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1 Introduction range. Thus if tunable output in the blue region is obtained,

In recent years, the appearance of new types of laser crys-tS Significance will increase in many fields.
tals pumped by laser diode4Ds) such as Nd:YVQ Tunable blue lasers using the wave-guided and LD de-

CrLISAF, Cr:LICAF, and Nd:BeAlQ has stimulated the vices alone cannot be realized owing to the limits in their
fur.ther d,e-vel.opmen,t of LD—.pumped solid state lasers materials and structures. Therefore, LD-pumped solid state

. ) lasers using frequency-doubling elements became impor-

|(\|de$\?53 IfizpetC'ta"y\’N tr;e r?:odurcfiitho;anLD tpu;nr[]) e\? tant for tunable blue laser oscillation. In this case, the int-

| : q ?)SO stale cw g lfe%d:ase — Vv ou puh ave racavity frequency doubling method with nonlinear crystals

aiready been commerciaized-urrently, the research on 4 generally used. Among nonlinear crystals such as KDP,
the solid state small-sized blue laser devices are performed , )

S ) . : KD*P, LilO;, KTP, LBO, BBO, KNKNbO;), and
mainly in wave-guided and LD devices. The wave-guided LiNbO.® KTP. which has | i Hici d
laser has realized milliwatt output in the 425-nm wave- : q |3 » which has alrlger noniinear coe |C|§nt§ anf
length using KTIOPQ and LiNbO,/KTP wave-guided di- 2‘3’2 € 'q“escerl‘ce’ Car;' we Ser.‘{e as at”bSHG I_ea"fe thor
rect doubling®* Such laser devices have the advantage of “nm green 1asers. However, It cannot be applied 1o the

high conversion efficiency, but the light beam of the second generation of blue !asers since the lowest phase-matqhing
hagrmonic generatio(SHGg/output is gf low quality. More- wavelength of KTP is 991 nrtf. Crystals that can serve this

over, since the technique of manufacturing wave-guided purpose are LBO and KN. LBO nonlinear coefficients are

devices is complicated, it may be difficult to obtain practi- small and the_ doubling conversion efficiency for the low-
cal devices. power laser is low. On the other hand, KN crystal has

A blue laser emitted directly by an LD is the most de- larger nonlinear optical coefficients and advantageous non-
sirable. The 3M company has reported blue laser devicesC'itic@l phase-matchingNCPM) properties.” KN crystal,

based on semiconductors of the 11—V subgroup, and a blue theéréfore, may be suitable for the blue lasers. .
pulse laser emitting 490-nm-wavelength light was Since the tunable blue lasers have not yet succeeded in

obtained at the low temperature of 77 K. In 1997, the LD-Pumped solid state lasers, we performed tunable ex-
normal temperature lifetime of a 401-nm blue LD by Ni- periments using the KN crygtal in a variable temperature
chia Chemical Corporation reacffetd,000 h. The lifetime environment. From ;he experiments, blue tunable laser out-
reached this requirement, but there is still a long way to go Put could be obtained using a temperature-tuned LD-
to achieve practical application because of the low quality PUMPed Cr:LISAF laser with KN crystal for the intracavity
of light beams. The blue laser made by Shimadzu Company reauency-doubling device.

using LBO doubling for 946-nm emission of Nd:YAG
achieved 473-nm blue output, andéche company has devel-
oped a 10-mW commercial laserThe LD pumped .
Cr:LiSAF laser was cooperatively developed by Melles 2 Phase—Matchlng and Temperature-Tuned

Griot. The LBO-doubling blue laser with 10-mW output at Properties of KN Crystal

a 430-nm wavelength made by Hitachi was also KN is a negative biaxial, orthorhombic symmetric, and mil-
commercialized. These lasers, however, have only single limeter squared point group crystal. The stable temperature
wavelength outputs, which limit the actual applications for range of an orthorhombic is from50 to 220°C, and the
industry and the spectrum analysis in the blue wavelength transparency range is 400 to 4500 nm. The relation between
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principal axes and crystallographic axes isxa&sc, y<a,
and z&b, andn,>n,>n.. The Sellmeier equations for
KN refractive index are as follow§
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n2=4.4208+ 0.10044(\?—0.054084—0.0195922, (1)

KN Type | Phase-Matching Angle (Degree)
Effective Nonlinear Coefficient (pm/V)
8
T

6=90 Degree
n;=4.8355+0.1283%\?—0.056342—0.0253792, (2 40 |
30
nZ=4.9873+0.15149(\°—0.064143—0.0287732. (3) ” A
The nonlinear polarization coefficients at 1064 nm are " K_,B/’/'

d31:. —158 pm/V an.dj?’zz —183 pm/V. According to the 0soo 1o.oo 15Ioo 2c;oo 25Ioo 30‘00 35;10 4o‘oo 4500
nonlinear optical principle and the phase-matching theory Wavelength (nm)
of biaxial crystal*® for type | phase matching of KN dou-
bling, the phase-matching condition is Fig. 1 Phase-matching angle (curve A) and effective nonlinear co-

efficient dg; (curve B) of KN crystal in the xy plane.
n,=ny,. 4
Phase-matching angles can be calculated with the following 857 mn, and the angle as well as the effective nonlinear
equations” coefficient changes with the wavelength. Frodyg

=ds,Sing in thexy plane,d.=4.429 is obtained and is the

_ (A2 1/2 2 1/2

Ao Au= (A2, 4B2,) "+ (A, —4B,)™, () lowest value at the minimum phase-matching angle

=15.7 deg at the wavelengih= 2090 nm. Since the short-

and est matching wavelength is 857 nm, the shortest wave-
. _ _ . _ _ _ length obtained from frequency conversion using KN crys-
R 2 2y _ 2 2
A= —sir? 6.cos’ o(n, *+n,*) —sin’ sir? ¢(n, *+n,*) tal is 428.5 nm. In general, the output power of the LD-

—cog 0(nx_2+ ny—z)_ (6) _pumped_ Cr:LiISAF solid state _Iaser is_ low, and _thus
intracavity frequency doubling is required to obtain a
higher conversion efficiency.
Figure 2 indicates that the phase matching of KN crystal
+cog 0n;2n;2. (7) cannot be realiz_ed in the wide range of wavelength from
983 to 4422 nm in thgzplane. KN crystal has two phase-
matching wavelength regions in this plane: 857 to 983 nm
in the short-wavelength range and 4422 to 4500 nm in the
long-wavelength range. The phase matching can be realized
only within these two narrow ranges. This property cannot
be observed in other nonlinear optical crystals. The phase-
matching angle varies mainly with the wavelength, and
consequently angle matching and angle tuning by means of
wherep® is th i larization intensit KN i_s not performed in the/z plane. _
here P'“(«ws) is the nonlinear polarization intensity am- Figure 3 shows that the KN crystal phase-matching
plitude, andE(w,) andE(w,) are the base frequency elec- \yavelength range in thez plane is 983 to 4422 nm. The
tric field intensity amplitudes. The relation between the ef- yajues of the figure reveal that although 1064-nm Nd laser
fective nonlinear coefficient and the second-order nonlinear phase matching can be realized in tyeandxz planes, the
polarizability is given by effective nonlinear coefficient of the matching point @f
=18.7 deg andb=0 deg in thexz plane is greater than that
of 6=90deg andp=46.3 deg in thexy plane. The phase-
. . matching point in thexz plane is generally used for the
In Eq.(9), &, a;, anday are, respectively, the unit vecto_rs doubling of a 1064-nm laser. Unfortunately, the shortest
of P(ws3), E(w;) andE(wy). The value of each vector is  ayelength of angle matching in the plane is 983 nm,
dependent on the phase-matching anglesd ¢. Effective which cannot generate the blue laser output. Under normal
nonlinear coefficients for KN crystal amg=ds;sine in temperature, KN crystal can realize both 90-deg and 0-deg
the xy plane,de=ds, sin 6+ds; cosd in xy plane, anddes NCPM of wavelengths 857 and 983 nm, respectively. This
=ds; cosf in xz plane. KN crystal has a larger nonlinear is quite rare for nonlinear optical crystals. Because of sev-
polarization coefficient and thus the nonlinear optical coef- eral effective properties of NCPM, the large acceptance
ficient is larger. From the preceding equations, we calcu- angle and zero walk-off angle can increase the conversion
lated the phase-matching angle and the effective nonlinearefficiency. In addition, a high-quality doubling laser output
coefficient of KN crystal. can be obtained. The NCPM wavelength of KN crystal is
Figure 1 shows the phase-matching wavelength range ofnear 846 nm, which corresponds to the peak point of the
KN crystal in thexy plane from 857 to 4500 nm. In Fig. 1, Cr:LiSAF emitted spectrurtft NCPM, however, cannot be
phase matching can realized in the wavelength range fromused for angle tuning. To utilize the NCPM property of KN

B=sir? 6 co$ n, *n, >+ sir? #'sir? gn, °n; 2

The effective nonlinear coefficiewt,; of KN crystal is the
function of its second-order nonlinear polarization coeffi-
cient and the phase-matching angle. The relation between
them is given by

P@(w3)= €dHE(w1)E(wy), 8

derr= aidjja;ay - 9
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Fig. 2 Phase-matching angle (curves A) and effective nonlinear co-
efficient dg (curves B) of KN crystal in the yz plane for wavelength
ranges (a) from 500 to 4500 nm, (b) from 850 to 1000 nm, and (c)
from 4420 to 4500 nm.
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Fig. 3 Phase-matching angle (curve A) and effective nonlinear co-
efficient dg (curve B) of KN crystal in the xz plane.

wavelength. The KN crystal refractive index is also
changed with temperatureand is expressed as
N(T,N)=Co(N\)+C1(A\)T+Cyo(\) T2 (10)
The relation between the NCPM wavelength of KN crystal
ag(él the crystal temperature can be conducted from(E.

a

)\NCPM: a0+ a1t+ aztz, (11)
where a;=850.4nm, a;=0.294 nm/°C, anda,=1.234

X 10 3nm/°C for NCPM. From Eq.(11), the 90-deg
NCPM temperature-tuned curve of KN crystal can be cal-
culated(see Fig. 4.

Figure 4 illustrates the NCPM temperature tuning range
of KN crystal from —40 to 210°C. Since KN crystals have
phase changing points at50 and 220°C, the actual tun-
able range is limited within-40 to 114°C. Although the
Cr:LiSAF crystal emitting intensity is greater in the wave-
length range from 789 to 1050 nm, the available range
width for LD pumped Cr:LiSAF laser € only from 840 to
900 nm. Thus the NCPM temperature tuning range shows

460

P S

8 S &

o o o
T

Tunable Output Wavelength (nm)
~
n
o

and at the same time realize the broad tunable output of a
blue laser, we carried out the method by changing the crys-
tal temperature. The refractive index of the nonlinear crys-

410

1 ' L

-50
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Tunable Temperature ( °C)
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tal can be varied by varying the crystal temperature, which rig 4 Temperature dependence of the wavelength for type | NCPM
changes the crystal phase-matching angle and the NCPMin KN crystal obtained by calculation.
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Cr:LiSAF KN

Filter

Spectrometer

Fig. 5 Schematic of the KN-doubling Cr:LiSAF laser to obtain tun-
able blue laser output: PS, power supply, and TC, temperature con-
troller.

that it is adequate for doubling of the LD-pumped
Cr:LiSAF laser to achieve the blue laser tunable output.

3 Experiment Results

The experimental schematic arrangement of the
temperature-tuned blue laser using LD-pumped Cr:LiSAF
laser doubling is shown in Fig. 5. The size of Cr:LiSAF
crystal is 3x3x 2 mn? and a cut, and doped concentration
is 2.2 wt%. The planoconcave cavity is added in the laser
system. The reflectivity of the input coupling mirrit, is
R=99.8% at 860 nm, the transparenice 90% at 670 nm,
and radius of curvature= 100 mm. The reflectivity of out-
put mirrorM, is R=99.8% at 860 nm and the transparence
is T=95% at 430 nm. The high reflective bandwidth of the
mirror is more than 100 nm. The LD used is model AOC-
670-HHL (AOC Company with an emitting wavelength of
679 nm and a maximum output power of 600 mW. The
power supply of the LD is made by the CNI Company and
the output current is 2 A. The temperature controller is
model FP21(Shimadzu Companyand the control preci-
sion is 0.1°C. The scanning spectrometer is WDM1S
(Tongzhou OE Companywith a scanning range from 330
to 1000 nm, and its precision is 0.2 nm. Experiment results
are shown in Fig. 6.

The results indicate that in the temperature tuning range

from —5 to 100°C, the blue laser output can be continu-
ously tuned from 423.5 to 446 nm. The temperature tuning

range is limited by the performance of the temperature con-

trol unit. The difference of the measured values from theo-
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Fig. 6 Temperature-tuned property of blue laser output for a KN-
doubling LD-pumped Cr:LiSAF laser.
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Fig. 7 Output property of a blue laser pumped by a 679-nm LD.

retical calculation is<1 nm, within the limit of permissible
error. From Fig. 6, the experiment results are obviously
below those of theoretical calculations when the tempera-
ture is below 25°C. This may be caused by the fluctuation
errors in the cooling temperature control unit. In our experi-
ments, the laser threshold was 89 mW and the maximum
blue laser output was 5.2 mW at the wavelength of 430 nm
with a pump power of 250 mW, so that conversion effi-
ciency is 2.08%. Figure 7 shows the blue laser output
pumped by a 679-nm LD. The output power is increased
from 0.9 mW at 423.5 nm to 5.2 mW at 430 nm when the
temperature of KN crystal is changed fromb to 30°C.
When we increase the temperature of the KN, the output
wavelength also increases, but the output power is de-
creased. The output power has a peak near 430 nm. When
the temperature reached 100°C, the output power became
1.2 mW. The fluctuation of the doubling blue output is
relatively large and this may arise from the mode competi-
tion due to undulation of temperature and pumping light.

It was found from experiments that insertion of a
guarter-wave plate in the laser system can improve the sta-
bility of approximately 3% of the output and the maximum
linewidth of the output is 3 nm without wavelength selec-
tors. This comparatively wide value may be due mainly to
temperature fluctuation, and therefore if the stability of the
temperature in the control unit is increased a narrow line-
width will be obtained.

4  Conclusion

To obtain the tunable blue laser output from an LD-pumped
Cr:LiSAF laser, we performed theoretical calculations of
the KN crystal phase-matching properties. Through the
analysis of the LD-pumped Cr.LISAF laser output, we
found that the tunable blue laser output cannot be obtained
by means of the angle tuning with KN crystal frequency
doubling of the LD-pumped Cr:LiSAF laser. From this re-
sult, we used the NCPM property of the KN crystal for
laser tuning and the method of changing the KN crystal
temperature. When the temperature was changed fr&m

to 100°C, a continuous tunable blue laser output from 423.5
to 446 nm was obtained, and the experiment results con-
form well to the values obtained by the theoretical calcula-
tions. In this experiment, the linewidth is approximately 3
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nm without wavelength selectors. If the temperature control 16. I. Biaggio, P. Kerkoc, L. S. Wu, P. Gunter, and B. Zysset, “Refractive
indices of orthorhombic KNb@ Il. Phase-matching configurations
for nonlinear-optical interactions,J. Opt. Soc. Am. B(4), 507-517
(1992.

17. Y. Nagumo, N. Taguchi, and H. Inaba, “Widely tunable continuous-

system is improved and wavelength selector devices are
added, the output properties will be further improved.
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