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Solid-state lasers have found wide application in such 
diverse areas as materials processing, medicine, opti
cal ranging and tracking, and laboratory research. In 

each of these fields, the need for higher laser power is driv
ing the design and manufacture of larger laser systems. 
One limitation on the scalability o f lasers to higher power 
is the generally low efficiency—typically near 1%—for con
version of electrical power to coherent optical output. The 
size, weight, power consumption, and waste-heat dissipa
tion of high-power lasers all scale inversely with system 
efficiency. 

High-power solid-state lasers employ flashlamps to sup
ply energy to the laser medium. The flashlamps produce 
broadband radiation with relatively high efficiency, but 
since the absorption bands in solid-state laser media are 
rather narrow, the energy transfer efficiency from the lamp 
to the laser is low. Recognizing this, scientists proposed 
over 25 years ago that the optical output between 800 and 
900 nm from narrow-band semiconductor light-emitting 
diodes and diode lasers could provide an efficient pump 
source for several species of rare-earth ions in solid-state 
laser host materials. However, progress in the technology 
of "diode-pumped" solid-state lasers was impeded by the 
rather low power and efficiency of the semiconductor 
diode pump sources themselves. This condition has 
changed dramatically within the last 10 years with the 
development of efficient, powerful laser diodes and diode 
arrays for use in the optical recording industry. 

The most successful diode lasers use epitaxially-grown 
GaAlAs as an active medium, and employ single or mul
tiple quantum well structures to obtain high efficiencies 
and low electrical thresholds. Power outputs from these 
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devices in continuous-wave or pulsed operation typically 
reach 10 to 100 watts/cm of active length. Linewidths of 
less than 5 nm near 800 nm are standard. Electrical 
efficiencies of 50% are also realized in state-of-the-art 
production laser diodes. These properties are ideally suited 
to pumping high-power solid-state lasers. 

Diode-pumped laser technology 
The availability o f high-power pump diodes has led to a 

resurgence and development of diode-pumped solid-state 
lasers. Recent successes have included the demonstration of 
electrical efficiencies of 10-20% in compact, lightweight 
devices, with output powers up to about 1 watt. These 
devices have primarily employed neodymium 3+ ions in 
crystalline hosts such as Yttrium Aluminum Garnet (YAG) 
and Lithium Yttrium Fluoride (YLF) to produce laser 
output near 1 µmeter. In general, these lasers have been 
pumped along the axis of the optical resonator using single-
emitter diode lasers or small laser-diode arrays. This is done 
to achieve good spatial overlap between the excited volume 
of the active medium and that of the resonator mode. The 
degree of overlap directly affects the efficiency of the 
optically pumped laser. 

A typical longitudinal or end-pumped geometry is shown 
schematically in Fig. l a . End pumping has been very 
successful since the spatially-coherent output beam from 
the diode pump can be accurately matched to the mode of 
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the laser resonator using simple optical elements such as 
lenses and prisms. With this approach, over 50% of the 
optical pump power has been converted to laser output. 

The output power from end-pumped systems is limited 
by two effects. First, it is difficult to focus the output of a 
large number of diode lasers or laser arrays onto the end of 
a laser rod since the area available is constrained to the 
transverse dimension of the resonator mode. Second, the 
waste heat generated in the small pump volume gives rise 
to large optical distortions in the laser material. These 
distortions degrade the laser beam quality in ways that are 
difficult to correct. The maximum output obtained from 
end-pumped solid-state neodymium lasers is now around 
1 W , but several innovative coupling techniques promise to 
raise this output to near 10 W in the future. 

To circumvent the scaling limitation on end-pumped 
lasers, host laser materials, in the form of rectangular slabs 
or cylindrical rods, can be pumped transversely to the 
optical axis (side-pumped) through the long slab faces or 
rod barrels. This provides a much larger surface area for 
pump coupling and heat removal. Transverse excitation is 
used in virtually all solid-state lasers pumped by incoherent 
lamps. Such lasers are readily scalable to several thousand 
watts of average power. This advantage in scalability is 
readily amenable to pumping with laser diode arrays. 

Figures l b and 1c show configurations for diode-array 
pumping of cylindrical rods and rectangular slabs, respec
tively. The output power from side-pumped lasers can be 
raised by simply increasing the length of the active me
dium. Limitations on this scaling, discussed below, gener
ally involve the thermal and optical properties of the laser 
material, rather than the geometry of the pump configura
tion. State-of-the-art diode-array side-pumped solid-state 
lasers are now producing output powers of tens of watts in 
both continuous-wave and pulsed devices. Designs for 
lasers in the 100 W to 1 kW range are under consideration 
for development in the next two years. Some of the most 
recent accomplishments in transversely excited diode-
pumped solid-state lasers are covered here. 

Transverse-pumped laser designs 
The designs shown in Figs. 1 b and 1 c indicate how arrays 

of semiconductor laser diodes are optically coupled with 
high efficiency to the solid-state laser medium. Pump 
arrays are most conveniently mounted in "stacks" of linear 
laser "bars." These individual GaAlAs bars are typically 1 
cm long and consist of as many as 1,000 individual diode 
laser junctions, each emitting from 10 to 100 mW, depend
ing on whether cw or pulsed output is desired. The linear 
laser bars are mounted on sinks that facilitate heat removal 
from the rear of the structure. These mounted bars are 
stacked with a density of approximately 30 per cm, to 

FIGURE 1. Schematic designs for diode-pumped solid-
state lasers: a) end-pumped laser excited by a single 
diode array; b) rod laser module radially pumped by a 
set of 2-D diode arrays; c) zig-zag slab laser pumped by 
large 2-D diode-arrays. 

achieve optical output power densities of several kW per 
square centimeter. To date, two-dimensional arrays have 
been operated in a pulsed mode with duty cycles up to 10%. 
This limit is set by the heat dissipation in the diode array 
structure. The diode array junctions must operate near 
room temperature to preserve efficiency and lifetime. Since 
the 2-D arrays produce a heat load of several hundred watts 
per square centimeter, the development of efficient cooling 
structure, is one of the principle challenges in the design of 
high power diode-pump arrays. 

Some details of the design of a diode-array side-pumped 
laser are illustrated in Fig. l b . The device shown can be 
used as a gain module in either the oscillator or amplifier 
stages of a solid-state laser system. The cylindrical laser rod 
is pumped by diode arrays made up of bars, 1 cm in length, 
stacked five high. The number of stacked bars in the arrays 
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A key to the successful design of a 
diode-pumped rod laser is to provide 
uniform symmetrical excitation of 

the laser medium. 

is arbitrary, but selected to match the size of the laser rod. 
The rod geometry is particularly attractive for diode pumping 
since the engineering of such laser systems is well under
stood. 

Pumping with diode arrays reduces the heat load in the 
laser material by about a factor of three, in N d : Y A G , from 
the level encountered in lamp-pumped systems. This 
reduction comes about because the diode pump wave
length (806 nm) is much more closely matched to the laser 
output wavelength at 1.06 µm than in flashlamps that have 
a shorter average output wavelength. The quantum effi
ciency, for energy transfer from the excited state in N d 3+ 
ions pumped by the laser diodes to the upper level of the 
laser transition, is also near unity. 

In solid-state laser systems,the most severe thermal dis
tortions are lensing in the laser medium caused by a non
uniform temperature distribution in the laser rods, and 
birefringence caused by thermally-induced stress. Ther
mally-induced aberrations are handled by providing static 
correction using optical elements designed to compensate 
for the distortion. Depolarization of the laser beam caused 
by stress-induced birefringence is compensated using po
larization rotators in the oscillator and amplifier optical 
chains. These techniques provide a high degree of correc
tion for beam distortion in lamp-pumped lasers with power 
output up to about 100 W. Thus, in diode-pumped 
systems, power levels of several hundred watts are acces
sible using well-understood design principles. 

A key to the successful design of a diode-pumped rod 
laser is to provide uniform symmetrical excitation of the 
laser medium. It is also preferable to provide an excitation 
density that is peaked on the axis of the laser rod. Cylindri
cally-symmetric excitation is necessary to avoid non-spheri
cal focusing in the laser rod and non-correctable stress-
induced birefringence. 

The diode-pumped laser design shown in Fig. 1b achieves 
uniform excitation by superimposing the excitation from 
several arrays at the center of the laser rod. The diode pump 
arrays are arranged around the rod in planar rings, with the 
output from each array in the ring pointed at the center of 
the rod. In the design shown, each ring contains four diode 

arrays. Scaling of the laser output energy is accomplished 
by increasing the number of rings along the length of the 
laser rod. Successive rings are rotated with respect to one 
another to provide a more uniform integrated gain distri
bution. 

Figure 2 shows the pump density distribution calculated 
for a 6 mm-diameter N d : Y A G laser rod pumped by eight 
diode arrays arranged as in Fig. 1b. The distribution has a 
central peak intensity that is about twice that at the 
periphery of the rod. The accuracy of this predicted distri
bution has been verified through gain and fluorescence 
measurements. The centrally peaked pump distribution 
provides good spatial mode matching with a Gaussian 
resonator mode. As in the case of end-pumped lasers, this 
matching is critical to obtaining high efficiency. 

High-power diode-pumped laser 
system performance 

A n example of the design described above is the laser 
module shown in Fig. 3, developed by Fibertek Inc. under 
a joint Department of Defense-NASA "Diode-Array-
Pumped Solid-State Laser" program. This module con
tains 16 five-bar diode arrays arranged in four rings around 
a 7.6 mm diameter by 65 mm long N d : Y A G laser rod. Each 
diode array had a peak power of 280 W and provided 56 mj 
output when excited by a 200 µs current pulse. The pump 
energy input to the module was 0.9 J at 806 nm. The laser 
module was operated both as a multi-mode oscillator and 
as an amplifier for a single-transverse-mode beam, produc
ing 350 mJ output at 1.06 µm in the former case. Optical 

FIGURE 2. Pump intensity distribution calculated for 
the transverse-pumped rod laser module shown in Fig. 
1b (page 5). 
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FIGURE 3. Photograph of the diode-array pumped rod 
laser module shown schematically in Fig. 1b (page 5). 

FIGURE 4. Photograph of the high-power diode-pumped 
laser system. 

conversion efficiency from the diode input was 38%. The 
electrical efficiency of the oscillator reached 14% at the 
maximum pump energy. These results are in good agree
ment with expectations based on modeling of energy 
transfer in the diode-pumped laser module. 

Four of the diode-pumped modules were used in a two-
pass amplifier chain to produce 1 J of single-mode output 
in a repetitively-pulsed laser system. The four amplifier 
modules were pumped by a total of 64 five-bar arrays (320 

bars). Optical pump input to the amplifiers from the diode 
arrays was 3.8 J . The amplifier had an electrical efficiency 
of 10% in long pulse operation and 7% with a Q-switched 
output of 0.75 J . When run at a repetition rate of 30 pps, 
the laser provided an average power of 27 W. The Q-
switched laser output was also frequency doubled in a 
potassium titanyl phosphate (KTP) nonlinear crystal to 
give 450 mJ at 532 nm. A photograph of the system is 
shown in F ig. 4. 

Most of the advantages inherent in diode pumping have 
been realized in this laser system. The electrical efficiency 
exceeds that of lamp-pumped lasers by a factor of five or 
more. Thermal lensing and depolarization in the diode-
pumped amplifier chain have been measured to be a factor 
of three less severe than in a comparable lamp-pumped 
laser. 

Diode pumped slab lasers have produced similarly im
pressive results. A design for a diode-array pumped slab 
laser is illustrated schematically in Fig. 1c. The slab shown 
is pumped by large-area 2-D planar arrays close coupled to 
the laser host crystal. A slab of 1 cm width is typical for a 
N d : Y A G laser system of this design. Output from the 
pump arrays near 806 nm experiences an absorption of 
approximately 3 cm - 1 , so that with an optical path of 1 cm 
in the slab, over 90% of the available, pump power is 
absorbed by the laser medium. The pump radiation is 
typically reflected off the back face of the crystal to provide 
more efficient absorption. The laser slab can either be 
mounted on a metal heat sink as shown, or cooled by water 
flowing directly over the face of the slab. 

The laser beam propagates down the length of the slab. 
However, for several reasons, direct propagation parallel to 
the slab axis is not desirable. First, a beam propagating 
directly along the slab axis will experience non-uniform 
gain over its cross-section due to the exponential absorp
tion of the pump light. Second, the overlap of a well 
apodized low-order mode with the pump distribution is 
inefficient because, to minimize diffractive effects, the 
mode must avoid the faces of the laser slab where the 
excitation density is highest. Finally, a laser beam propa
gating parallel to the slab faces experiences aberration due 

...diode-array pumping improves the 
prospects for the technology by reducing 

the heat loading and the associated 
distortions of the laser medium. 
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to the thermal distortion generated in the laser medium, 
just as in the rod configuration. This distortion consists 
primarily of cylindrical or higher-order lensing. 

The complications cited above are eliminated to first 
order by choosing a "z ig-zag" propagation path for the 
laser beam down the slab. In the zig-zag mode, the laser 
beam propagates by successive total-internal reflections off 
of the top and bottom faces of the slab. Averaging over 
successive reflections assures that each part of the beam 
experiences the same gain. The beam sweeps out most of 
the pumped volume since it impinges on the optically 
pumped face of the slab. Thermal lensing is also cancelled 
to first order, since over several reflections between the 
faces, all parts of the beam experience the same optical path 
length through the medium. 

Realization of the benefits of the zig-zag slab laser 
geometry requires that the laser host material be fabricated 
with a high degree of precision. Non-uniform excitation 
transverse to the pump direction must also be avoided since 
its effects are not corrected in the slab geometry. The 

engineering costs associated with achieving these criteria 
have limited the application of zig-zag slab lasers. How
ever, diode-array pumping improves the prospects for the 
technology by reducing the heat loading and the associated 
distortions of the laser medium. As in the rod configura
tion, the level of performance achieved with diode pump
ing can be expected to improve upon that obtained with 
lamp pumping by a factor of three or more. 

A step in the direction of realizing these improvements 
was recently taken by researchers at the McDonnel l Douglas 
Electronic Systems Corp. with the fabrication of a high-
power-diode-pumped slab laser. This laser was also devel
oped under the D o D - N A S A program cited above. The 
device used a N d : Y A G oscillator-amplifier configuration. 
The two slab amplifier stages had dimensions of 1.8 cm 
wide by 0.5 cm high by 7.0 cm long. The amplifiers were 
pumped by 576 diode laser bars of 1 cm with a peak pump-
power output of 23 kW, or 4.6 J in a 200 µs pulse. The laser 
provided an output of over 1 J , Q-switched at 1.06 µm and 
could be operated without adjustment of the optical chain 
at up to 50 pps. The maximum average power output from 
the system was 30 W. The electrical efficiency achieved 
from the amplifiers was 7.5%, again confirming the projec
tions for diode-pumped laser systems. 

The successful demonstration of the first high-power 
transverse diode-pumped solid-state lasers described above 
clearly paves the way for the development of even more 
advanced systems. The high efficiencies obtained from 
these systems was accompanied by a concomitant reduc
tion in size and weight. Diode-pumped lasers designed and 

Diode-pumped lasers designed and 
fabricated in the next few years will 
achieve further improvements over 

the present generation. 

fabricated in the next few years will achieve further im
provements over the present generation. With acceptance 
of these systems, the cost of diode pump arrays will fall 
rapidly, clearing the last barrier to widespread replacement 
of lamp-pumped solid-state lasers with their diode-pumped 
successors. 
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