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Blue 403 nm laser light is generated by frequency doubling the radiation of an AlGaAs diode laser
oscillator amplifier system in critically phase matched LiB3O5 ~LBO! and b-BaB2O4 ~BBO!
crystals. The laser system emits 400 mW of single frequency 806 nm radiation in an almost
diffraction limited beam. For optimum doubling efficiency the laser radiation is enhanced by a
resonant external ring cavity. The nonlinear crystal is placed at a resonator internal focus. Using a
16-mm-long LBO crystal a diode laser power of 387 mW generated 98 mW of second harmonic
radiation, corresponding to a conversion efficiency of 25%. The same power was obtained in a 12-
mm-long BBO crystal with a laser power of 417 mW. The measured conversion efficiencies are in
good agreement with the values calculated for critically phase matched conversion in these
nonlinear materials. ©1997 American Institute of Physics.@S0003-6951~97!04427-6#
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Compact blue laser sources are of interest for many
plications. Although the operation of blue semiconductor
ode lasers has recently been demonstrated,1 the development
of reliable, high power devices, as required for most ap
cations, still remains a challenge.

An alternative method for diode laser based blue lig
generation is the second harmonic generation~SHG! of near
infrared diode laser light.2 For an optimum doubling effi-
ciency the power of the diode radiation is usually enhan
by a resonant external cavity. The nonlinear crystal is th
placed at a resonator internal focus. This method requ
however, single-frequency radiation in a diffraction limite
beam. Appropriate diode laser sources are thus single-s
diode lasers or master oscillator power amplifier~MOPA!
systems.

The doubling crystal should provide a high nonlinear
and an optimum effective interaction length. The only ma
rial which provides noncritical phase-matching~NCPM! in
the wavelength range of AlGaAs diode lasers~780–860 nm!
is KNbO3. For temperatures of220 to 180 °C NCPM is
possible in the wavelength range of 843–968 nm~a-cut! or
968–1083 nm~b-cut!.3 Using a KNbO3 crystal, 156 mW of
486 nm radiation has been generated.2

The aim of our investigation was the frequency conv
sion of the radiation of AlGaAs diode laser MOPA system
operating at 806 nm. The generated 403 nm radiation i
special interest for applications like the holographic d
storage in photorefractive crystals4 or the atomic absorption
monitoring for deposition process control of gallium at 4
nm.5 Nonlinear crystals~with a high optical quality! appro-
priate for doubling 806 nm radiation are critically type
phase matched~xy-cut! LBO and BBO. However, compare
to the NCPM in KNbO3 the nonlinearity is lower by a facto
of 25 ~LBO! or 9 ~BBO!.3 In addition, the walkoffr between
the fundamental laser beam and the generated blue radi
~r50.932° in LBO andr53.852° in BBO! determines the
optimum focusing of the laser radiation. For an input pow
of 0.5 W the optimum spot size of the focus is about
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mm in both crystals. This limits the effective crystal lengt
to 16 mm~LBO! and 12 mm~BBO!.6 Despite these disad
vantages the results of our investigations demonstrate
frequency doubling of diode laser radiation can be effici
even in critically phase-matched crystals, if the diode la
beam is of high spatial and spectral quality.

The diode laser MOPA-system consists of an AlGa
laser diode with an antireflection coated front facet~SDL-
AR-5410-C, temperature 15 °C! and a tapered amplifie
~SDL-8630-E, temperature28 °C! ~Fig. 1!. Two collimators
L1 ~f5 6.5 mm! and L2 ~f57 mm!, image the oscillator
output facet onto the input facet of the amplifier. The las
diodes are optically isolated by a 40 dB isolator~Gsänger FR
790/4!.

The input-output characteristics of this system are ty
cal for a saturated amplifier.7 With input powers of less than
1 mW and an amplifier current of 1.5 A up to 600 mW
output power were generated in an almost diffraction limit
beam.

FIG. 1. Experimental setup of the diode laser oscillator amplifier system
the external enhancement cavity with the resonator internal nonlinear c
tal.
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The single lobed farfield pattern of the amplifier outp
is shown in Fig. 2. The beam divergence in the plane p
pendicular to the active area~measured with a Merchante
Beamscope! was diffraction limited~M251.1!. The value of
the M2 parameter parallel to the active area was independ
of the amplifier current but increased from 1.3 to 1.5 for
increase in input power from 30mW to 20 mW. The fact that
the beam is not diffraction limited in this plane, indicates th
the wave front in the farfield is not planar. We measured
wave front using a wave front profilometer~Melles Griot,
WaveAlyzer 13WAS003!. As seen from Fig. 3 the wav
front is curved in the plane perpendicular to the active lay
This is due to abberations of the collimating optics. Para
to the layer the wave front is also curved. This curvature
caused by a change of the refractive index within the ac
layer due to an inhomogeneous distribution of the tempe
ture and light intensity.

Experiments confirmed that the wavelength and
spectral width of the amplified radiation was identical w
those of the oscillator light. The measured spectral amp
cation bandwidth of the amplifier was about 20 nm. T
linewidth of the amplified radiation was 14 MHz.

The radiation generated by this MOPA system was c
limated by the lens L3~f56.5 mm! and focused by lens L4~f
5100 mm!. Mode-matching optics, which consisted of th

FIG. 2. Farfield pattern of the amplifier output beam parallel to the ac
area~I51.4 A, Pin520 mW!.

FIG. 3. Relative phase of the wave front of the amplifier output parallel
perpendicular to the active layer.
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spherical lenses L5~f580 mm! and L8 ~f520 mm! and the
cylindrical lenses L6~f540 mm! and L7 ~f512.5 mm! fo-
cused the laser light into a 4-mirror ring cavity. The MOP
and the ring cavity were optically isolated by a 60 dB iso
tor ~Gsänger, model DLI-1!. The crystal~with Brewster cut
facets! was placed at the focus between the two spher
mirrors M1 and M2~r5100 mm!. Besides mirror M3 all
mirrors were high-reflection~HR! coated for 806 nm. The
reflectivitiesRHR of the high reflective mirrors were dete
mined by measuring the finesseF of a linear cavity formed
by two of these mirrors. The finesse of this cavity is given

F 5
Dn

dn
5

pARHR

12RHR
. ~1!

With a measured spectral linewidthDn51.5 MHz and a
spectral mode separationdn515 GHz, Equation~1! yields a
mirror reflectivity ofRHR599.97%.

The total lossesVc of the LBO and BBO crystals~grown
by Castech! were determined by placing them in a line
cavity formed by one of the high reflecting mirrors and
mirror M3 with the reflectivityRM3 . For this cavity the reso-
nant enhancement factorE was measured for different value
of RM3 ~RM3599.7%, 99.3%, 98.3%, 96.1%!. The enhance-
ment factor is given byE5Ptrans /@(12RHR)POSC#, where
POSC is the laser power measured in front of M3 an
Ptrans is 806 nm power transmitted by the HR cavity mirro
In the case of LBO a maximum value ofE586 was mea-
sured forRM3599.3%. For this reflectivity, which provide
optimum impedance matching, the total loss in the cavity
identical to the transmission of M3. The crystal lossesVc are
thus given byVc5RHR2RM32VSHG. VSHG is the power
loss due to second harmonic generation. Because the m
surements were performed with low laser power~POSC552
mW! the value ofVSHG was less than 0.04%. The cryst
losses determined in this way from the optimum reflectiv
RM3 were 0.6% for LBO and 0.5% for BBO. These lo
values indicate the high quality of the crystals.

For stable SHG generation the 806 nm diode laser ra
tion had to be stabilized to a resonance frequency of
external cavity. This was accomplished by coupling the la
radiation transmitted by the ring cavity mirror M4~P,1
mW! into the oscillator~Fig. 1!. This feedback not only
locks the wavelength of the oscillator to a resonance of
external cavity but also reduces the oscillator linewidth
less than 10 MHz~the resolution limit of the analyzing scan
ning Fabry–Perot interferometer!. It should be mentioned
that the linewidth of the cavity resonance as calculated
taking the losses of the optical components into accoun
1.5 MHz. Because of external perturbations, such as
chanical vibrations or acoustic noise, the laser freque
changed to different cavity resonances in time intervals o
few ms to several s. This mode hoping could be stron
reduced by stabilizing the cavity length using a Ha¨nsch–
Couillaud stabilization scheme.8

The output power of the second harmonic radiation g
erated is shown in Fig. 4 as a function of the laser power
a 16-mm-long LBO crystal a laser power of 387 mW gen
ated in the crystal 98 mW of 403 nm radiation. This corr
sponds to a conversion efficiency ofh525%. The same

e

d

Beier et al.
t¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/aplo/aplcr.jsp



an
t

r
se
gt
c

.
io
d

cie
s

pu
m

f
G
ss

f

co-
ed
ood
ined

-

-

m
ed
98
an
ys-
e-
by
ol
so-
the

403

re
in
a

a
the
his
the

ca-
der

at-

m.

T.

tum

f t
power was produced in a 12-mm-long BBO crystal with
input power of 417 mW~h 5 24%!. The 20% Fresnel loss a
the crystal surface and the 58% loss at mirror M1~which was
not optimized for 403 nm transmission! reduced the powe
measured outside the cavity to 33 mW. By locking the la
frequency to a cavity mode and stabilizing the cavity len
with the Hänsch–Couillaud technique, the power of the se
ond harmonic was stable withDP/P<4% over time periods
exceeding 500 s.

In the experimenthc570% of the MOPA radiation was
coupled into the TEM00-mode of the external ring cavity
The radiation resonated in the external cavity was diffract
limited ~M251.060.1!. The mode structure of the secon
harmonic showed in the sagital plane a M2 parameter of
1.160.1. Because of the walk-off the M2 parameter~M2

5 1.460.1! was slightly larger in the tangential plane.
The measured output power and conversion efficien

are compared with the results of a numerical analysis ba
on the equations given by Boyd and Kleinman.6 This analy-
sis starts with a calculation of the second harmonic out
assuming an approximate value of the resonant enhance
factorE of the ring cavity, whereE is given by9

E5hc

12RM3

~12ARM3~12Vc!~12VSHG!RHR
3 !2

. ~2!

With an estimated value ofE570 and a laser power o
400 mW the equations of Boyd and Kleinman yield an SH
power ofPSHG554 mW. This power corresponds to a lo
VSHG50.2%. With thisVSHG E is calculated. With the ob-
tained value ofE578 the powerPSHG is recalculated. This
procedure was repeated until the calculated value ofPSHG

remained constant. These calculations were performed
laser powers in the range of 40–450 mW.

FIG. 4. Power of the generated second harmonic in dependence o
fundamental power.
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In a last step the calculated values ofPSHGwere fitted to
the measured SHG powers using the effective nonlinear
efficient as fit parameter. As seen in Fig. 4 the determin
dependence of the SHG output on the laser power is in g
agreement with the experimental data. The values obta
for the effective nonlinear coefficients~def f50.74 pm/V for
LBO anddef f52.03 pm/V for BBO! are also in good agree
ment with the values ofdef f50.715 pm/V~LBO! anddef f
52.032 pm/V ~BBO! calculated from the material param
eters given in Refs. 10–13.

In summary, efficient frequency doubling of the 806 n
output of an AlGaAs diode laser MOPA system is achiev
in critically phase matched LBO and BBO crystals. Up to
mW of narrowband 403 nm radiation are generated with
806 nm laser power of 400 mW. This corresponds to a cr
tal internal conversion efficiency of 25%. The laser fr
quency was locked to a resonance of the external cavity
optical feedback. With additional active cavity length contr
stable oscillation of the laser diode on one of the cavity re
nance frequencies was achieved. Under these conditions
power fluctuations of the generated frequency doubled
nm radiation were less than 4%.

Higher power levels of the frequency doubled output a
expected for higher laser power. Higher laser power was
fact generated by further amplifying the MOPA output in
broad area amplifier~SDL-S9439-C, Temperature220 °C,
8.0 A!. This amplifier generated 2.85 W in a beam with
M2 parameter of 1.1 and 1.6 perpendicular and parallel to
active layer, respectively. Calculations indicate that for t
laser power the SHG output power should well exceed
half-watt level.

This research was supported by the Ministry of Edu
tion, Science, Research and Technology of Germany un
Contract No. 13 N 6379 8.
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8T. Hänsch and B. Couillaud, Opt. Commun.35, 441 ~1980!.
9A. Ashkin, G. Boyd, and J. Dziedzic, IEEE J. Quantum Electron.2, 109
~1966!.

10K. Kato, IEEE J. Quantum Electron.22, 1013~1986!.
11J. Fan, R. Eckardt, R. Byer, C. Chen, and A. Jiang, IEEE J. Quan
Electron.25, 1196~1989!.

12S. Lin, Z. Sun, B. Wu, and C. Chen, J. Appl. Phys.67, 634 ~1990!.
13B. Wu, F. Xie, C. Chen, D. Deng, and Z. Xu, Opt. Commun.88, 451

~1992!.

he
317Beier et al.
t¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/aplo/aplcr.jsp


