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High-power diode
lasers advance
pumping applications

LAURENT VAISSIE, TOM STEELE, PAUL T. RUDY
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FIGURE 1. Fiber-laser manufacturers demand spatial beam profiles from a
“cladding-free” 100-um-core fiber-coupled module to avoid power leakage and

component damage. (Courtesy of QPC Lasers)

he most common application of high-power “athermal” performance of lamp pumping with the high ef-
diode lasers is to pump the gain media of ficiency of diode pumping. Innovators have also made nu-
solid-state and fiber-laser systems. Over the merous refinements in diode epitaxial structure designs,

last two decades, the availabil- . .
ity of high-power diode pumps Enhancements in diode

at wavelengths like 808 nm has enabled enor- .. .
mous improvements in laser-system operat- pump eff|C|enCIeS!

ing efficiency and compactness compared to waveleng ths, and on-chip

traditional lamp-pumped lasers. However,

those diodes have ot.herwise not been opti- g ratin gs have dramatical Iy
mal for the broadening array of pump ap-

plications. Specifically, diodes have had only  jm o] roved laser- system

moderate spatial brightness, a limited range

of wavelengths available, and poor spectral  compactness, efficiency,
stability requiring precise temperature con-

trol, which adds complexity and cost. power, and beam quality.
Recent advances in diode efficiencies have

regrowth techniques, and
material systems configu-
rations, enhancing diode

suitability for a variety

of exciting new pumping

applications.

Together, these
pump-diode advances
are enabling dramatic
improvements in laser-
system compactness, effi-
ciency, power, and beam
quality, while at the
same time reducing ther-

improved the performance of diode-pumped lasers, and mal management, cost, and complexity in the system.
pumps with higher spatial brightness have enabled rapid

deployment of fiber lasers. Additionally, new pump wave- Higher efficiency

lengths have emerged to enable pumping of novel laser me-  Substantial progress has been made over the last several

dia, as well as superior laser performance of established me-  years in improving the electro-optical efficiency of alumi-
dia. More recently diode pumps with on-chip gratings that ~ num gallium arsenide (AlGaAs) diode lasers. Government-

stabilize the wavelength have been developed, offering the sponsored programs in the U.S. and Europe, as well as
privately funded initiatives by several manufacturers have in-
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more than 70% have been dem-
onstrated in the lab and are ex-
pected to be released commer-
cially in the near future. In the 50
U.S., for example, the DARPA-
funded Super-High-Efficiency
Diode Sources (SHEDS) pro- 30
gram was launched in the fall 20
of 2003. It was motivated by the
desire to improve the efficiency
of high-power diode-pumped 0
laser systems, which can in-
trinsically be quite efficient if
the pump-diode efficiency is
high. The program involved
eight partners from industry
and academia aiming to fab-
ricate diode lasers with 80%
electrical-to-optical efficiency.
While the participants in that program
focused efforts on 976 nm, other related
efforts in this arena have increased the
efficiency of 808 nm devices as well.
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Spatial brightness

Single-emitter technology based on vol-
ume manufacturing developed for tele-
communications has produced an in-
crease in diode brightness. Today, several
companies offer 10 W of power from a
100-pm-core fiber at 915 or 980 nm with
low numerical aperture while integrated
single-emitter arrays achieve 350 W out
of a 200-pm-core fiber.

At 808 nm, the photon energy is higher,
and the risk of catastrophic optical dam-
age increases. New passivation tech-
niques based on regrowth technology
allow quasi-CW (QCW) operation of fi-
ber-coupled devices as high as 100 W out
of a 400 um core fiber from a low-fill-fac-
tor single-bar device. For free-space ap-
plications, progress in hard-solder tech-
nology and diode efficiency also enable
high-fill-factor bars (50%) to reach 300 W
at 808 nm and over 1 kW at 980 nm.

Pump-diode manufacturers have also
improved brightness from fiber-coupled
modules with “cladding-free” power for
fiber-laser pumping, enhancing con-
version efficiency and limiting risks of
damage for pump combiners (see Fig. 1).

Extending reach

The 808 nm band has traditionally been
the workhorse pump wavelength for neo-
dymium (Nd)-doped solid-state crys-
tals. More recently, demand for 915, 940,
and 980 nm fiber-coupled diodes has
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FIGURE 2. An absorption spectrum for 888 nm
pumping of Nd:YVO, for high-power lasers reveals
low, anisotropic absorption observed at 888 nm,
which enables multimode fiber delivery of pump
power and reduces thermal-load effects. (Courtesy of
L. Mcdonagh et al. and SPIE).

increased for pumping fiber lasers. In
addition, new wavelengths have been
developed to enhance diode-pumped sol-
id-state laser efficiency and performance.
Pumping Nd:YVO, (vanadate) for exam-
ple, at 888 nm accesses a low and isotropic
absorption region, with equal coef-

now available.

Athermal pumping

Emerging nanosecond and ultrafast fiber
lasers based on ytterbium (Yb)- or Er:Yb-
based materials require high absorption
per unit length at 976 nm to minimize
nonlinearities and improve conversion ef-
ficiency.® However, absorption at 976 nm
is narrow and requires pumping with ac-
curate center wavelength, narrow band-
width, and stability versus temperature.
Several promising materials for high-pow-
er thin-disk lasers such as Yb:lutetium ox-
ide (Yb:Lu,O,) or alkali-vapor lasers also
rely on such pump-diode performance to
unleash their potential.

In high-power CW applications, system
designers look for a reduction of the quan-
tum defect to operate with less heat dis-
sipation, lower risk of catastrophic dam-
age, and enhanced conversion efficiency.
However, such preferred wavelengths of-
ten have narrow absorption bandwidths
and require pumping with narrow emis-

ficients for both states of polariza-

tion as well as higher efficiency from
areduced quantum defect between
the emission and absorption wave-
lengths. This allows for reduced
thermal load effects and eliminates
the sensitivity to pump polarization,
so flexible delivery of the pump light
through a multimode fiber can be
used (see Fig. 2).!

Improved diode growth tech-
niques and new passivation technol- 0
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ogy have enabled 792 nm pumps 0

for eye-safe thulium fiber lasers.
Record efficiencies of 65% were re-

cently achieved due to unique ma- o
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terial interactions when pumping
around 792 nm, effectively excit-
ing two thulium ions with a single-
pump photon. Today, 792 nm high-
brightness pump lasers up to 50 W
coupled into 100-pm-core fibers are
commercially available.

In the eye-safe regime, wave-
length-stabilized high-power di-
odes at 1532 nm are replacing fi-
ber-laser pump sources, enabling
erbium (Er)-doped YAG high-
power lasers with low quantum
defects.2 Pump diodes with up to
90 W from a 400 um fiber core and
700 W from a 25-bar stack with re-
duced temperature sensitivity are
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FIGURE 3. On-chip grating stabilization of laser
diodes enables high power, narrow bandwidth, and
reduced sensitivity to temperature. A six-channel
module produces 330 W at 976 nm with less then
0.5 nm bandwidth for fiber-laser pumping.
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sion linewidth as well as accurate center
wavelength, such as 1532 nm for Er:-YAG.
Quasi-CW operation of pump diodes also
benefits from a reduced wavelength-tem-
perature coefficient, limiting thermal ef-
fects linked to steep variation in drive cur-
rent and maintaining a narrow bandwidth
required for efficient pumping. Finally, de-
fense and portable consumer-electronics
applications require pump diodes to main-
tain accurate center wavelength during
operation despite temperature variations
as high as 80°C. Improving the stability
and the spectral narrowing of high-pow-
er laser diodes is therefore critical so that
they can simultaneously deliver the ef-
ficiency associated with diode pumping
and temperature-insensitivity provided by
lamp pumping.

Wavelength stabilization
Various methods have been tested to
improve the spectral brightness, stabil-
ity, and accuracy of laser diodes. These
approaches include external compo-
nents using volume Bragg gratings, fi-
ber Bragg gratings, or external lenses
with bulk gratings. For instance, emis-
sion based on external volume-Bragg-
grating stabilization typically pro-
vides very narrow linewidth (less than
0.1 nm) and a low wavelength-tempera-
ture coeflicient, typically on the order of
0.01 nm/°C, with up to 90% of the pow-
er locked in a narrow spectrum.
However, approaches based on exter-
nal components require sensitive and
high-precision alignment, costly addi-

tional optics, and specially designed di-
ode facet coatings. Also, the operation
of the laser diode is restricted to a nar-
row current range to maintain wave-
length locking due to the gain-peak
shift of the diode versus current. Finally,
the locked bandwidth may actually be
too narrow for pumping some solid-
state materials, saturating the gain and
limiting the output power.

Recently, lasers with grating devices
have helped overcome these challeng-
es for high-power lasers over a broad
range of wavelengths from 792 to
1550 nm.* These metal-organic chem-
ical-vapor-deposition-grown gallium-
arsenide-based and indium-phosphide-
based lasers include internal gratings
that narrow the spectral linewidth to
less than 0.2 nm, reduce wavelength-
temperature sensitivity to less than
0.1 nm/°C, and ensure that the device
operates at the required wavelength.
These devices are fabricated using a
wafer-based process, with the gratings
defined after a first epitaxial growth by
optical lithography into a photoresist
layer, followed by etching, then final-
ized during a regrowth process._

High-performance diodes
Efficient pumping of alkali-vapor lasers
such as rubidium or cesium is one of the
most demanding pumping applications
for laser diodes due to a very narrow ab-
sorption line (approximately 10 GHz).
Recently, spectral linewidth as narrow
as 30 pm was obtained by locking a

30 W laser-diode bar at 780 nm with a
volume Bragg grating, reporting 85%
absorption of the laser radiation.’

For high-peak-power fiber lasers,
wavelength-stabilized, high-brightness,
fiber-coupled modules at 976 nm are now
available commercially, offering a dra-
matic reduction of the wavelength tem-
perature coefhicient from 0.3 nm/°C to
0.074 nm/°C. Similarly, the center wave-
length accuracy as a function of applied
current is measured at 0.089 nm/A, show-
ing great promise for QCW operation of
these devices (see Fig. 3). Internal gratings
also enable high-temperature operation
of pump diodes with center wavelength
locked and tuning at only 0.07 nm/°C up
to at least 60°C.

Diode-laser pump sources are far
from mature, and continue to evolve to
better suit the challenges of a broaden-
ing range of diode-pumped laser ap-
plications. Recent breakthroughs in
single-emitter brightness, wavelength
stabilization, and new wavelength avail-
ability offer a wide and unprecedented
palette to laser-system designers. a
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Ultra-500" Series

Featuring BrightLase® and BrightLock™ Technologies

Features
e > 400 W cladding free power available

e 792,808, 888,976, 1470, 1532 nm, and custom
wavelengths available

e Water cooled plate with standard unfiltered water
e Detachable Fiber available

e BrightLock™ Internal Gratings for higher spectral
brightness and wavelength stabilization

Applications
e Laser pumping: Fiber lasers, Solid state lasers
e Materials processing: Marking, Soldering, Welding, Engraving Downl Oal’l’g? ta sheets at
e Medical: Dental, Ophthalmology, Therapeutic, Surgical www. QPClasers.com
e Defense: Target illumination, High energy laser pumping
PARAMETER BrightLock™ Internal Gratings
Benefits Output power 75w | 18w | 35w | gow
e High performance from solid state lasers and Center wavelength 976 nm | 976 nm | 1532 nm | 1532 nm
fiber lasers Wavelength tolerance +=1.5mm | £1.5nm | +£2.0nm | 2.0 nm
. . Fiber core diameter (nominal) | 200 pm | 400 pm | 200 pm | 400 pm
e Long Yvorklng dlst_ance anfi sh.arper features for Fiber NA (nominal) D 0 - R
materials processing applications Module size (L x W x H) 200 mm x 190 mm x 77 mm
PARAMETER BrightLase®
Output power 100 W 200W 110w 250 W 110w 250 W 425 W 3BW 100 W 120w
Center wavelength 808 nm 808 nm 888 nm 888 nm 976 nm 976 nm 976 nm 1470 nm | 1470 nm | 1470 nm
Wavelength tolerance +3.0nm | £3.0nm | £3.0nm | £3.0nm | £3.0nm | £3.0nm | £5.0nm | +10.0 nm | = 10.0 nm | = 10.0 nm
Fiber core diameter (nominal) 200 pm 400 pm 200 pm 400 pm 200 pm 400 pm 800 pm 200 pm 400 pm 600 pm
Fiber NA (nominal) 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22
Module size (L x W x H) 200 mm x 190 mm x 77 mm

Warning: Class 4 Laser. Invisible Laser Radiation — Avoid Eye or Skin Exposure to Direct or Scattered Radiation.

—_NBRIGHTNESS and POWER

Breaking Performance Barriers

lhrough-Semiconductor Laser Innovation
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