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Development of a 25 W TEM diode-pumped Nd:YLF laser00
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Abstract

We report the design and the operation of a novel two-head, side-pumped Nd:YLF laser that generates up to 25 W
TEM output power at 1.053 mm. The anisotropic thermal lensing of each laser head has been examined and compensated00

with cylindrical lenses. The output power of this two-head laser exhibits excellent dynamic range with a typical
optical–optical conversion efficiency of 18%. q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

In the past decade, there have been significant
strides in the development of high power diode-

Ž .pumped solid-state lasers DPSSL . DPSSLs are al-
ready available in commercial products employed in

w xa variety of applications 1,2 . Despite this progress,
scaling to higher power with good efficiency still
remains an obstacle. There have been a number of
schemes developed to reduce the magnitude of the
thermal lens and associated thermal aberrations. One
approach has been to use a slab design to average
out the thermal effects along the axis used for cool-
ing the laser gain medium. This approach, with well
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designed slab parameters, has achieved as much as
w x100 W outputs in a high quality beam 3,4 . The

other approach is to use 1-D cooling along the beam
propagation direction and very thin laser discs to
keep the rod temperature in a usable range. This thin
disc concept has also demonstrated TEM operation00

w xwith powers beyond 100 W 5 . These results are
significant and illustrate that diode laser pumping
can be scaled to higher brightness than that possible
with conventional lamp pumped systems. Each of the
above approaches has certain advantages and disad-
vantages in implementation and cannot be applied to
all laser materials. In particular, scaling to the 30 W
level with 20% efficiency is difficult in materials
like Nd:YLF, due to a variety of material parameter

Ž .limitations: relatively low gain 1.053 mm transition ,
power thermal fracture limits and low absorptivity at
the pump wavelengths. However, Nd:YLF is desir-
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able in some industrial Q-switching applications for
w xits less severe thermal lensing 6,7 , and high energy

w xstorage capacity 8 . There is a need for different
cavity designs which permit power scaling using
standardized diode laser pump modules which is
amenable to a wide class of laser materials. In this
paper, we report the performance of a diode-pumped
Nd:YLF laser in a symmetric two-head configuration
which can generate an output power of up to 25 W
with an excellent dynamic range.

2. Experimental results

A schematic of the laser cavity design is illus-
Ž .trated in Fig. 1 a . The laser cavity contains two

laser heads, each of which consists of an 8.2 cm
long, Brewster-cut Nd:YLF rod with a cross section
of 3=2 mm2. The rod is pumped from the side by

Ž .four 20 W in-line CW diode arrays Optopower
collimated with 0.8 mm diameter fiber lenses. The
pump passes through the crystal and is then back
reflected at an angle by metal coated prisms mounted

Ž . w xbehind the rod as shown in Fig. 1 b 9 . The rod is
mounted in a water flow cell which cools the surface
over ;77 mm of the length of the rod. We estimate
the losses due to coupling optics to be around 10–
15% and we assume ;90% of the remaining pump
light is absorbed in the rod. To compensate the pump
induced thermal wedge, the two heads are pumped
from opposite directions. Both the rods and diodes in
this laser are water cooled and all results were
obtained with a water temperature of 148C. This
relatively cold water temperature is necessary to
keep the diodes used in this study tuned to the
absorption of Nd:YLF at 797 nm. The laser cavity
has a length of 90 cm with two cylindrical lenses
located between the rods and the end mirrors as
shown in Fig. 1. Each end mirror has a radius of
curvature of 2 m and the cavity is point-symmetric
about its center. The cavity was operated with two
sets of cylindrical lenses. The cylindrical lenses both
have a focal length of 75 cm and are located approx-
imately 1.5 cm from the end mirrors. The lenses
focus in the vertical direction and compensate the
thermally induced astigmatism in each head.

Fig. 1. Cavity and pumping scheme.
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Thermal lensing in Nd:YLF is both astigmatic and
w xpolarization dependent 7,10,11 . To minimize the

effects of thermal lensing, the rods were Brewster
cut appropriate for lasing on the 1.053 mm line in
Nd:YLF. For our pumping configuration, the thermal

Žlens was positive in the horizontal direction along
.the laser polarization and negative in the vertical

direction. The thermal lens of each head was deter-
mined by propagating a horizontally polarized, colli-
mated He–Ne laser beam through the pumped rod
and locating a focus in the horizontal direction. The
focal length of the induced thermal lens as a function
of pump power for both laser heads is shown in Fig.
2. The pump power is derived from the diode manu-
facturer’s measurements of the uncollimated diode
output as a function of current. As expected, the
focal length is inversely proportional to the pump
power. More specifically, a thermal lens of focal
length 70–80 cm at 30 W pump changes to approxi-
mately 40–45 cm at 60 W pump. We estimate a
thermal lensing coefficient k of 2–3 my1r
w 2 x Ž .kWrcm according to 1rfsk PrA , where f is
the focal length, P is the absorbed pump power, and
A is the rod cross-sectional area. This result clearly
demonstrates that stronger thermal lensing than lamp
pumped systems may exist even in side-pumped

Ž w x.system cf. Vanherzeele 7 . Although the total de-

posited power into the rod in our diode pumped
system is less than comparable flashlamp pumped
systems, the pump density and associated thermal
gradient is actually higher.

After characterizing the thermal lensing properties
of both laser heads, we individually tested the laser
performance of each head by placing a flat high
reflecting mirror in the center of the symmetric
cavity as shown in Fig. 1. This allowed us to charac-
terize the single head performance with approxi-
mately the same cavity configuration as the dual
head configuration. The power output for laser head
‘2’ under these conditions is shown in Fig. 3. The
solid curve shows the output power as a function of
pump power for the laser optimized near threshold,
whereas the dashed curve shows the output for the
laser optimized near the maximum pump power. In
each case, the laser was optimized at near
thresholdrmaximum pump power and then the pump
power was increasedrdecreased by changing the
pump current without any realignment of the cavity.
By comparing the two curves one can see an obvious
hysteresis in the output power, which we believe was
mainly due to an asymmetric pump induced wedge-
like phase distortion in the rod. A similar power
hysteresis was also observed in laser head 1. How-
ever, as a result of better diode collimation, laser

Fig. 2. Focal length of the thermal lens in the horizontal plane for each head as a function of pump power. The lens in the vertical plane has
approximately the same magnitude and is opposite in sign.
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Fig. 3. Laser head 2 output power as a function of pump power.

head 1 generated a maximum of 14 W with the same
20% output coupler used for laser head 2.

The most straightforward way to scale laser power
to the 20 W level is to use multiple head designs.
The key distinction of this work is the implementa-
tion of a symmetric design that cancels the inherent

asymmetric thermal aberrations associated with side
pumping. The primary objective is to have a system
with linear response over the complete power range.

A two-head laser has the advantage of distributing
the focusing power of the rods symmetrically in the
cavity, so that the overall lensing in the cavity is

Fig. 4. Output of two-head laser as a function of total pump power.
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w xreduced 12 . In addition, this design allows self-cor-
rection of the thermally induced wedge by pumping
each rod from the opposite side which can reduce the
power hysteresis observed in the single laser head
cavities. The measured power hysteresis curve of the
two-head system with 30% output coupler is shown
in Fig. 4. Between threshold and 20 W output power,
the laser output exhibits minimal power hysteresis
compared to the single head cavity, shown in Fig. 3.
Also, the output power is nearly linear with the
pump power up to 20 W, which is an exceptional
dynamic range for a laser of this power level. The
change in slope efficiency is near the maximum
output of the laser diode arrays and does not corre-
spond to the inherent stability range of this approach.
At higher diode currents, the diode laser pump
broadens and the optical coupling efficiency de-
creases. The magnitude of the thermal lens is small
enough that, with proper cavity design, powers up to
the 50 W range should be achievable in a diffraction
limited beam with good dynamic range. The maxi-
mum optical to optical efficiency, at a pump power
of 120 W absorbed pump power, is 18%. To quan-
tify the beam quality, M 2 measurements were con-
ducted using the knife-edge method. An M 2 of 1.2
in both horizontal and vertical directions was mea-
sured.

3. Modeling

In the interest of better understanding the origin
of the highly anisotropic thermal lens in our rod, we
calculated the thermally induced phase distortion
over the rod profile. Typically, a complete calcula-
tion of the thermal phase distortions in a solid state
laser rod must include contributions from three ef-

Ž . Ž .fects from most to least significant : 1 first order
Ž .change in bulk index with temperature; 2 deforma-

tion of the ends of the rod due to thermal expansion;
Ž .and 3 stress induced index changes via the elasto-

w xoptic effect 13,14 . We did not include a contribu-
tion from the elasto-optic effect because this usually
accounts for a only small fraction of the total thermal

Ž . w xlens ;5% 13 and, furthermore, the relevant
elasto-optic coefficients for YLF were not available
at the time of publication. We also did not include
deformation in this calculation, since, for a moderate

Ž y1 .amount of absorption 5 cm with our pumping

configuration, less than 1% of the pump light will be
absorbed within 5 mm of the end of the rod. Model-
ing of a number of different pump geometries has
shown that significant deformation will occur only

w xfor heat deposition near the face of the rod 15 .
In contrast to most end-pumped systems, the heat

deposition in our system is highly asymmetric.
Though both the end-face deformation and elasto-
optically induced index changes may be anisotropic
in an end-pumped YLF rod, we do not expect a large
contribution due to deformation in this system. We
believe the anisotropic thermal lens in our system is
primarily due to the highly inhomogeneous heat
deposition in our rod combined with anisotropic
convective cooling.

The calculations were performed using the NAS-
w xTRAN finite-element analysis program 16 to solve

for a temperature distribution in the rod given by the
static diffusion equation:

rsK= 2T 1Ž .
where r is the heat density deposition rate, K is the
thermal conductivity and T is the temperature.

Due to the asymmetry of the pump intensity
distribution, a three dimensional model is required.
Assuming a coordinate system with its origin at the
center of the rod, the z axis parallel to the optical
axis and the x axis along the direction of the pump
propagation, the model pump intensity distribution is
symmetrical with respect to the x–y and x–z planes.
Therefore, it is enough to consider only the positive
z, positive y quadrant of the rod. Our model consists
of the upper right quadrant of the rod as seen view-
ing along the pump direction, measuring 40 mm in
length, 1.5 mm in height and 2.0 mm in depth. The
model is evenly divided with 120, 15 and 20 ele-
ments, respectively, along the axes.

Ž .The calculated optical path difference OPD pro-
file is shown in Fig. 5. It shows the difference

Ž .between the optical path length OPL through the
rod at ambient temperature and the OPL under
pumping conditions. After using the finite element
analysis to determine a temperature distribution in
the rod, the total optical path difference is deter-
mined by integrating a local change in the optical

Ž . w xpath length along the optical axis z axis , i.e. 14 ,
E n

dOPD x , y , z s T x , y , z d z 2Ž . Ž . Ž .
E T
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Fig. 5. Calculated optical path difference profile of the top half of our side-pumped rod. The pump beam is centered along the x axis of this
graph and travels in the positive x direction.

where we are considering only the contribution from
the thermal dispersion, E nrE T. The beam is as-
sumed to be large and well-collimated at the input of
the rod.

ŽThe local change in index is negative E nrE Ts
y6 .y2=10 for YLF for a positive change in the

temperature, so the OPD is negative over the entire
rod profile. The model assumes conduction cooling
with a surface heat transfer coefficient of 1000

w 2 xWr m K on the surface of the rod, corresponding
to estimates of the cooling efficiency based on the
water flow on these surfaces. Although the maxi-
mum temperature in the model depends strongly on
the cooling efficiency, the thermal lens is relatively
insensitive as a result of convective cooling. The
pump distribution was modeled as a 1.0 mm high, 40
mm wide top-hat beam propagating along the x axis
and polarized along the extraordinary axis of the

Ž .crystal the y axis in our model . We assume 60 W
of absorbed pump power per head and that 30% of
the absorbed pump energy is deposited as heat.

Cuts of the OPD profile along the x and y axes
are shown in Figs. 6 and 7. Least square fits of the
OPD curvature along the vertical and horizontal

Ž .directions in the center of the rod over the beam
Ž .profile assumed to be 1 mm in diameter give

values of the thermal lens in the vertical and horizon-
tal planes of y51 cm and 1.44 m, respectively.
These numbers should be compared with the mea-

sured thermal lens focal lengths, which were around
45 cm in magnitude for both the vertical and hori-
zontal with a positive thermal lens in the horizontal
and a negative thermal lens in the vertical. Although
the OPD profiles deviate from the least square

Žparabolic fits outside the intracavity mode size about
.1 mm in diameter , the profile along the vertical

direction in particular is very close to parabolic over
Ž .the size of the beam centered on the rod . The

calculated OPD fits a parabolic plus wedge fit accu-
Ž .rately in the horizontal plane over the beam profile

for a 1 mm beam centered around 1.2–1.3 mm from
the pump side of the rod.

The agreement in both sign and magnitude is very
good for the vertical direction, whereas there is a
factor of approximately three difference in magni-
tude between the calculated and measured result
along the horizontal axis. We anticipate an error in
the calculation may be as high as 50%, due to
inaccuracy in the specification of the pump distribu-

Ž .tion 15% , disregarding the deformation and elas-
Ž .tooptic terms 15% , and errors in the estimate of the

physical parameters, such as the absorption coeffi-
cient and the first order change in index with the

Ž .temperature 20% . Furthermore, the He–Ne probe
beam used to diagnose the thermal lens may not
have precisely traced the path of the intracavity laser
mode through the rod and this, for the horizontal lens
measurement in particular, may explain the discrep-
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Fig. 6. Calculated optical path difference profile along the x axis and fit.

ancy between the measured and calculated values for
the horizontal thermal lens. The essential features of
the thermal lensing have been captured in the model-
ing. Within the accuracy of the various parameters
the magnitude of the calculated thermal lens is in
qualitative agreement with measurements. This code
has been checked against a number of literature

reports of thermal lensing in symmetric end-pumped
situations and typically gives thermal lens values
within 20% of the reported value for Nd:YAG.
Based on these results, we attribute the discrepancy

Žbetween theory and experiment for the lens along
.the x axis in this study to features in the rod flow

cell that lead to anisotropic cooling and enhanced

Fig. 7. Calculated optical path difference profile along the y axis and fit.
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anisotropy in the thermal lens. For most effective
cooling, all four sides of the rod are water cooled.
The laser diodes pump through an optical input
window. To minimize absorption of the pump radia-
tion and turbulence effects, the path length through
the water was made as small as possible on both the
input and exit surfaces. The flow and cooling is more
efficient along the vertical direction. Strongly
anisotropic cooling could significantly increase the
anisotropy in the thermal lens.

Despite this limitation, these calculations can be
used to determine the potential for further scaling of
output power. Given the magnitude of the lens, the

Žsymmetrizing feature of the dual head approach re-
.moval of thermal wedge effect should permit scal-

ing up to the 50 W power level for a YLF system.

4. Summary

To summarize, we have developed a diode-
pumped Nd:YLF laser with TEM output power in00

the 30 W range with exceptional dynamic range. The
laser system has also been successfully Q-switched
at repetition rates as high as 20 KHz with only a
10% change in average power from CW operation
and no other change in performance. To our knowl-
edge, this is the first diode-pumped Nd:YLF laser to
attain this power level at 1.053 mm. The laser system
is based on standard components and laser rod as-
semblies such that implementation is relatively
straightforward. The laser cavity is a simple symmet-
ric design which effectively compensates the
anisotropic thermal lensing and reduces power hys-
teresis effects due to the thermally induced wedge in
side pumped laser rods. Further improvement in both
power and beam quality may be possible by replac-
ing the cylindrical lenses with appropriate cylindrical
end mirrors and further optimization of the cavity. In
addition, diode collimation is critical in side pumped
configurations and better collimated diodes are ex-
pected to increase the total output power in excess of
30 W levels and should permit 50 W performance
levels to be achieved with more attention to cooling.
As a final comment, this power range and wide
dynamic range is critical to a number of industrial
and scientific applications. Single oscillator designs
have been developed which have scaled to higher

w xpower 17,18 , but only operate stably TEM within00

a narrow power range that gives the correct thermal
lens. Any application that involves changing the
repetition rate in Q-switched operation requires a
high dynamic range that excludes the use of single
power point operation. The above approach gives
suitable dynamic range in a practical design for
applications ranging from material processing to
femtosecond pulse amplification, where the longer
storage time of Nd:YLF relative to Nd:YAG offers
significant advantages with higher pulse energies.
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