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Yb:YAG and Nd:YAG edge-pumped slab lasers
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Experimental demonstrations of two edge-pumped zigzag slab lasers are presented. The Nd:YAG slab

laser generated 127 W of multimode output power with 300 W of pump power.
Yb:YAG slab produced 46 W of output power with 315 W of pump power.

Preliminary results with a
The edge-pumped slab design

permits symmetric conduction cooling and efficient pump absorption and accepts large-numerical-aperture

pump sources. © 2001 Optical Society of America
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Improvements in the brightness of laser-diode pump
sources, both fiber-coupled and bare arrays, have
provided the ability to push the limits of high-power
solid-state laser design. Stress-induced birefrin-
gence, thermal lensing, and the stress-fracture limit
make scaling of rod lasers to high average powers
difficult when good beam quality is required. Zigzag
slab geometry lasers have been scaled to high average
power levels while maintaining good beam quality
and polarization contrast.!”® However, practical
use of slab lasers has been limited by the low laser
efficiency that is typically seen in side-pumped slab
lasers and by the complexity of the pumping and
cooling interface in the slab laser-head design. We
have developed a zigzag slab laser design based on
conduction cooling and a novel pumping geometry
called edge pumping. The edge-pumping geometry
decouples the cooling and optical pumping interfaces,
simplifying the laser-head design. The advantages
of this design include efficient pump absorption,
acceptance of high-numerical-aperture pump sources,
uniform conductive cooling, and scalability. This
design is also compatible with quasi-three-level gain
media.® In this Letter we present the results of laser
oscillation with Nd:YAG and Yb:YAG.

An ideal slab design requires that the slab be uni-
formly heated throughout its volume and uniformly
cooled through the two total-internal-reflection (TIR)
faces.” Conventional designs have satisfied the re-
quirement for uniform heating of the slab volume by
specifying pumping of the slab through the TIR faces,
a procedure that is known as face pumping.®® Using
the same interface for pumping and cooling places
significant engineering constraints on the slab laser
design. Face-pumped designs typically require direct
liquid cooling for uniform pumping and cooling of both
faces. This requirement complicates the laser-head
design and can lead to slab degradation or damage
caused by contamination from the cooling fluid. Ad-
ditionally, there is often a trade-off between thermal
handling and pump absorption. Improved thermal
handling requires reducing the slab thickness, but this
reduces the pump absorption depth in a face-pumped
geometry.

The edge-pumped slab represents a significant de-
parture from conventional zigzag slab designs. Fig-
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ure 1 shows a schematic of an edge-pumped slab. The
slab is still uniformly cooled on the TIR faces; how-
ever, the pump power is incident from the non-TIR
faces along the slab width, transverse to the thermal
gradient and the direction of optical propagation. The
design of the cooling interface no longer requires a ma-
terial that is transparent to the pump radiation, pro-
viding the opportunity for conduction cooling. Also,
because the absorption length is not in the cooling
plane of the slab, one can reduce the slab thickness
to improve the thermal handling of the slab without
affecting the pump-power absorption.

The advantages of conduction cooling were rec-
ognized early in the development of slab lasers.'
Cooling uniformity, mechanical stability, protection of
the TIR faces, and the separation of the slab-liquid
interface are often cited as the benefits of conduction
cooling. Experimental demonstrations of conduction
cooling through a thin static layer of He gas in
lamp-pumped Nd:Glass lasers confirmed these bene-
fits.!!  More recently, conductive cooling of high-power
thin disk lasers'? and one-sided conduction cooling
of slabs® have been demonstrated. However, the
asymmetries of these cooling schemes lead to thermal
stresses in the crystals that limit the power-scaling
potential. The symmetric cooling of the edge-pumped
slab laser provides a design that can be scaled to high
power levels.

We applied the edge-pumped slab design to Nd:YAG
and Yb:YAG gain elements. Although they are
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Fig. 1. Perspective view of the edge-pumped slab laser
geometry. The conductively cooled slab is clamped in a
water-cooled copper heat sink. Pumping by fiber-coupled
laser diodes is illustrated, but other pump delivery meth-
ods could be used. For clarity the pump fibers are shown
moved back from the laser head.
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conceptually similar, the two lasers had some sig-
nificant differences. The Yb:YAG slab was much
smaller and utilized a composite crystal to ensure
high-pump-power densities in the active region.
Also, unlike the 808-nm laser diodes for pumping the
Nd:YAG laser, the laser diodes for Yb:YAG did not
require individual temperature control because of the
comparatively broad absorption in Yb:YAG at 940 nm.

The details of the Nd:YAG laser are presented
first: The 1% doped Nd:YAG slab measures 1.45 mm
in thickness, 4.57 mm in width, and is 35.7 mm in
length at the center line. The Brewster angle ends
refract the beam onto a 16-bounce zigzag path. The
TIR faces have a 2.5-um coating of SiOg to protect the
reflection. The edge faces are antireflection coated at
the pump wavelength (808 nm). The slab is pumped
by 30 fiber-coupled laser diodes, each of which has a
maximum power of 10 W at the output of a 600-um,
0.4-N.A. fiber.

At the full pump power the thermal focal length of
the Nd:YAG slab is 470 mm in the zigzag plane and
420 mm in the nonzigzag plane. The average tem-
perature of the slab at full power was measured in-
terferometrically'* to be 42°C with cooling water at
10°C. Images of the fluorescence indicate relatively
uniform pump absorption. The fluorescence intensity
at the center of the slab is 80% of that at the slab edges.

The Nd:YAG slab was operated with three reso-
nator configurations. The results are shown in
Fig. 2. The multimode resonator consists of a
100-mm radius-of-curvature high reflector, a 100-mm
focal-length lens, and a flat output coupler. The slab
is placed between the high reflector and the lens,
which are spaced 137 mm apart. The lens and the
output coupler are separated by 24 mm. The mode
waist in the slab is ~130 um, and, because the slab
is the limiting aperture, many higher-order modes are
excited in both axes. As the mode fills the entire
aperture, the slope efficiency is not reduced by im-
perfect mode overlap (g = 1). This cavity resulted
in a maximum output power of 127 W for 300 W
of pump power with a 58% slope efficiency. The
efficiency factors are estimated as follows: photon ef-
ficiency, ns = 808 nm/1064 nm = 76%; quantum effi-
ciency, 7, = 95% output coupling efficiency, n. = 92%
(1% single-pass slab loss, 23.5% output coupling).
From these estimates the pump absorption efficiency
is derived to be 87%, which is consistent with the
analysis in Ref. 6. The slight reduction in slope effi-
ciency at the highest pump powers is due to residual
depolarization losses near the slab edges.

The second resonator is designed with a larger mode
size such that only the fundamental mode (M,% = 1.42)
can run in the thickness direction. Because of the 3:1
aspect ratio, the output is still multimode in the width
direction. Because of slow degradation of the pump
diodes after the resonator experiment, the maximum
available power was reduced to 200 W. At this pump
power, 55 W of output power was achieved, with a 39%
slope efficiency.

TEMgy-mode output was achieved by use of intra-
cavity cylindrical lenses to create a 3:1 elliptical mode
to match the slab aspect ratio. The maximum power
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achieved in this mode was 28 W for 175 W of pump
power at a 22% slope efficiency. The M? at this power
level was 1.47 in thickness and 1.50 in width.

An edge-pumped slab is also demonstrated, with
Yb:YAG as the active medium. The slab is a diffusion
bonded composite crystal of undoped YAG and 2%
Yb:YAG. The undoped regions serve primarily to
reduce the quasi-three-level reabsorption losses in the
unpumped areas. The overall slab dimensions are
091 mm X 7.1 mm X 8.4 mm. As for the Nd:YAG
slab, the ends are at Brewster’s angle and the TIR
faces have a SiOy coating. The doped region has
the same 0.91-mm thickness as the entire slab but is
5.34 mm wide and 2.81 mm long. The crystal is held
between two copper microchannel cooling blocks with
indium foil to provide even thermal contact.

To suppress parasitic oscillations in the width—
thickness plane,'® we polished one edge face at a 5°
angle to the thickness direction and at a 2° angle to
the length direction. This procedure was sufficient
to completely eliminate parasitic oscillations up to the
full pump power.

The slab was pumped by 10 laser diodes, each emit-
ting from a 400-um, 0.37-N.A. fiber. The laser was
designed to use the rated power of 50 W per diode.
Unfortunately, some diodes began to fail catastrophi-
cally near 30 W of power, so the total pump power
was limited to ~300 W. Figure 3 shows the results
achieved with a multimode resonator. The resonator
was essentially the same as that used for the Nd:YAG
multimode oscillator, except here a higher-reflectiv-
ity output coupler (T' = 9.1%) was used. Without any
pump reflector at the slab edges, the slope efficiency
was 24%. The addition of a gold reflector surrounding
the pump fibers improved the slope efficiency to 28%.
The inset shows the gain measured by a Yb:YAG mi-
crochip laser'® at 1030 nm. Transparency is achieved
at 80 W of pump power. The sublinear character of
the gain coefficient is a result of ground-state popula-
tion depletion.

A breakdown of the efficiency terms gives the
following results: The photon efficiency is 1, = 91%,
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Fig. 2. Output power versus pump power for the Nd:YAG

edge-pumped zigzag slab laser. The pump power was
measured at the output of the fiber array.
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Fig. 3. Output power versus pump power for the Yo:YAG
edge-pumped zigzag slab laser. The output power
was limited only by the available pump power. Inset,
single-pass small-signal gain as a function of pump power.

and the quantum efficiency 7, is assumed to be 100%.
The output coupling efficiency is n. = 0.091/(0.033 +
0.091) = 73%. The transmission of the pump light
through the uncoated slab edges is 92%. Because of
errors in crystal fabrication (the doped region was not
centered along the slab length), there was incomplete
mode overlap in the thickness direction. M?2 in this
direction was 2.3, which corresponds to a mode overlap
efficiency of ng = 70%, given the cavity’s fundamen-
tal mode size in the slab. From these efficiencies,
the pump absorption is estimated to be 56% for no
pump reflector and 65% with the pump reflector.
These results compare well to the optimum value
of 1 — exp(—2 X 0.534) = 66% for a single pass of
the pump light at the peak absorption wavelength.
The small discrepancy is due to variations in the
wavelengths of the pump diodes, which did not have
individual temperature control.

Edge-pumped slab lasers have been demonstrated
with Nd:YAG and Yb:YAG crystals. The Nd:YAG
has a 58% multimode slope efficiency. In prelimi-
nary Yb:YAG experiments, 28% slope efficiency was
observed. Improvements in crystal fabrication and
pump diode performance should allow this slope
efficiency to approach 60%. These results provide
a starting point for power-scaling calculations that
predict average powers of as much as 100 kW may be
possible with Yb:YAG edge-pumped slabs.®
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