
Compact 
blue laser 
devices 

By William P. Risk 

For the first several years of its existence, the laser 
was said to be a solution in search of a problem. 
Now, three decades after the demonstration of the 

first laser, practical applications are driving the develop
ment of new types of lasers. Several applications of current 
interest require compart sources of blue or green light. 
Optical data storage (where the short wavelength provides 
high storage density), undersea communications (where 
the blue light passes more easily through seawater), and 
large-screen displays (where blue and green are needed to 
make a full-color display) are a few examples of applica
tions for which the development of small blue laser devices 
is considered important. 

Blue lasers powerful enough to be useful for these appli
cations—such as argon-ion lasers—are unsuitable because 
of their large size and large consumption of electrical pow
er or cooling water. Semiconductor diode lasers, on the 
other hand, are very small and very efficient, but so far 
have been limited to near-infrared and, more recently, red 
wavelengths. A blue semiconductor diode laser has been 
sought for many years, but the fabrication of p-n junctions 
in semiconductor materials capable of emitting blue light 
has proven to be a very difficult technical challenge. 

While progress has been made, a practical blue laser 
diode suitable for the applications mentioned above is 
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probably many years away. On the other hand, remark
able advances in laser diode technology have yielded new 
sources of radiation at wavelengths from 630 to 1100 run 
that can be "upconverted" using nonlinear optical tech
niques to produce light in the violet-to-green spectral 
range. 

Two approaches have been investigated for upconver
sion of infrared laser diodes. In the first approach, a crys
tal having nonlinear optical susceptibility is used to pro
duce light at half the wavelength (twice the frequency) of 
an infrared diode laser or diode-pumped solid-state laser 
through the process of second-harmonic generation 
(SHG). As shown in Fig. 1(a), the infrared light from a 
diode-laser is focused into the nonlinear crystal, and some 
fraction of the infrared photons are converted to blue 
ones. The fraction converted depends on the inherent non-
linearity of the particular crystal used, and on the intensity 
of the infrared beam. It also depends on whether or not 
the interaction is cumulative over the entire length of the 
crystal, a condition known as "phasematching." 

Phasematching is obtained when the infrared beam and 
second-harmonic beam travel at the same speed in the 
crystal. In most materials, blue light travels more slowly 
than infrared light due to dispersion. The usual technique 
for obtaining phasematching is to use a birefringent crystal 
in which the speed of a lightwave depends on its polariza
tion. By arranging for the infrared light to have the polar
ization that travels more slowly and the blue light to have 
the polarization that travels more rapidly, the speeds of 
the infrared and blue waves can be equalized. 

Establishing this condition for a particular wavelength 
of interest generally requires adjusting the crystal tempera
ture or properly choosing the direction of propagation of 
the light through the crystal. Much of the challenge of ap
plying this approach to the development of miniature blue 
lasers has been finding suitable combinations of lasers and 
nonlinear materials so that phasematching can be ob
tained. Furthermore, a practical nonlinear material must 
provide phasematching that is reasonably insensitive to 
deviations in temperature, direction of propagation, and 
wavelength. 

The other approach that has been investigated does not 
use nonlinear crystals, but instead relies on nonlinear 
pumping of blue/green solid-state lasers. As shown in Fig. 
1(b), certain solid-state laser systems have blue/green laser 
transitions that can be excited using infrared pump pho
tons. The figure shows the energy level diagram for a laser 
ion excited by sequential absorption of two pump pho
tons, although it is also possible to excite the laser transi
tion by energy transfer processes involving two laser ions. 
This approach to blue light generation has developed 
more slowly, but a number of systems producing violet, 
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blue, or green light from longer wavelength pump sources 
have recently been demonstrated. 

So far, most of the effort toward developing compact 
blue laser devices has concentrated on approaches using 
the nonlinear properties of crystals. These approaches fall 
into two categories: frequency doubling of diode-pumped 
solid-state lasers and direct frequency doubling of semi
conductor diode lasers. A third approach, frequency mix
ing of diode lasers and diode-pumped solid-state lasers1 

has also been explored, but will not be discussed here. 
Some of the results obtained with these schemes are dis
cussed below. While upconversion lasers using nonlinear 
pumping have been limited mainly to low-temperature op
eration, efficient conversion of infrared diode laser light to 
green light has recently been demonstrated and will also 
be discussed below. 

Upconversion of diode-pumped solid-state lasers 
GaAlAs laser diodes with spatial and spectral mode 

properties suitable for efficient direct frequency doubling 
have only recently become available at power levels ex
ceeding a few tens of milliwatts. High-power GaAlAs laser 
diode arrays, with powers of several hundred milliwatts, 

So far, most of the effort toward 
developing compact blue laser devices has 

concentrated on approaches using the 
nonlinear properties of crystals. 

have been available for several years, and the output pow
ers have steadily increased since their introduction in the 
early 1980s. In general, these high-power devices have a 
multimode spectrum and irregular spatial modes that pro
hibit their use for direct frequency doubling. However, 
they make excellent pump sources for solid-state lasers 
such as N d : Y A G or Nd:YLF. The radiation from such 
GaAlAs lasers can be efficiently absorbed by the laser crys
tal despite a multimode spectrum, and while the irregular 
spatial distribution of the beam is unsuitable for SHG, the 
beam can be focused to a spot small enough for efficient 
pumping of the T E M o o mode of the solid-state laser. The 
solid-state laser can then be upconverted using frequency 
doubling or sum-frequency mixing, with the nonlinear 
crystal placed inside the laser cavity to take advantage of 
the high intensity of the intracavity laser field. The process 
of pumping the solid-state laser acts like a "mode convert
er" to transform the poor spatial mode and multimode 
spectrum of the diode laser, which cannot be efficiently 
upconverted directly, to the T E M o o spatial mode and nar
rowband spectrum of the solid-state laser, which can be 
upconverted efficiently. 

Generation of green 532-nm light by intracavity fre
quency doubling of a diode-pumped 1064-nm N d : Y A G 
laser is well-known. 2 Blue light at 473 nm can also be 
generated from diode-pumped N d : Y A G , using frequency 
doubling of the 946-nm laser transition. Operation of a 
laser at this wavelength is more difficult than at 1064 nm, 
due to the lower gain-cross-section of the laser transition, 
and the reabsorption of the 946-nm photons by the N d : 
Y A G crystal. These two effects cause the pump power re
quired to reach the lasihg threshold to be higher for a 946-
nm than for a 1064-nm N d : Y A G laser. However, once 
above threshold, the efficiencies can be comparable. 

Potassium niobate can be used for frequency doubling 
the 946-nm N d : Y A G laser. To achieve phasematching for 
this wavelength, the crystal must either be heated to ap
proximately 185°C3 for propagation along the a-axis of 
the crystal, or the crystal must be cut with a particular 
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FIGURE 1. Techniques for making compact blue laser de
vices: (a) direct frequency doubling of a diode laser or 
diode-pumped solid-state laser using a crystal having a 
second-order (x2) nonlinear susceptibility; (b) nonlinear 
pumping of a blue/green laser transition by sequential 
absorption of two pump photons. 



orientation to permit frequency doubling at room tem
perature.4 

The arrangement in Fig. 2 was used to generate approx
imately 9 mW of 473 nm light by frequency doubling of a 
diode-pumped 946-nm N d : Y A G laser.4 The beam from a 
0.5-W diode laser was collimated and passed through a 
cylindrical lens to reduce the astigmatism and ellipticity of 
the beam and focused into the N d : Y A G laser crystal. One 
cavity mirror was deposited directly on the flat end of the 
Nd :YAG laser crystal; a separate mirror with 5-cm radius-
of-curvature was used to form the near-hemispherical cav
ity. A K N b O 3 crystal, cut at the appropriate angle to per
mit phasematched S H G at room temperature, was placed 
inside the laser cavity in proximity to the N d : Y A G crystal. 

The performance of this laser is particularly sensitive to 
the length of the N d : Y A G laser crystal. Normally, for in
stance in a 1064-nm laser, it is desirable to make this crys
tal long in order to absorb most of the pump light. In this 
case, however, the N d : Y A G crystal reabsorbs a significant 
fraction of the 946-nm photons it emits, and the greater 
the length of the rod, the greater the loss due to this reab
sorption. Hence, there is an optimum length that is a com

promise between increasing the absorption of the pump 
and decreasing the reabsorption loss. A N d : Y A G crystal of 
a particular length will give the maximum blue output. As 
an example, in the experimental configuration of Fig. 2, 
changing the length of the N d : Y A G crystal from 1 mm to 
1.5 mm increased the output power at 473 nm from 3 
mW to 9 mW. The output blue beam had essentially a 
T E M 0 0 Gaussian profile. 

One potential advantage of upconversion of diode
pumped solid-state lasers lies in the possibility of scaling to 
higher powers. Direct frequency doubling requires the di
ode lasers to have very good spatial and spectral mode 
properties, and there is a practical limit to how much pow
er such a device can generate while maintaining these 
properties. With diode-pumping of a solid-state laser, the 
considerations are somewhat relaxed since the mode prop
erties of the pump laser are less of a constraint. In addi
tion, a greater variety of device configurations can be con
sidered to take advantage of the higher power pumps 
available5 than is possible in direct doubling. 

Direct frequency doubling of diode lasers 
The most attractive use of nonlinear crystals for upcon

version of laser diodes is for direct frequency doubling as 
shown in Fig. 1(a). Unfortunately, even with the best fre
quency doubling crystals and laser diodes available today, 
only a very small fraction of the infrared power would be 
converted to the blue (roughly 0.1-1%) in a single-pass of 
the infrared light through the nonlinear crystal. Although 
it has been investigated experimentally, this single-pass ap
proach has, at best, produced blue powers on the order of 
1 milliwatt. Much of the recent work in direct doubling of 
diode lasers has therefore concentrated on finding ways of 
enhancing the conversion efficiency to yield higher pow
ers. 

One method for improving the conversion efficiency is 
to build up the infrared power inside an optical resonator 
(Fig. 3). If the frequency of the incident light coincides 
with one of the resonant frequencies of the cavity, the cir
culating power level inside the resonator can build up to a 
level many tens of times larger than the incident power. 
Since the second-harmonic power increases as the square 
of the infrared power, tremendous increases in the blue 
output power can be achieved by placing the nonlinear 
crystal inside the resonator. However, to obtain such im
provements in the conversion efficiency, the laser diode 
providing the infrared light must have a single-frequency 
spectrum and good spatial mode properties to permit effi
cient excitation of the resonant mode of the passive cavity. 

GaAlAs laser diodes with good spatial and spectral 
mode properties at powers in excess of 100 mW have been 

FIGURE 2. Experimental configuration for generation of 
473 nm light by intracavity frequency doubling of a di
ode-pumped 946-nm Nd:YAG laser. 

FIGURE 3. Experimental configuration for generation of 
430 nm tight by direct frequency doubling of a GaAlAs 
laser diode using a monolithic ring resonator for efficien
cy enhancement. 
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d e v e l o p e d o n l y r e c e n t l y . S e v e r a l r e s e a r c h g r o u p s 6 - 9 h a v e 

d e m o n s t r a t e d f r e q u e n c y d o u b l i n g o f t h e s e l a s e r s u s i n g p o 

t a s s i u m n i o b a t e a s t h e S H G c r y s t a l . P h a s e m a t c h e d f r e 

q u e n c y d o u b l i n g o f 8 6 0 n m l i g h t i s o b t a i n e d a t r o o m t e m 

p e r a t u r e f o r p r o p a g a t i o n a l o n g w i t h t h e c r y s t a l o g r a p h i c a

a x i s , G o l d b e r g a n d C h u n 7 h a v e r e c e n t l y r e p o r t e d g e n e r a 

t i o n o f 2 4 m W a t 4 2 0 n m b y f r e q u e n c y d o u b l i n g o f a 1 6 7 

m W d i o d e - l a s e r s o u r c e . I n t h e i r e x p e r i m e n t s , t h e f r e q u e n 

c y o f t h e d i o d e l a s e r w a s s c a n n e d a c r o s s t h e r e s o n a n c e o f 

t h e p a s s i v e n o n l i n e a r r e s o n a t o r , p r o d u c i n g p u l s e o f b l u e 

o u t - p u t p o w e r . 

M a k i n g a s o u r c e w i t h a c o n t i n u o u s - w a v e ( c w ) o u t p u t 

r e q u i r e s t h a t t h e f r e q u e n c y o f t h e d i o d e l a s e r b e l o c k e d t o 

t h e r e s o n a n t f r e q u e n c y o f t h e p a s s i v e n o n l i n e a r c a v i t y . 

K o z l o v s k y a n d L e n t h 8 h a v e r e p o r t e d g e n e r a t i o n o f 4 0 m W 

o f 4 3 0 n m l i g h t u s i n g a n a c t i v e e l e c t r o n i c f e e d b a c k t e c h 

n i q u e t o l o c k a 1 4 0 m W , 8 6 0 n m d i o d e l a s e r t o a m o n o 

l i t h i c p o t a s s i u m n i o b a t e r i n g r e s o n a t o r ( F i g . 3 ) . R a t h e r 

t h a n u s i n g e l e c t r o n i c m e t h o d s t o l o c k t h e d i o d e l a s e r t o 

t h e c a v i t y , o p t i c a l f e e d b a c k c a n b e u s e d t o l o c k t h e f r e 

q u e n c y o f t h e d i o d e l a s e r t o t h a t o f t h e p a s s i v e n o n l i n e a r 

r e s o n a t o r . D i x o n et al.9 h a v e r e c e n t l y r e p o r t e d g e n e r a t i o n 

o f 0 . 2 m W o f 4 3 0 n m l i g h t w i t h t h e 1 2 m W d i o d e l a s e r 

l o c k e d t o t h e n o n l i n e a r c a v i t y t h r o u g h o p t i c a l f e e d b a c k . 

T h e c o m b i n a t i o n o f G a A l A s l a s e r d i o d e s a n d K N b O 3 

d o u b l i n g c r y s t a l s i s o n e t h a t h a s e v o l v e d b e c a u s e o f t h e 

m a t u r i t y o f G a A l A s l a s e r d i o d e t e c h n o l o g y a n d b e c a u s e 

K N b O 3 i s o n e o f t h e f e w S H G m a t e r i a l s t h a t c a n b e 

p h a s e m a t c h e d for e f f i c i e n t f r e q u e n c y d o u b l i n g o f G a A l A s 

l a s e r w a v e l e n g t h s . N o w , h o w e v e r , a d v a n c e s i n d i o d e l a s e r 

t e c h n o l o g y a r e p r o d u c i n g s o u r c e s w i t h w a v e l e n g t h s 

t h r o u g h o u t t h e 9 0 0 t o 1 1 0 0 n m r a n g e , m a k i n g p o s s i b l e 

t h e u s e o f o t h e r i n t e r e s t i n g n o n l i n e a r m a t e r i a l s . 

F o r e x a m p l e , t h e n o n l i n e a r m a t e r i a l p o t a s s i u m titanyl 

p h o s p h a t e ( K T i O P O 4 , K T P ) h a s b e e n u s e d f o r f r e q u e n c y 

d o u b l i n g o f 1 0 6 4 n m N d : Y A G l a s e r s 1 0 a n d f o r g e n e r a t i o n 

o f 4 5 9 n m b l u e r a d i a t i o n b y f r e q u e n c y m i x i n g o f 8 0 9 n m 

a n d 1 0 6 4 n m l a s e r s 1 , a n d i s k n o w n f r o m t h e s e e x p e r i 

m e n t s t o h a v e a t t r a c t i v e p h a s e m a t c h i n g p r o p e r t i e s . H o w 

e v e r , t h e s h o r t e s t w a v e l e n g t h t h a t c a n b e f r e q u e n c y - d o u 

b l e d i n K T P i s 9 9 4 n m , w h i c h i s o u t s i d e t h e w a v e l e n g t h 

r a n g e o f G a A l A s l a s e r s . S p e c i a l s t r a i n e d - l a y e r I n G a A s d i 

o d e l a s e r s e m i t t i n g 9 9 4 - n m r a d i a t i o n h a v e r e c e n t l y b e e n 

f r e q u e n c y d o u b l e d i n K T P t o p r o d u c e b l u e - g r e e n l i g h t a t 

4 9 7 n m , a n d c h a r a c t e r i z a t i o n o f t h e p r o c e s s w i t h a t u n 

a b l e d y e l a s e r s h o w e d t h a t i t h a s b r o a d t o l e r a n c e s f o r d e v i 

a t i o n s i n t e m p e r a t u r e , a n g l e , a n d w a v e l e n g t h f r o m t h e i d e 

a l p h a s e m a t c h i n g c o n d i t i o n s . 1 1 

F o r i n s t a n c e , F i g . 4 s h o w s h o w t h e 4 9 7 - n m o u t p u t 

p o w e r c h a n g e s a s t h e t e m p e r a t u r e o f t h e c r y s t a l i s 

c h a n g e d . U n l i k e K N b O 3 , w h e r e t h e t e m p e r a t u r e m u s t b e 

c o n t r o l l e d t o a f r a c t i o n o f a d e g r e e , w i t h K T P t h e t e m p e r a 

t u r e m a y v a r y o v e r a n e x t r a o r d i n a r i l y l a r g e r a n g e b e f o r e 

p h a s e m a t c h i n g i s d e g r a d e d . H e n c e , c o m b i n i n g s t r a i n e d -

l a y e r I n G a A s l a s e r s w i t h K T P , o r o t h e r n o n l i n e a r m a t e r i 

a l s , m a y m a k e i t p o s s i b l e t o g e n e r a t e b l u e / g r e e n w a v e 

l e n g t h s u n a c c e s s i b l e w i t h G a A l A s l a s e r s , w i t h p o s s i b l e 

p r a c t i c a l a d v a n t a g e s o v e r t h e c o m b i n a t i o n o f G a A l A s l a 

s e r s a n d K N b O 3 . 

F i n a l l y , t h e d e v e l o p m e n t o f w a v e g u i d e f r e q u e n c y d o u 

b l i n g t e c h n i q u e s f o r d i r e c t u p c o n v e r s i o n o f l a s e r d i o d e s 

s h o u l d b e m e n t i o n e d . W a v e g u i d e d e v i c e s h a v e t h e p o t e n 

t i a l a d v a n t a g e o f v e r y h i g h e f f i c i e n c y , s i n c e t h e i n t e r a c t i n g 

w a v e s c a n b e c o n f i n e d t o a s m a l l a r e a o v e r a l o n g d i s t a n c e . 

I n a d d i t i o n , d i s p e r s i o n m e c h a n i s m s p r e s e n t i n a w a v e 

g u i d e c a n p e r m i t S H G t o t a k e p l a c e a t w a v e l e n g t h s n o t 

p o s s i b l e i n b u l k m a t e r i a l . S m a l l s i z e a n d p o t e n t i a l i n t e g r a 

tion w i t h o t h e r d e v i c e s a r e f u r t h e r m o t i v a t i o n s f o r d e v e l 

o p m e n t o f w a v e g u i d e f r e q u e n c y d o u b l e r s . 

A l t h o u g h a p r a c t i c a l w a v e g u i d e t e c h n o l o g y f o r e f f i c i e n t 

The most attractive use of nonlinear 

crystals for upconversion of laser diodes is 

for direct frequency doubling... 

FIGURE 4. Variation of 497-nm power generated by fre
quency doubling of strained-layer InGaAs laser diodes in 
KTP as a function of the temperature of the KTP crys
tal. 
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Developing compact blue lasers has 
depended on finding combinations of 

lasers and nonlinear materials compatible 
for upconversion and on finding 

configurations that permit an efficient 
interaction. 

upconversion of diode lasers has not been identified, a 
number of approaches are being investigated experimen
tally. Waveguides fabricated in lithium niobate by titani
um indiffusion or proton exchange have been extensively 
developed for communications applications and are now 
being investigated for upconversion of diode lasers. Bulk 
L iNbO 3 lacks sufficient birefringence to permit phase-
matched SHG of blue light. However, in a waveguide, 
phasematching to radiation modes ("Cerenkov dou
bling") makes generation of blue light possible.1 2 Periodic 
inversion of the ferroelectric domain structure of L iNbO 3 

can be used for "quasi-phasematching," and this ap
proach has permitted generation of blue light in a guided 
mode of the waveguide.13 Fabrication of waveguides in 
KTP has also recently been reported 1 4, and preliminary 
frequency doubling experiments have been conducted. 1 5 , 1 6 

Nonlinearly-pumped blue/green lasers 
Rather than building infrared lasers and using the pro

cess of second-harmonic generation to convert infrared 
photons to blue ones, one can seek solid-state laser materi
als with strong laser transitions in the blue and green re
gions of the spectrum. However, traditional pumping 
schemes for such lasers require the pump photons to have 
higher energy, and therefore shorter wavelength, than the 
laser photons. It is possible, in some cases, to find solid-
state lasers that can be pumped by photons with lower 
energies than the emitted laser photons. For example, ab
sorption of one pump photon may excite the laser ion to a 
long-lived intermediate state, from which absorption of a 
second pump photon can excite the upper laser level [Fig. 
1(b)]. Alternatively, two ions that have been excited to the 
intermediate state may cooperate in an energy transfer 
process in which one ion gives up its energy to the other 
and returns to the ground state, while the other ion is ex
cited to the upper laser level. 

Several rare-earth laser ions doped into crystalline hosts 
have been examined as candidates for the kinds of pump
ing schemes described above. In particular, erbium doped 
into the host crystals YLiF 4 and YAIO 3

1 7 has been investi
gated for lasing around 550 nm. Pumping of the green 
laser with infrared lasers in the 790 to 860 nm range is 
possible using both two-step absorption and energy trans
fer schemes. Neodymium ions in the host crystals LaF 3 

and YLiF 4 have been examined for blue emission, pumped 
by one infrared laser and one yellow laser, or by one yel
low laser alone. 1 8 Thulium ions in YLiF 4 have recently 
been explored for lasing at 450 nm by pumping with one 
red laser and one infrared laser. 1 9 A l l of the lasers exam
ined so far work best at cryogenic temperatures. Room 
temperature operation would be highly desirable for most 
applications, and has recently been demonstrated for the 
Tm:YLiF 4 laser. 2 0 The mechanisms that degrade the per
formance of the laser at higher temperature are under in
vestigation. 

Green erbium lasers are good candidates for diode-
pumping since they have strong absorption lines in the 
GaAlAs diode laser wavelength range. The Er:YLiF 4 laser 
has been pumped using a high-power multimode laser di
ode at 792 nm, 2 1 where the relatively broad absorption 
line is compatible with the broad spectral, output of the 
diode laser. However, the absorption of the laser diode 
was still relatively weak, and only 100 µW of output pow
er at 550 nm was obtained. The temperature of best oper
ation was 40 K. Pumping on the stronger, but much nar
rower, 802-nm absorption line requires a single-frequency 
pump source. 

Figure 6 shows that an output power of 2.3 mW was 
obtained with 95 mW of pump power from a single-fre
quency GaAlAs laser diode, using the experimental config
uration of Fig. 5 . 2 2 The performance of this laser when 
pumped by the laser diode is essentially indistinguishable 
from that obtained pumping with a dye or titanium:sap
phire laser, indicating that no limitation on laser perfor
mance is introduced as a result of the spatial or spectral 
mode properties of the diode laser. 

Future directions 
Developing compact blue lasers has depended on find

ing combinations of lasers and nonlinear materials com
patible for upconversion and on finding configurations 
that permit an efficient interaction. So far, the lasers avail
able have been limited to GaAlAs laser diodes at wave
lengths in the 700 to 900 nm range and to solid-state la
sers that could be pumped by these laser diodes. Now, this 
spectral range is being extended as strained-layer InGaAs 
lasers are being developed in the 900 to 1100 nm range for 
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direct frequency doubling and for pumping new solid-
state lasers. Red AlGalnP lasers are becoming available 
that may extend the spectrum of available lasers down to 
630 nm. 

New nonlinear materials continue to be developed. 
KTA, in which the phosphorus in K T P is replaced by ar
senic, has higher nonlinear coefficients than K T P and 
many of the same broad phasematching tolerances. Peri
odically-poled L i N b O 3 offers new possibilities for. phase-
matching interactions. Organic materials continue to be 
explored because of their large nonlinear coefficients. The 
use of waveguides for efficiency enhancement, especially in 
nonlinear materials like KTP and L i N b O 3 , is being active
ly explored and appears to offer interesting options for the 
development of very small blue light sources. Nonlinearly-
pumped lasers continue to be investigated for better un
derstanding of the physics of upconversion laser operation 
and for discovery of new lasers, with particular attention 
to the possibilities of diode-pumping and room tempera
ture operation. 

FIGURE 5. Experimental configuration for generation of 
550-nm light by diode-pumping of an Er:YLiF4 upcon
version laser. 

FIGURE 6. Green output power vs. incident pump power 
for the Er:YLiF4 laser. 
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