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Abstract. We present the properties of a tunable blue laser obtained
from a laser-diode (LD)-pumped Cr:LiSAF solid state laser doubled by
KNbO3 (KN) crystal. We show the calculations for KN crystal phase
matching in the xy, yz, and xz planes, the effective nonlinear coefficient
and the noncritical phase-matching (NCPM) temperature tuning. We
analyze the practicality of a temperature-tuned and LD-pumped blue la-
ser that uses KN and investigate the relation between the output wave-
length of a KN-doubling Cr:LiSAF laser and the temperature variation.
The temperature-tuned blue laser with continuous output from 423.5 to
446 nm is obtained with a temperature range of 25 to 100°C. © 1999
Society of Photo-Optical Instrumentation Engineers. [S0091-3286(99)00111-7]

Subject terms: tunable blue laser; KNbO3 crystal; frequency conversion; noncriti-
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1 Introduction

In recent years, the appearance of new types of laser c
tals pumped by laser diodes~LDs! such as Nd:YVO4,
Cr:LiSAF, Cr:LiCAF, and Nd:BeAlO4 has stimulated the
further development of LD-pumped solid state lase1

~DPSSLs!. Especially, the products of a LD-pumpe
Nd:YVO4 solid state cw green laser with 10-W output ha
already been commercialized.2 Currently, the research o
the solid state small-sized blue laser devices are perfor
mainly in wave-guided and LD devices. The wave-guid
laser has realized milliwatt output in the 425-nm wav
length using KTiOPO4 and LiNbO3/KTP wave-guided di-
rect doubling.3,4 Such laser devices have the advantage
high conversion efficiency, but the light beam of the seco
harmonic generation~SHG! output is of low quality. More-
over, since the technique of manufacturing wave-guid
devices is complicated, it may be difficult to obtain prac
cal devices.

A blue laser emitted directly by an LD is the most d
sirable. The 3M company has reported blue laser dev
based on semiconductors of the II–VI subgroup, and a b
pulse laser emitting 490-nm-wavelength light w
obtained5 at the low temperature of 77 K. In 1997, th
normal temperature lifetime of a 401-nm blue LD by N
chia Chemical Corporation reached6 10,000 h. The lifetime
reached this requirement, but there is still a long way to
to achieve practical application because of the low qua
of light beams. The blue laser made by Shimadzu Comp
using LBO doubling for 946-nm emission of Nd:YAG
achieved 473-nm blue output, and the company has de
oped a 10-mW commercial laser.7 The LD pumped
Cr:LiSAF laser was cooperatively developed by Mell
Griot. The LBO-doubling blue laser with 10-mW output
a 430-nm wavelength made by Hitachi was a
commercialized.8 These lasers, however, have only sing
wavelength outputs, which limit the actual applications
industry and the spectrum analysis in the blue wavelen
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range. Thus if tunable output in the blue region is obtain
its significance will increase in many fields.

Tunable blue lasers using the wave-guided and LD
vices alone cannot be realized owing to the limits in th
materials and structures. Therefore, LD-pumped solid s
lasers using frequency-doubling elements became im
tant for tunable blue laser oscillation. In this case, the i
racavity frequency doubling method with nonlinear cryst
is generally used. Among nonlinear crystals such as KD
KD*P, LiIO3, KTP, LBO, BBO, KN~KNbO3!, and
LiNbO3,

9 KTP, which has larger nonlinear coefficients an
nondeliquescence, can well serve as an SHG device
532-nm green lasers. However, it cannot be applied to
generation of blue lasers since the lowest phase-matc
wavelength of KTP is 991 nm.10 Crystals that can serve thi
purpose are LBO and KN. LBO nonlinear coefficients a
small and the doubling conversion efficiency for the lo
power laser is low. On the other hand, KN crystal h
larger nonlinear optical coefficients and advantageous n
critical phase-matching~NCPM! properties.11 KN crystal,
therefore, may be suitable for the blue lasers.

Since the tunable blue lasers have not yet succeede
LD-pumped solid state lasers, we performed tunable
periments using the KN crystal in a variable temperat
environment. From the experiments, blue tunable laser
put could be obtained using a temperature-tuned L
pumped Cr:LiSAF laser with KN crystal for the intracavit
frequency-doubling device.

2 Phase-Matching and Temperature-Tuned
Properties of KN Crystal

KN is a negative biaxial, orthorhombic symmetric, and m
limeter squared point group crystal. The stable tempera
range of an orthorhombic is from250 to 220°C, and the
transparency range is 400 to 4500 nm. The relation betw
1789© 1999 Society of Photo-Optical Instrumentation Engineers
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principal axes and crystallographic axes is asx⇔c, y⇔a,
and z⇔b, and nb.na.nc . The Sellmeier equations fo
KN refractive index are as follows12:

nx
254.420810.10044/~l220.054084!20.019592l2, ~1!

ny
254.835510.12839/~l220.056342!20.025379l2, ~2!

nz
254.987310.15149/~l220.064143!20.028775l2. ~3!

The nonlinear polarization coefficients at 1064 nm a
d315215.8 pm/V andd325218.3 pm/V. According to the
nonlinear optical principle and the phase-matching the
of biaxial crystal,13 for type I phase matching of KN dou
bling, the phase-matching condition is

nv8 5n2v9 . ~4!

Phase-matching angles can be calculated with the follow
equations13:

A2v2Av5~A2v
2 24B2v!1/21~Av

2 24Bv!1/2, ~5!

and

A52sin2 u cos2 w~ny
221nz

22!2sin2 u sin2 w~nx
221nz

22!

2cos2 u~nx
221ny

22!. ~6!

B5sin2 u cos2 wny
22nz

221sin2 u sin2 wnx
22nz

22

1cos2 unx
22ny

22. ~7!

The effective nonlinear coefficientdeff of KN crystal is the
function of its second-order nonlinear polarization coe
cient and the phase-matching angle. The relation betw
them is given by

P~2!~v3!5e0deff
~2!E~v1!E~v2!, ~8!

whereP(2)(v3) is the nonlinear polarization intensity am
plitude, andE(v1) andE(v2) are the base frequency ele
tric field intensity amplitudes. The relation between the
fective nonlinear coefficient and the second-order nonlin
polarizability is given by

deff5aidi jkajak . ~9!

In Eq. ~9!, ai , aj , andak are, respectively, the unit vector
of P(v3), E(v1) andE(v2). The value of each vector i
dependent on the phase-matching anglesu andw. Effective
nonlinear coefficients for KN crystal aredeff5d32sinw in
the xy plane,deff5d32sinu1d31cosu in xy plane, anddeff

5d31cosu in xz plane. KN crystal has a larger nonline
polarization coefficient and thus the nonlinear optical co
ficient is larger. From the preceding equations, we cal
lated the phase-matching angle and the effective nonlin
coefficient of KN crystal.

Figure 1 shows the phase-matching wavelength rang
KN crystal in thexy plane from 857 to 4500 nm. In Fig. 1
phase matching can realized in the wavelength range f
1790 Optical Engineering, Vol. 38 No. 11, November 1999
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857 mn, and the angle as well as the effective nonlin
coefficient changes with the wavelength. Fromdeff

5d32sinw in thexy plane,deff54.429 is obtained and is th
lowest value at the minimum phase-matching anglew
515.7 deg at the wavelengthl52090 nm. Since the short
est matching wavelength is 857 nm, the shortest wa
length obtained from frequency conversion using KN cry
tal is 428.5 nm. In general, the output power of the L
pumped Cr:LiSAF solid state laser is low, and th
intracavity frequency doubling is required to obtain
higher conversion efficiency.

Figure 2 indicates that the phase matching of KN crys
cannot be realized in the wide range of wavelength fr
983 to 4422 nm in theyzplane. KN crystal has two phase
matching wavelength regions in this plane: 857 to 983
in the short-wavelength range and 4422 to 4500 nm in
long-wavelength range. The phase matching can be real
only within these two narrow ranges. This property cann
be observed in other nonlinear optical crystals. The pha
matching angle varies mainly with the wavelength, a
consequently angle matching and angle tuning by mean
KN is not performed in theyz plane.

Figure 3 shows that the KN crystal phase-match
wavelength range in thexz plane is 983 to 4422 nm. The
values of the figure reveal that although 1064-nm Nd la
phase matching can be realized in thexy andxzplanes, the
effective nonlinear coefficient of the matching point ofu
518.7 deg andw50 deg in thexzplane is greater than tha
of u590 deg andw546.3 deg in thexy plane. The phase
matching point in thexz plane is generally used for th
doubling of a 1064-nm laser. Unfortunately, the short
wavelength of angle matching in thexz plane is 983 nm,
which cannot generate the blue laser output. Under nor
temperature, KN crystal can realize both 90-deg and 0-
NCPM of wavelengths 857 and 983 nm, respectively. T
is quite rare for nonlinear optical crystals. Because of s
eral effective properties of NCPM, the large acceptan
angle and zero walk-off angle can increase the convers
efficiency. In addition, a high-quality doubling laser outp
can be obtained. The NCPM wavelength of KN crystal
near 846 nm, which corresponds to the peak point of
Cr:LiSAF emitted spectrum.14 NCPM, however, cannot be
used for angle tuning. To utilize the NCPM property of K

Fig. 1 Phase-matching angle (curve A) and effective nonlinear co-
efficient deff (curve B) of KN crystal in the xy plane.
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and at the same time realize the broad tunable output
blue laser, we carried out the method by changing the c
tal temperature. The refractive index of the nonlinear cr
tal can be varied by varying the crystal temperature, wh
changes the crystal phase-matching angle and the NC

Fig. 2 Phase-matching angle (curves A) and effective nonlinear co-
efficient deff (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.
-

wavelength. The KN crystal refractive index is als
changed with temperature15 and is expressed as

n~T,l!5C0~l!1C1~l!T1C2~l!T2. ~10!

The relation between the NCPM wavelength of KN crys
and the crystal temperature can be conducted from Eq.~10!
as16

lNCPM5a01a1t1a2t2, ~11!

where a05850.4 nm, a150.294 nm/°C, anda251.234
31023 nm/°C for NCPM. From Eq.~11!, the 90-deg
NCPM temperature-tuned curve of KN crystal can be c
culated~see Fig. 4!.

Figure 4 illustrates the NCPM temperature tuning ran
of KN crystal from240 to 210°C. Since KN crystals hav
phase changing points at250 and 220°C, the actual tun
able range is limited within240 to 114°C. Although the
Cr:LiSAF crystal emitting intensity is greater in the wav
length range from 789 to 1050 nm, the available ran
width for LD pumped Cr:LiSAF laser is17 only from 840 to
900 nm. Thus the NCPM temperature tuning range sho

Fig. 3 Phase-matching angle (curve A) and effective nonlinear co-
efficient deff (curve B) of KN crystal in the xz plane.

Fig. 4 Temperature dependence of the wavelength for type I NCPM
in KN crystal obtained by calculation.
1791Optical Engineering, Vol. 38 No. 11, November 1999
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that it is adequate for doubling of the LD-pumpe
Cr:LiSAF laser to achieve the blue laser tunable output

3 Experiment Results

The experimental schematic arrangement of
temperature-tuned blue laser using LD-pumped Cr:LiS
laser doubling is shown in Fig. 5. The size of Cr:LiSA
crystal is 33332 mm3 and a cut, and doped concentratio
is 2.2 wt %. The planoconcave cavity is added in the la
system. The reflectivity of the input coupling mirrorM1 is
R>99.8% at 860 nm, the transparenceT.90% at 670 nm,
and radius of curvaturer 5100 mm. The reflectivity of out-
put mirrorM2 is R>99.8% at 860 nm and the transparen
is T>95% at 430 nm. The high reflective bandwidth of t
mirror is more than 100 nm. The LD used is model AO
670-HHL ~AOC Company! with an emitting wavelength o
679 nm and a maximum output power of 600 mW. T
power supply of the LD is made by the CNI Company a
the output current is 2 A. The temperature controller
model FP21~Shimadzu Company! and the control preci-
sion is 0.1°C. The scanning spectrometer is WDM
~Tongzhou OE Company!, with a scanning range from 33
to 1000 nm, and its precision is 0.2 nm. Experiment res
are shown in Fig. 6.

The results indicate that in the temperature tuning ra
from 25 to 100°C, the blue laser output can be contin
ously tuned from 423.5 to 446 nm. The temperature tun
range is limited by the performance of the temperature c
trol unit. The difference of the measured values from th

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.

Fig. 6 Temperature-tuned property of blue laser output for a KN-
doubling LD-pumped Cr:LiSAF laser.
1792 Optical Engineering, Vol. 38 No. 11, November 1999
retical calculation is,1 nm, within the limit of permissible
error. From Fig. 6, the experiment results are obviou
below those of theoretical calculations when the tempe
ture is below 25°C. This may be caused by the fluctuat
errors in the cooling temperature control unit. In our expe
ments, the laser threshold was 89 mW and the maxim
blue laser output was 5.2 mW at the wavelength of 430
with a pump power of 250 mW, so that conversion ef
ciency is 2.08%. Figure 7 shows the blue laser out
pumped by a 679-nm LD. The output power is increas
from 0.9 mW at 423.5 nm to 5.2 mW at 430 nm when t
temperature of KN crystal is changed from25 to 30°C.
When we increase the temperature of the KN, the out
wavelength also increases, but the output power is
creased. The output power has a peak near 430 nm. W
the temperature reached 100°C, the output power bec
1.2 mW. The fluctuation of the doubling blue output
relatively large and this may arise from the mode comp
tion due to undulation of temperature and pumping ligh

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

4 Conclusion

To obtain the tunable blue laser output from an LD-pump
Cr:LiSAF laser, we performed theoretical calculations
the KN crystal phase-matching properties. Through
analysis of the LD-pumped Cr:LiSAF laser output, w
found that the tunable blue laser output cannot be obtai
by means of the angle tuning with KN crystal frequen
doubling of the LD-pumped Cr:LiSAF laser. From this r
sult, we used the NCPM property of the KN crystal f
laser tuning and the method of changing the KN crys
temperature. When the temperature was changed from25
to 100°C, a continuous tunable blue laser output from 42
to 446 nm was obtained, and the experiment results c
form well to the values obtained by the theoretical calcu
tions. In this experiment, the linewidth is approximately

Fig. 7 Output property of a blue laser pumped by a 679-nm LD.
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nm without wavelength selectors. If the temperature con
system is improved and wavelength selector devices
added, the output properties will be further improved.
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