-resolution spectroscopy of alkaline atoms and
ions whose electronic resonance transitions are in the UV
region, we need continuous, tunable, narrow line-width
sources in this domain. Diode lasers are continuous-wave,
tunable and compact sources. Unfortunately, nowadays,
they can only access visible and infrared radiations. Sec-

Ž .ond harmonic generation SHG in nonlinear crystals is
then an alternative to extend the spectral range accessible
with diode lasers to the UV region. Recently, several
authors have reported external-cavity enhanced SHG in

w xthis region using diode laser as fundamental source 1–4 .
For the realization of an optical frequency standard,

q w xCa ion is a promising candidate 5 . It has a red transition
with a very narrow natural line-width, which can be actu-
ally observed with very small perturbation in a Paul trap.
Moreover, all the useful transitions involved in the experi-
ment can be reached with laser diodes, yielding a reliable
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and compact setup. Laser cooling and observation of these
ions require a source at 397 nm. Since this wavelength is
not available with commercial laser diodes, it can be
generated by SHG of a 794-nm laser diode radiation using
nonlinear bulk crystals. To double an 842-nm radiation,

w xHammerich et al. 1 used KNbO because it has a large3
w xnonlinear susceptibility 6,7 . However, the 908 noncritical

phase-matching wavelength in this crystal can only be
w xtemperature tuned until 838 nm for Tsy368 8 . Below

this temperature, KNbO undergoes a phase transition.3

Hence, SHG of a 794-nm radiation is not possible in this
crystal. Apart from KNbO , the other classical crystals do3

not present the optimal 908 noncritical phase-matching
condition at 794 nm. With critical phase-matching, the
mostly used crystals for SHG in the UV region are LiIO ,3

BBO and LBO. These crystals, compared to other UV
Ž .crystals KDP, ADP , have larger optical nonlinearity.

Performances of these crystals are summarised in Table 1
where the theoretical conversion efficiency g is calcu-SH

w xlated using Ref. 9 for 1.4-cm crystal length.
The LiIO crystal has a large nonlinear coefficient, but3

its large walk-off angle, small acceptance angle and hy-
groscopy make it difficult to use. As LiIO , BBO crystal3
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Table 1
Comparison of three UV crystal performances for SHG

Crystal LiIO BBO LBO3

Transparency window 0.3–6 mm 0.19–2.6 mm 0.16–2.6 mm
n 1.87 1.69 1.610

Ž .Phase-matching angle deg for type I oo™e 42 27 ws32, us90
Ž .Walk-off deg 5 3.9 1

Ž .d Definition d sinu d cosu d cosweff 31 22 32
Ž . w xd pmrV 6,7 d sy4.10 d s2.22 d s1.17ij 31 22 32
Ž .d pmrV 2.7 1.9 1.0eff

y4 y1Ž . w xg =10 W 9 1.40 1.18 1.26SH

has large walk-off angle, which limits the aperture length
of the crystal. Though LBO has a smaller nonlinear sus-
ceptibility, it is more convenient to use due to its very
small walk-off angle, large angle and wavelength accep-
tances, and high damage threshold. And although this
crystal has been shown to be the most suitable material for

w xfrequency doubling in the 700–850-nm region 10 , it is
not frequently used, especially to double diode laser radia-
tion.

To have a compact, portable and tunable source, diode
lasers are needed for SHG. But, due to low power of these

Ž .diodes typically up to 100 mW , and to the small conver-
Ž .sion efficiency g cf. Table 1 , the mW-level of the UVSH

q w xpower required to detect and cool the Ca ions 11,12
cannot be obtained by single pass doubling. The use of an
external passive resonator is hence needed to enhance the
generated harmonic power.

This paper reports on our experimental results obtained
with a resonant external ring cavity used to frequency
double the 794-nm radiation from a 100-mW AlGaAs
diode laser. The astigmatism and coma-compensated shape
of the cavity, the impedance and mode-matching, and the
stabilization of a cavity resonance frequency to the laser
frequency will be discussed.

2. Theoretical determination of the cavity parameters

2.1. Astigmatism and coma compensation

To limit cavity losses by inserting the nonlinear crystal,
the latter is cut at Brewster angles for the 794-nm radia-
tion. In focusing through a Brewster angled surface, astig-
matism and coma are introduced. Astigmatism distortion
limits the performance of SHG and coma degrades the
focus in the crystal and introduces linear losses inside the
cavity. Our ring enhancement cavity is designed to min-
imise these astigmatism and coma aberrations. Also, the
distance between the two curved mirrors is chosen to
assure cavity stability and to optimise the waist in the

w xcrystal for SHG. As shown by Kogelnik et al. 13 , astig-
matism can be compensated by the use of off-axis focusing

w xmirrors. Also, Dunn and Ferguson 14 present an unusual
Ž .cavity design Fig. 1 that enables both aberrations to be

eliminated, both in the crystal and overall.
Astigmatism introduced by reflection at one Brewster

angled surface can be compensated by one reflection at
one of the off-axis mirrors for the angle of incidence
Is I . Good focus as well as overall cavity stability arecorr

preserved. If r is the radius of curvature of the spherical
mirror, n is the refraction index of the crystal, t is the
crystal length measured normally to the inclined facets of
the crystal, the condition for astigmatism compensation is:

2 2't n y1 n q1Ž .
r tan I sin I s .corr corr 4n

For rs10 cm, ts1.4 cm, ns1.6, we find I s14.38.corr

Astigmatism compensation is independent of the sign
of the crystal orientation. On the other hand, since the
coma is an odd function of the angle I, the orientation of
the crystal is important for coma compensation or reduc-
tion. Because the size of the different mountings limits the
minimum value of r, coma cannot be also compensated
but it is reduced with the asymmetric arrangement of
mirrors M and M around the crystal. The residual coma2 3

D x in the focal plane within the crystal is:

4 2'2 t n y1 n q1Ž .
2

D xs6n r sin Iy d ,7ž /n

where 4d is the far field diffraction angle and can be
written as: 4dslrp w , w is the cavity waist inside the0 0

crystal.
This residual coma induces a degradation of the cavity

focus. This degradation is composed of a spatial asymmet-
ric deformation and an extent. It is equivalent to an
inaccurate mode-matching. To evaluate it, we compare the
residual coma D x to the beam waist determined by the
cavity. For a cavity with a shape described in Fig. 1 and
with length L, the average waist w within the crystal in0

w xthe stability range of the cavity verifies 14 :

l r 2
2w s .0 2p 2 LyrŽ .
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Fig. 1. Experimental setup showing the ring enhancement cavity and the stabilisation of the cavity length to the laser frequency.

Then, for Ls50 cm, rs10 cm, ns1.6, ls794 nm,
we find w s40 mm and D xrw s0.8% per round-trip in0 0

our cavity. For a more classical ring enhancement cavity
with the same parameters and with no coma compensation,
it would have been D xrw s2.2%. For the Gaussian0

mode TEM of the cavity, if the waist deformation due to00

coma after a round trip in the cavity is modelised by a D x
extent combined with a D x shift, we calculate 2=
Ž .2
D xrw extra losses per round trip. This result means0

0.01% extra losses for our cavity and 0.1% extra losses for
a classical cavity. As we show further in Section 4, such
extra losses can be significant.

2.2. Impedance-matching

The enhancement of power in a ring resonant cavity
depends on the transmission of the coupling mirror and the
total losses inside the cavity. These losses are due to the
less than 100% reflectivity of the three highly reflecting
mirrors, to the absorption and scattering in the crystal, and
to the conversion of the fundamental power into harmonic

Žpower. If R is the input mirror reflectivity and T its
.transmission factor and l describes the intra-cavity losses,

w xthe enhancement factor k can be expressed by 15,16 :

1yR 4T
ks f for T ,l<1.2 2Tq lŽ .'1y R 1y lŽ .Ž .

One can see that the enhancement factor reaches its
Ž .maximum value when R is equal to 1y l or when the

Ž .transmission T is equal to l impedance-matching . Be-
cause of poor spatial qualities of diode laser light, mode-
matching is quite more delicate than with dye or

titanium–sapphire lasers which have very good TEM00

mode. If we call h the mode-matching factor, the real
enhancement factor is Sshk .

3. Experiment

The experimental setup is presented in Fig. 1. After a
collimating lens, and an afocal system of cylindrical lenses
to circularize the beam profile, the 794-nm radiation is
mode-matched to the cavity with two spherical lenses of
20 and 10 cm focal lengths. The spacing between these
lenses can be adjusted by translation stages to optimise the
mode-matching.

Fig. 2. Theoretical and experimental dependence of the harmonic
power on the fundamental beam waist size within the crystal.
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The bow-tie ring enhancement cavity is made of two
Ž . Žplanar mirrors M and M and two curved mirrors M1 4 2

.and M with 10-cm radius of curvature. The mirror M is3 1

an input coupler with a transmission factor T at 794 nm.
The coupling efficiency depends on this factor T which
allows to impedance-match the total losses inside the

Ž .cavity. One of the two curved mirrors M is a dichroic3

mirror. It transmits 90% of the 397-nm radiation and
reflects 99.9% of the 794-nm radiation. The other two
mirrors M and M have their reflectivity nearly equal to2 4

1 at the fundamental 794-nm radiation. The optical length
of the cavity is 50 cm. The whole cavity is placed upon a
plate to isolate from vibrations.

The 1.4-cm-long LBO crystal is cut at Brewster angle
for horizontal polarization and at 32.288 internal angle for

Ž .type I oo™e phase-matching. The losses at Brewster
angle for the 794-nm beam are measured to be 0.7% at the
optimum phase-matching angle. The crystal is put between

Ž .the two curved mirrors M and M which are supported2 3

Ž .Fig. 3. a Example of an error signal for frequency stabilisation.
Ž .b Optical power reflected at the coupling mirror input of the
enhancement cavity showing the decreased resonance peak and
the 80% mode-matching rate.

by translation stages. The distance between M and M is2 3

chosen to assure the stability of the cavity and to optimise
the size of the waist in the center of the crystal so that the
conversion efficiency of the SHG is maximised. Fig. 2
shows the conversion efficiency versus the waist sizes. In
this figure, the experimental points are obtained by single
pass SHG and the corresponding waist sizes are the mea-
sured ones. The experimental and theoretical optimum
waist sizes at the center of the crystal are about 33 and 27
mm, respectively. The difference between the two optima
is due to the fact that a Gaussian beam is supposed for
theoretical calculations while in reality diode laser beams
are astigmatic.

The planar mirror M is supported by a piezoelectric4
Ž .transducer PZT which permits to scan the cavity length

over 4 GHz and to adjust this length so that a peak of the
cavity resonance optically locks to the laser frequency. The
locking scheme is a technique using a polarization spec-

w xtroscopy of the reflected beam from the cavity 17 . A lr2
plate is placed in front of the cavity to give a small angle
to the polarization of the incident radiation with respect to
the polarization of the ring cavity defined by the Brewster
facets of the LBO crystal. The reflected light acquires a
frequency-dependent elliptical polarization. A polarization
analyzer formed by a lr4 retarder and a Glan prism
detects the dispersion shaped resonances which give the
signal error for electronic frequency stabilization. Fig. 3a
shows an example of an error signal registered by a
numerical oscilloscope.

4. Results

As previously noted, the enhancement factor of the
794-nm radiation in the cavity depends on the transmission
factor T of mirror M and on the intra-cavity losses. We1

use three input couplers with measured T equal to 1.5,C

4.6 and 5.9% to test the impedance-matching to intra-cav-
ity losses. For each coupler, we measure the resonant

Žreflectivity of the cavity R sP rP where P is theR s ns s

mirror M reflected power when the cavity is resonant for1

the fundamental light and P when the cavity is notns
.resonant , the cavity finesse F , the real enhancementm

Žfactor SsP rP where P and P are the 794-nminside in inside in

Table 2
Enhancement cavity properties

Ž . Ž . Ž . Ž . Ž . Ž .T % R % F S T % l % k R % h %C R m eff C

1.5 53 92 8.7 6.8 5.3 13 31 78.4
4.6 20 62 15 10.1 5.5 18 0.8 80.8
5.9 25 55 11.6 11.4 5.5 18 0.1 75.1

Left: experimental measurements; Right: extrapolated from exper-
imental results.
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Fig. 4. Experimental SH power without and with the best enhancement cavity.

.powers inside the cavity and at the cavity input . From
w xthese measurements, we retrieve 2,18 the relative power

Ž .loss per round-trip T T s2prF , the intra-cavityeff eff m
Ž .losses l lsT yT , the enhancement factor in the caseeff C

Ž 2 .of perfect mode-matching k ks4T rT , the residualC eff
Ž Žreflectivity due to impedance-mismatch R R s T yC C eff

.2 2 . Ž2T rT , and the mode-matching rate hs1y R yC eff R
.R . All these results are summarised in Table 2. TheC

intra-cavity loss l is about 5.5%. This high factor is
probably due to bad quality of the highly-reflection coating
of our mirrors. The mode-matching rate is about 80%. The
input coupler with Ts1.5% does not allow a good

Ž .impedance-matching to cavity losses R s31% , whileC
Ž .the other two input couplers Ts4.6% and Ts5.9%

Ž .allow a perfect impedance-matching R -1% . In theC

experimental situation, the highest observed mode-match-
Ž . Ž .ing rate Fig. 3b is 80% R s20% for the coupler withR

Ts4.6%. The latter is then the best coupler, and the total
enhancement factor of the fundamental beam is then Ss
hks15.

In our configuration, an addition of l s0.1% lossesc

due to coma leads to a 2 l rT s2% decrease of thec eff

enhancement factor. In our case, although the coma effect
Ž .is small, the other intra-cavity losses are quite high 5.5% .

Moreover, waist degradation due to coma increases when
the cavity waist decreases. With a 33-mm waist, that
optimises SHG, the residual relative coma D xrw be-0

comes 1.4% in our configuration and 3.6% if coma is not
compensated. The latter case leads to 0.22% extra losses
per round trip due to coma. With the coma correction, the
gain in the enhancement factor is 4.5% and in the blue
power is 9%.

Fig. 4 shows the comparison of the generated harmonic
Ž .powers compensated for different losses measured with-

out and with the best enhancement cavity. From these
curves, the doubling efficiency coefficients are 0.44=10y4

and 7.80=10y3 WrW2, respectively. With the enhance-
ment cavity, the corresponding theoretical efficiency is
gs20=10y3 WrW2. This efficiency g is obtained by
using g issued from Table 1 and by taking into accountSH

Ž .the enhancement factor of the cavity Ss15 , 20% loss
due to the fact that the output facet of the crystal is not at

w xBrewster angle for the 397-nm beam 19 and 10% loss
due to the mirror M . The difference between the experi-3

mental and theoretical values is due to the bad spatial
qualities and the observed astigmatism of diode laser
radiation, and to the errors caused by the difficulty in
measuring the low level of the harmonic power.

The blue-generated output is a Gaussian beam issued
from the TEM cavity mode. It is slightly divergent and00

has a 1=4.5 elliptical cross-section because of the walk-off
angle. This elliptical cross-section can be reduced to ;1
=1.3 with two cylindrical lenses in an afocal configura-
tion. It is then focused to a 90-mm waist in the center of
the ion trap with two spherical lenses. From the diffraction
formula, we calculate a 78-mm waist. The blue beam is
hence a nearly time-diffraction-limited beam. The UV
available power for the detection and the cooling of the
Caq ions is 2.4 mW.

5. Conclusion

We have used an efficient bow-tie ring enhancement
cavity, compensated for astigmatism and coma, to generate
6-mW usable power of 397-nm radiation out of 33 mW of
a diode laser output by SHG using LBO crystal. This UV
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power level is enough to detect the S–P transition of Caq

w x Žions 11 , but still not sufficient to cool these ions a
50-mW level would be necessary to saturate the S–P

.transition . To optimise the UV power generated, low loss
optical elements should be used to replace the ones which
were used to reshape the laser beam, in such a way to
increase the 794-nm power in front of the cavity. Further-
more, the single diode laser can be advantageously re-
placed with an injection-locked master oscillator-power
amplifier diode setup, delivering a 100-mW power and a
500-kHz level line-width. A grating-tuned-ECDL as the
master oscillator will allow a continuous frequency tuning
of the UV radiation around 397 nm for high-resolution
spectroscopy of UV atomic transitions.
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