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amplifier system in critically phase matched LiB 305 and B-BaB,0,

B. Beier,¥ D. Woll, M. Scheidt, K.-J. Boller, and R. Wallenstein
Fachbereich Physik, Universitaaiserslautern, Erwin-Schiinger-Strasse 46, D-67663 Kaiserslautern,
Germany

(Received 20 January 1997; accepted for publication 6 May )1997

Blue 403 nm laser light is generated by frequency doubling the radiation of an AlGaAs diode laser
oscillator amplifier system in critically phase matched 4GB (LBO) and 8-BaB,0O, (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-
mme-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 Physids$S0003-695(97)04427-4

Compact blue laser sources are of interest for many apem in both crystals. This limits the effective crystal lengths
plications. Although the operation of blue semiconductor di-to 16 mm(LBO) and 12 mm(BBO).® Despite these disad-
ode lasers has recently been demonstratbd,development vantages the results of our investigations demonstrate that
of reliable, high power devices, as required for most applifrequency doubling of diode laser radiation can be efficient

cations, still remains a challenge. even in critically phase-matched crystals, if the diode laser
An alternative method for diode laser based blue lightbeam is of high spatial and spectral quality.
generation is the second harmonic generat®iHG) of near The diode laser MOPA-system consists of an AlGaAs

infrared diode laser light.For an optimum doubling effi- laser diode with an antireflection coated front fa¢®DL-
ciency the power of the diode radiation is usually enhanced\R-5410-C, temperature 15 jCand a tapered amplifier
by a resonant external cavity. The nonlinear crystal is thedSDL-8630-E, temperature 8 °C) (Fig. 1). Two collimators
placed at a resonator internal focus. This method require$;1 (f= 6.5 mm and L2 (f=7 mm), image the oscillator
however, single-frequency radiation in a diffraction limited output facet onto the input facet of the amplifier. The laser
beam. Appropriate diode laser sources are thus single-strigiodes are optically isolated by a 40 dB isolatGsanger FR
diode lasers or master oscillator power amplifistOPA) ~ 790/4.

systems. The input-output characteristics of this system are typi-

The doubling crystal should provide a high nonlinearity cal for a saturated gmplifiér\Nith input powers of less than
and an optimum effective interaction length. The only mate-l MW and an amplifier current of 1.5 A up to 600 mW of
rial which provides noncritical phase-matchifigCPM) in output power were generated in an almost diffraction limited
the wavelength range of AlGaAs diode laséf80-860 nm  Peam.
is KNbO;. For temperatures of-20 to 180 °C NCPM is
possible in the wavelength range of 843-968 (arcu) or LBO/BBO
968-1083 nn{b-cut.® Using a KNbQ crystal, 156 mW of 403 nm :

486 nm radiation has been generated.

The aim of our investigation was the frequency conver-
sion of the radiation of AlIGaAs diode laser MOPA systems
operating at 806 nm. The generated 403 nm radiation is of
special interest for applications like the holographic data
storage in photorefractive crystalsr the atomic absorption
monitoring for deposition process control of gallium at 403
nm? Nonlinear crystalgwith a high optical quality appro-
priate for doubling 806 nm radiation are critically type |
phase matchetky-cut) LBO and BBO. However, compared
to the NCPM in KNbQ the nonlinearity is lower by a factor
of 25 (LBO) or 9 (BBO).2 In addition, the walkoffp between
the fundamental laser beam and the generated blue radiation == N7 T
(p=0.932° in LBO andp=3.852° in BBQ determines the e L | <OLATOR
optimum focusing of the laser radiation. For an input power SDL-8630-E

of 0.5 W the optimum spot size of the focus is about 25

FIG. 1. Experimental setup of the diode laser oscillator amplifier system and
the external enhancement cavity with the resonator internal nonlinear crys-
dElectronic mail: beier@rhrk.uni-kl.de tal.
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spherical lenses L&E=80 mm) and L8 (f=20 mm) and the
cylindrical lenses L6f=40 mm) and L7 (f=12.5 mm) fo-
cused the laser light into a 4-mirror ring cavity. The MOPA
and the ring cavity were optically isolated by a 60 dB isola-
tor (Gsager, model DLI-). The crystal(with Brewster cut
M 0.8 facet3 was placed at the focus between the two spherical
—_— _ mirrors M1 and M2(r=100 mmn). Besides mirror M3 all
mirrors were high-reflectioiHR) coated for 806 nm. The
reflectivities Ryg of the high reflective mirrors were deter-
mined by measuring the finessé of a linear cavity formed
by two of these mirrors. The finesse of this cavity is given by
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FIG. 2. Farfield pattern of the amplifier output beam parallel to the activeW

area(l =1.4 A, P, —20 mW). ith a measured spectral linewidthv=1.5 MHz and a

spectral mode separatiagtiv=15 GHz, Equatior(l) yields a
mirror reflectivity of Ryg=99.97%.

The total losse¥ . of the LBO and BBO crystal&grown
by Castech were determined by placing them in a linear
cavity formed by one of the high reflecting mirrors and by

The single lobed farfield pattern of the amplifier output
is shown in Fig. 2. The beam divergence in the plane per
pendicular to the active ardaneasured with a Merchantek
Beamscopewas diffraction I|m|ted(M2=1.1). The yalue of mirror M3 with the reflectivityRy,3. For this cavity the reso-
the M para_njeter parallel to_ the active area was mdependerhtam enhancement factérwas measured for different values
of the amplifier current but increased from 1.3 to 1.5 for an Ry (Rys=99.7%, 99.3%, 98.3%, 96.1%The enhance-

increase in input power from 30W to 20 mW. The fact that ment factor is qi .
. i L S - given by =Py ans/[ (1—Rur) Poscl, where
the beam is not diffraction limited in this plane, indicates thatPOSC is the laser power measured in front of M3 and

the wave front_m the farfield is not p!anar. We measured thePtrans is 806 nm power transmitted by the HR cavity mirror.
wave front using a wave front profilometéelles Griot, In the case of LBO a maximum value &f=86 was mea-

WaveAlyzer 13WASOOB As seen from Fig. 3 the wave sured forRy3=99.3%. For this reflectivity, which provides

frqnt 'is curved in the p'Iane perpendic'ular .to the gctive IayerOptimum impedance matching, the total loss in the cavity is
This is due to abberations of the collimating optics. Parallelidentical to the transmission of M3. The crystal los¥esare

to the layer the wave front is also curved. This curvature is[hus given byV,=Ryr—Rys—V v is the power
caused by a change of the refractive index within the activg & ="+ cocond EF;rmoMnSic gé%:(e}ratig:(.; Because the mea-
layer due to an inhomogeneous distribution of the temperaéurements were performed with low laser powRpsc=52

ture and light intensity. mW) the value ofVg,g was less than 0.04%. The crystal

Experlments conflrme_d. that t_he_ wavele_ngth . and .thqosses determined in this way from the optimum reflectivity
spectral width of the amplified radiation was identical with R.. were 0.6% for LBO and 0.5% for BBO. These low
those of the oscillator light. The measured spectral amplifi }1° (7 G o high quality of the crystals.
‘?""“0‘? bandwidth of.t.he amphﬁer was about 20 nm. The For stable SHG generation the 806 nm diode laser radia-
linewidth of the amplified radiation was 14 MHz.

The radiation generated by this MOPA system was COltion had to be stabilized to a resonance frequency of the
[ | cavity. Thi lish ling the |
limated by the lens L& 6.5 mm and focused by lens Lé external cavity. This was accomplished by coupling the laser

. ; ! ) . radiation transmitted by the ring cavity mirror M@P<1
=100 mn). Mode-matching optics, which consisted of the mW) into the oscillator(Fig. 1). This feedback not only

locks the wavelength of the oscillator to a resonance of the
external cavity but also reduces the oscillator linewidth to
less than 10 MHZthe resolution limit of the analyzing scan-
ning Fabry—Perot interferomejerlt should be mentioned
that the linewidth of the cavity resonance as calculated by
taking the losses of the optical components into account is
1.5 MHz. Because of external perturbations, such as me-
chanical vibrations or acoustic noise, the laser frequency
changed to different cavity resonances in time intervals of a
few ms to several s. This mode hoping could be strongly
reduced by stabilizing the cavity length using andeh—
Couillaud stabilization schenfe.

The output power of the second harmonic radiation gen-
erated is shown in Fig. 4 as a function of the laser power. In
a 16-mm-long LBO crystal a laser power of 387 mW gener-
FIG. 3. Relative phase of the wave front of the amplifier output parallel and@t€d in the crystal 98 mW of 403 nm radiation. This corre-
perpendicular to the active layer. sponds to a conversion efficiency af=25%. The same
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In a last step the calculated valuesRof, s were fitted to
the measured SHG powers using the effective nonlinear co-
CRYSTAL : LBO efficient as fit parameter. As seen in Fig. 4 the determined
LENGTH - 16mm ° dependence of the SHG output on the laser power is in good
agreement with the experimental data. The values obtained
L4 for the effective nonlinear coefficientd.;s=0.74 pm/V for
LBO andd¢:=2.03 pm/V for BBQ are also in good agree-

° ment with the values ofl,:;=0.715 pm/V(LBO) and ds
=2.032 pm/V (BBO) calculated from the material param-
eters given in Refs. 10-13.

In summary, efficient frequency doubling of the 806 nm
output of an AlGaAs diode laser MOPA system is achieved
in critically phase matched LBO and BBO crystals. Up to 98
mW of narrowband 403 nm radiation are generated with an
806 nm laser power of 400 mW. This corresponds to a crys-
tal internal conversion efficiency of 25%. The laser fre-
quency was locked to a resonance of the external cavity by
v o oo o o optical feedback. With additional active cavity length control

FUNDAMENTAL POWER [mW] stable oscillation of the laser diode on one of the cavity reso-
nance frequencies was achieved. Under these conditions the
rEower fluctuations of the generated frequency doubled 403
nm radiation were less than 4%.

Higher power levels of the frequency doubled output are
expected for higher laser power. Higher laser power was in
fact generated by further amplifying the MOPA output in a
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FIG. 4. Power of the generated second harmonic in dependence of t
fundamental power.

power was produced in a 12-mm-long BBO crystal with an
input power of 417 mW(z = 24%). The 20% Fresnel loss at

the crystal surface and the 58% loss at mirror (Mhich was broad area amplifiefSDL-S9439-C, Temperature 20 °C

not optimized fpr 403 nm_transm|ssmreduced t.he POWET g A). This amplifier generated 2.85 W in a beam with a
measured outside the cavity to 33 mW. By locking the laser,

frequency 1o a cavity mode and stabilizing the cavity len tth parameter of 1.1 and 1.6 perpendicular and parallel to the
q y y 9 Y 18N9N, ctive layer, respectively. Calculations indicate that for this

with the Hansch—Couillaud technique, the power of the sec-
; ; . . laser power the SHG output power should well exceed the
ond harmonic was stable withP/P<4% over time periods half-watt level

exceeding 500 s. This research was supported by the Ministry of Educa-
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