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Towards High Brightness
Multi-Kilowatt Solid State Lasers

K. R. Manes and L. E. Zapata
Lawrence Liv: ore National Laboratory
P.O. Box 5508, L-465, (415) 423-6207

Abstract

HIGB average power (HAP) solid state laser output with improved beam quality has introduced
new capabilities in materials proceasing. At the 500 watt level and with a beam quality of a "few”
times the diffraction jimit, che General Electric Nd:YAG sjab is able to drill 5 cm of stainless steel in a
few seconds. We expect that 2-3 kW of near infrared laser output in a low order spatial mode would
enable metal working now unknown to industry. The HAP output of slab lasers is limited by the size of
the available laser crystals and the pump power. Core free, six cm diameter Nd:YAG boules have been
grown by Allied Signal Corp. on an experimental basis. High optical quality Nd:GGG can be obtained
up to 10 ¢m in diameter. We present the resulta of our modeling based on these cryatals pumped by
advanced arc-lamps or laser diode arrays. We project HAP laser outputs of 1.6 kW from an existing {but
up-tested) Vortek pumped 18 x 7 x 0.5 cm® Nd:GGG oscillator and about 2 kW from a 20 x 4 x .7 cm?
diode pumped Nd:YAG device. Several kW of laser output can be expected from two such slabs in
a MOPA configuration before optical damage limits are reached, The three dimensional stress-optic
code (TECATE) which we used to optimize our designs, was normalized to available experimental data
obtained with the above Nd:GGG slab at the 500 Watt level and a 40 Watt diode pumped Nd:YAG test
bed. Our calculations indicate the essential parameters for attai of high beam quality. Cooling
uniformity across the pumped faces of the slab is critical and the location of the transition between
pumped and un-pumped regions towards the slab tips is very important. A flat pumping profile was
found to be desirable and predicted one wave of distortion which should be correctable over about 75% of
the aperture however, an even better wavefront was predicted over 90% of the aperture when the regions
near the edges of the slab were slightly over-pumped relative to the central regions and the regions near
to the ends were tapered to compensate for transition effects. The challenge is now to design reflectors
and diode pumping arrays to provide the desired pumping flux profile on the face of the slab with
iess than 1% uncertainty. Our spectral measurements of the Vortek™ lamp show this lamp to be a
superior HAP pumping source for slab laser designs above one kW. Our lamps have been optimized for
efficient pumping by pulsing thern at the best current density. As production costs come down, however,
laser diodes will gradually replace lamps in high brightness solid state lasers for industrizl materials
processing.

1.0 Introduction

SUBSTANTIAL experience with solid-state [aser machining of metals, plastics and ceramics has
been accumulated in recent years. Excellent accounts of this emerging technology are generating indus-
trial interest as it becomes clesr how economically superior near infra-red laser scurces wedded to fiber
optical distribution systems can be compared to e-beam or CO; laser welders.! Solid-state lasers have
been used successfully in the automobile industry for almost two decades.? For example, Nd:-YAG lasecs

! G. McFadden aod D. M. Filgas, Designing Nd: YAG Lasers for Higher Powers, Lasers & Optronics,

Veol. 9, No. 8, p. 32, August 1990
2 D. M. Roessler, U.5. Automotive Applications of Laser Processing, The Industrial Laser Annual
Handbook, 1988 Edition, edited hy D. Belforte and M. Levitt, Penwell Books, Tulsa, Oklahoma, 1988
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having output power level: of only 350 W drill holes angled st 35 degrees in hardenable stel (Re60 bot
forged powder metal alloy) transmision components such ss gears. These holes are 7.5 mm deep by
1.5 mm in diameter and -*~ cut in 3.5 seconds with the medium power lasers now commonly avaslable
without the assistance of an oxidizing gas. A more recent account of the potential of laser materials
processing ib the sutomobile industry with many more examples and 146 references has been prepared
by Genetal Motors Research Laboratories.?

With the advent of face pumped zig-zag slab lasers, greatly improved beam quality has dramatically
extended the drilling petformance of Nd:YAG lasers. General Electric Aircraft Engines is committed to
the use of Nd:YAG lasers ip turbine engine manufacture, and thus actively supports internal research and
devzlopment of these systems. The CF seties (wide-body) engines use B0,000 laser drilled transpiratioa
cooling holes while the smaller CFM series (commuter) engines have about 40,000 cooling holes. GE
engineers are increasing the numbers and depths of these holes in superalloy steels while cailing for
similar holea in ceramics and composites in their new eagine designs. Early this year GE announced
1000 W performance from their face pumped lasers in several popular magazines.* Dramatic examples
of face-pumped laser performance attributable to their high power, superior beam quality and fiber optic
compatibility have been reported:®

o Holes drilled at oblique angies with single laser puises “on tbe fly” in 1.5 mm thick steel sheet at
the rate of five per second.

o Five cm deep holes less than 1 mm in diameter drilled in stainless steel.

o A single 0.5 mm fiber, 50 m in length is 30% efficient in tranamitting 40 J / 2 me laser puises at
900 W average power.

GE's research group is not the only one to have recognized the potential of face-pumped lasers. The
promise of virtually uniimited clean energy from controlled fusion has motivated research into Inertial
Counfigemnent Fusion (or Laser Fusion) at LLNL for almoet 20 years. In this time seven generations
of Nd:Glass lasers for fusion experiments have been built at LLNL. The lateat of these, NOVA, is the
world’s most powerful laser capable of delivering up to 100 kJ in 1 ns (or 100 TW) to laser fusion
target assemblies. While laboratory researchers were scaling fusion yields up at LLNL, companion
efforts involving both LLNL and LANL scientists scaled uuclear device driven fusiop capsules down at
the Nevada Test Site. Experiments conducted by this means have allowed demonstration of excellent
performance, putting to rest fundamental questions about basic feasibility to achieve high gain. As now
envisioned, an [CF efectric power plant wifl need a driver delivering 3 to 5 MJ per 5 w 7 ns pulse at
10 Hz. LLNL has maintained an ICF laser driver research effort throughout itz ICF program history
and during the past several years face pumped solid-state lasers have b serious o« ders for
practical ICF drivers. With laser syatem simulators developed to a high degree at LLNL aad a staff
with a successful high power laser track record, several DoD) agencies approsched LLNL for assistence.
Zig-zag slab laser development has been supported by DARPA and SDIO at LLNL for over four years.
During the past two years, diode pumping technology for ihese devices has made rapid progress under
both DoD and LLNL internal sponsorship. Thermo-optical design codes, optical propagation codes,
laser materials development, laser pump source development and integrated tests of laser hardware at
LLNL generally meet or exceed the standards of performance of corresponding technologies anywhere in
the world.

3 D. M. Roessler, Update on Laser Processing in the Astomotive Industry, GMR-6893 issued 12/12/89

* 3. Keller interview with M. McLaughlin of GE, GE Syweezes 1,000-W Beam From Face- Pumped
Laser, Military & Aerospace Electronics, Vol. 1, No. 4 April 1990

% 3. P. Chernock, GE Research Ctr. Schenectady, NY, 1930
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2.0 Material Pr ing Laser Requi ts

IN their 1988 review of laser surface treatment, A. Bloyce and T. Bell give examples of many of
the ernerging laser surface engineering processes which Are beginning to have & strong umpact oo manu-
facturing S Fig. 1, adapted from their paper. indicates tie laser ircadiance and pulse duration regimes
required for these processes. We have added drilling, cutting and welding of mild steel to the figure as
well as a lower irradiance application, laser assisted bydraulic mining. Such laser material processing
applications represent the largest segment of the laser system market. In 1989 alone, laser material
processing system sales reached ~31.2B. Unfortunately for US competitiveness in the manufacturing
arens. the USA has steadily lost market share since the invention of the laser. [n 1989 about 43% of
this market was Japanese, another 26 % European and the remainder, 31%. was USA supplied. .

mw —

Incident power density (W ¢m'?)

1
10"

{nteraction time (seconds)

Fig. 1 Optical fiber delivered multi-kW solid-state lasers can access the treatment regimes of
interest for laser material processing.

Beyond the sort of generic requirements suggested by Fig. 1, maufacturers around the globe are
beginning to identify more specific requirements which, to one extent or another are already being met by
lasers, but which could be accomplished more cost effectively by a diode array or a diode array pumped
high radiance device. Several such requirements sets are cutlined below. In addition to being optical
fiber compatible and requiring kilowatt power levels, each spplication has its own unique specifications:

Punching cooling holes in aircraft engine turbine parts
s > 30J per pulse
e 1 to a few maec pulse duration, may be bursts
s High radiance desired

e 5 to 30 Hz, “cut on the fly”

6 A. Bloyce and T. Bell, Laser Sarface Engineering, The Industrial Laser Annual Handbook, 1988
Edition, Edited by David Belforte and Motris Levitt, PennWell Books, Laser Focus, Tulsa, Oklahoma

(1988)
4



To I(CALEQ 80 November 5. 1990
Welding mild sheet ateel
o 1 to s few mm thick stainless ateel
o > 10 cm/sec welding and > 20 cm/sec cutting
o Stand-off distances of tens of cm
o Beam quality = 10x diffraction limited
o Estimated power requirements: 2 to 4 kW

Machining composites and ceramics for aircraft
» A):Carbon composites probably require ablative pulses
o Ceramics may require 2w or 3w short pulses
» Pulse shape and format flexibility needed
Laser Assisted Hydraulic Drilling
® > 1kW/cm? must be delivered to the mining face.
o Laser beam must traverse = 1 cm of water
s Off-road vehicle mounted for field mobility
ICF Driver Laser for Commercial Power
e 3 to 5 MJ/pulse at 10 Hz
o Laser diode’s demonstrated electrical efficiency must be maintained as production is fully au-
tomated and scaled up
e Laser diode pump cost must be reduced to pennies/peak Watt

The final entry on this Jist outlines » solid-state ICF driver laser which becames cost competitive
with alternative power generation technologies only if volume production of laser diodes of order 10¢
peak Watts per year can reduce the price of laser diode pump arrays. Laser material processing could
make up a {arge part of this.

3.0 Calculated Laser Requirements for Sheet Metal Cutting and Welding

TO weld sheet metal, a hot plasma line source (keyhole) should be established in the workpiece
by drilling almost through the material at high temperature (= 20,000° Kelvin) with a focused laser
beam. Drilling proceeds after an initial few hundred nanosecond transient period during which the
plasma is formed and the reflectivity of aven polished metal surfaces becomes very low.” As the laser
beam movaes relative to the workpiece, molten metal flows around keyhole and resolidifies to form the
weld. The plasma formation and drilling process is most efficient over a natrow range of irradiance, 3 to
50 MW/cm?® Care must be taken to avoid the formation of unwanted oxides and the strength of the
uncontrolied melt region may be lower than that of the rest of the material. Cutting is a similar process
except that molten metal is typically blown out of the kerf by an assist gas (Fig. 2). We have scaled
the recently reported welding performance of three different Nd:YAG industrial isser systems to arrive
at an estimate for the laser power and beam quality requited of a fiber compatible solid state Jaser to
match the demonstrated performance of the RS850 CO; laser syatem. At IMTS'G) we were told that

7 M. von Allmen et al.,Absorption Phenomena in Metal Drilling with Nd-Lasers, JQE, QE-14, No.

2, Feb. 1978
9 M. von Allmes, Laser Drilling Velocsty In Metals 3. Appl. Phys., 47, No. 12, Dec. 1976
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Cutting and welding are similar processes |
Laser baam power  Melt zone kerf width
- Sa———n”

o Laser welding

|
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3 ) — Energy is coupled into a
plasma "keyhole” at high
temperature (~20,000° K)

— As the workpiece moves,
molten metal flows around
the keyhole and resolidifies

Penetration
depth

e Laser cutting

—»| |«—Kert width

— Energy coupling is similar
to welding

— An assist gas is used to blow
molten metal out of the kert

— A reactive gas (0,) can improve
cutting speed
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this laser had been abie to lap weld two 1 mm thick plates of steel together with a | mm bead width at
almoat 200 inches per minute, What foliows are notional lasers which should be able to meet this goal

based on our caleul and lab 'y experience.

It is desitable to stay about 20 cm away from the work surface, presumably using a 20 cm focal
length optic. Since practical focusing systems that can be conveniently carried by robotic arms can
accommodate two centimeter diameter focusing optics with ease, we have selected one cm as our baseline
beam diameter at the focus lens. There is a simple relation between the size of a partially coherent faser’s
focal spot and the size of a coherent patch or speckle on the focusing lens. If we arrange that the beam
entering the final focusing lens is collimated; i.e., has an average radius of curvature of 20, then the
intensity spot 1/e radius on the workpiece will be

2f _
Wo = m— 01 cm,

where £ = 20 cm, k = 3¢ and the lateral coherence length or speckie radius in the \ens plase, L. is 07
cm. Many welding Jaser manufacturers report their laser’s radiance in terms of the number of mm-mrad
achieved at a given output power. The full angle subtended by a partially coherent beam which meets

our specifications would be

A
9(L,|) = %z—‘- =1 mrad.

1f we require our beam to be about one ¢m across at the lens, then we need a beam quality of about 10
mm-mrad and more than a factor of two increase in this number wonld probably not be tolerable.

Martek Lasers Inc. provide data on their MM18G0 three rod laser.? This laser delivers low powers
in 2 beam 5 mm in diameter that diverges into an angle of 15 mrad; i.e., a2 75 mm-mrad beam, and
1800 W into a beam about 2.5 mm in diameter that diverges into an angle of about 25 mrad; i.e., a 63
mun-mzad . Lumonics Inc. report that their model JK706 rated at 1000 W produces a 10 mm diameter
beam that diverges into 10 mrad for 3 100 mm-mrad beam.® Both of these manufacturers use 3 rod
technology that does not scale favorably to higher radiance. It is unlikely, therefore, that a rod system
can satisfy our requirements.

Zig-zag slab lasers achieve significantly better beam quality. The first commercially available laser
of this type is the Munich Laser Systems model P500. This device produces a 6 mm x 6 mm square
beam that diverges into 5 mrad for a 30 mm-mrad laser.!® GE reseatchers have reported < 10 mm-
mrad beams at 1020 W and LLNL experience has been similar.3 We conclude that our beam quality
requirements can best be met by a face pumped slab Nd:YAG laser.

In the absence of a truly comprehensive theoretical treatment of keyhole welding, the most zeliabie
way to estimate the power required is to scale from recent performance data accumulated with high
power Nd:YAG industrial Jasers. The Mactek MM1800 rod laser has been used to weld monel at 20
in/min with a weld depth of 5.3 mm and » kerf width of about 3 mm.! From their quoted divergence
and because their tests were conducted with f/5 optics, we can ~stimate their spot 1/e? intensity radius
as 150 to 200 pm. To meet our assumed requirements, we want about half this spot radius using an {720
focusing system and we meaxn to get it by exploiting the much higher radiance of a slab laser. To scale
the Martek data 5.3 mm to 2.0 mm depth, we can safely assume that the speed can increase by this ratio.
We expect that the MM1800 could weld 2 mm thick sheet steel at 53 inches per minute or 2.24 cm/sec.
It would not be able to do o using /20 optics, however. The laser which meets our requirements will

® Lasers & Optronics 1930 Buyer’s Guide, 8, No. 13, p. 262
10 Commercial slab laser culs beiter than conventional YAGs, Laser Focus World, 26, No. 8 August,

1990
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interact with less material since its focal spot is halfl as large. We get another speed multiplier because
of the smaller kerf, and we might choose to use the elliptical focus normslly produced by slab lasers
10 svoid overlap problerns at high speeds. A threc-fold increase in speed owing to the smaller kerf is
expected; 3o with 1800 W we should be able to weld two 1 mm sheets of mild steel together at a speed
of 159 inches per minute or 6.73 crnfsec. The COz laser manages 200 inches per minute so to match it
we arrive at a required solid state laser power of:

P = 1800 200 = 2300 Watts.
g, -?20

A second estimate comes from scaling cutting data made with 2 mm thick galvanized iron sheet
using the MLS P500 slab laser operated at 300 Watts. This laser was able to cut this particular material
at 800 mm/min or 1.33 cm/sec. Unfortunately, no informution is given on ketf widths, however, scaling
to the required rate of 8.5 cm/sec would require

85

13- 1900 Watts.

P =300

A fincl estimate may be made using data taken with the Lumonics JK706 oscillator-amplifier laser.

This device has a beam quality lower thau, the rest, 100 mm-mrad. ¥hen used to weld Type 304 stainiess

steel to depibs between 1.5 and 2.0 mm, this laser achieved a spzed of 60 to 80 cm/min at a kerf width
of 2.5 mm. Scaling the width down to ! mm sets a range of laser powers required

2500 < Pr < 3400 Watts.

This last estimate is the highest since it is based on data taken with the poorest beam quality laser.
Lumonics notes that their laser welds are typically conduction loss dominated. The JK706 is the only
model they produce delivering enough power density to the workpiece to do keyhole welding. We
attribute this to relatively poor beam quality and Lumonics must agree since they now produce the
JK?07. The JK707 is identical to the JK706 except for a patented low divergence resonator that
improves beam quality to about 20 mm-mrad, but lowers output power to 600 Watts. This system has
cut 2 mm thick Type 304 stainiess at 2.5 cm/sec with kerf widths between 0.5 and 1.5 mm. Scaling this
data to the required speed,

P = 600;—2 = 2040 Watts.

Note that the extrapolation of the JK707 20 mm-mrad laser data is close to the P500 30 mum-mrad (aser
based estimate. The laser power required to meet our requirements is therefore taken to be in the range
of 1900 to 2300 Watts.

The solid angle subtended by the our beam will have to be

2
Qz}-(i-) =73x10"7 ar,
x \ L,

which would make the average radiance of 8 2000 Watt laser with an 0.5 cm radius spot at the focusing
lens

_ 2000 _ s W
R= o =32x10° =

-7-
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We can assess the difficulty of our task by comparing this value of radiance to the theoretical maximum,

2000 _ 4
Rmee =4 = 11100 oo

and to the values achieved by the industrial lasers mentioned above,

Table 1 HAP solid state lasers ranked by radiance

Laser Average Power Beam Quality Radiance
(source) Watts mm-mrad MW /cm?/st
NEC (5 rods) 2000 224 6.5

M34 250 74 74

CGI

NEC (3 rods) 800 120 9.0
JK-706 1000 100 16.2
Lumoni;-s

2 Adv. Rod 250 35 331
CGI

P-500 500 30 to 50 50.0
MLS

MM 1800 1800 63 73.5
Martek

JK-707 600 20 243.2
Lumonics

Laboratory models which are not commercially available,

GE FPL 500 5 3242.0
GE CRD

Vortek-YAG 2000 10 32420
LLNL

MPSSL 390 3 5404.0
LLNL

At 5000 Watts, the RS850 COj laset can achieve the requirement so long as its beam quality is
held within 2.4 x the diffaciion limit. The Martek MM1800 is a 70 x diffraction limited laser that
reaches an average radiance of R = 5.2 x 107 which is about 61 times smaller than required. The MLS
PS00 delivers a radiance of R = 7 x 107, about 45 times too low. The JK706 reaches a radiance of only

&~
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R = 1.8 x 107, sbout 200 times too low, while the JK707 comes closest to the mark with R 25 2.8 x 10,
still about 12 times too low. What we require is & face pumped slab laser with & beam quality of about
10 times the diffeaction limit or batter that is capable of delivering 1900 to 2300 Watts. Fig. 3 shows
an LLNL simulation thst contends that these parameters can be met by a single LLNL crystal laser
using Nd:YAG. Table 1 lists commercially available lasers, ranked according to radiance, along with two
LLNL designs which 28 of this writing are just begianing to be tested.

1] 100 200 300
Peak input power (kW, )

Fig. 3 Calculated performance of LLNL Nd:GGG aind Nd:YAG siab lasers

LLNL has performed interferometric measurements of a Nd:GGG slab. This slab pumped by Vortek
arc lamps achieved 490 W beams with smooth near-field profiles in early tests. We have completed initial
resonator calculations that include these measured aberrations and an example can be fouad in Fig. 4.
The calculated far-field beam profile shown in Fig. 4 exceeds our welding radiance requirement by a
factor of more than four.

Pareraine sese frarine

avcanire
LITTI T

corsen +
.
K

Fig. 4 Far-Field beam profile calculated for LLNL Nd:GGG slab laser.

onev 4o s 1a-dmm-te 8% as-se
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Since radiance is a conserved quantity in an ideal passive optics system, even a fiber delivered slab
laser beam may retain its high brightness with good design, but a poor quality input beain can never be
made more coherent by fiber transport alone. Fig. 5 is a plot of kerf width versus speed for 2 mm thick
steel that shows the performance of each laser mentioned. The MM180D comes closest to meeting our
speed requirement, but it is unable to meet our 20 cm atand-off requirement because of ita lower beam
quality without resorling to much larger lower {/# optics than we think are advisable.

10 T T T T 1 T

»

KERF wiaih {rom)

11 2 4 8 8 10

Fig. 5 This comparison of commercial lasers with the RS850 speed does not restrict them to
meet the stand-off requirement. The RS850 laser is unfortunately uot fiber compatible.

Ouce inside the keyhole, the GE drilling data suggests that the laser pulse forms an index guide.
Visible plasmas emerging from the hole have ion temperatures in the neighborbood of 2 ev. Wall tem-
peratures, and thus the radiation temperature in the hole, are closer to the vaporization temperature
of ‘ke metal, about 2000 °K ot less than 10% of the ion temperature. Charge veutrality is assured so
the electron density mimics the jon density, but temperatures need not be the same in this non-local
thermodynamic equilibriurn plasma. Electton temperatures are probably several ev and the dominant
absorption mechanism is likely to be classical collisicnal absorption or inverse Bremmtrahlung. The spa-
tial damping race or absorption coefficient for inverse Bremsstrahlung is highly density and temperature
dependent,

ey = Zn?
' 7:‘"2“ - n-/ne)un'

where n, is the electron density, T, is the electron temperature, Z is the average atomic number of the
wall material and n, 2 103! electrons/cc is the critical density for 1um light. Inverse Bremsstrahlung
is thus strongest for low temperatures, bigh depsities, and high Z wall materials. The picture which
emerges is of a channel in pressure equilibrium with cool high density electrons ieading to low index
of refraction near the cool walls and hotter lower density electrons along the axis of the hole. Such

-10-
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a0 electron density distribution formw ao index guide which would tend to keep s bigh quality lasec
beam from interscting with the walls. lnverse Bremastrablung in plasma gradients at other than normal
incidence goes by the name of resonaace absorption. Mi propagation in the i phere suff
from this cfect and it has received much theoretical attention over the years. In a plagma having a steep
quasi-linear gradient the resonance absorption on reflection is given quantitatively by

&(r) = 2.317exp(-—2—13::—).

whete v = (kL.)!/%1iné;.}? The predicted absorption fraction when the laser beam bounces from the
wall wiil be given by 0.5¢°. A preliminary index guiding calculation for 300 pm keyioles suggests that
the our notional beam focuses in the hole in about 1 mm after which it diverges to bounce from the
keyvhole plasma near the wall at a depth of almost 2 mm at an interaction angle of about .04 radians.
Such a shallow incidence angle, 4;, keeps the absorption down to a few percent per bounce even if the
electron density scale length, L., is tens of pm. If deeper keyholes are desired, this guiding pheromena
continues to depc .it energy in the walls at a rate sufficient to maintain the wall temperature at the
vaporization point in the face of thermal conduction losses radially. It will take about 1 kWati per cm
of hole depth to meaintain 3 steel wall in this equilibrium state. As a result, the maximum hole depth,
limited by wall loeses, for a train of 10 J 1 msec laser pulses of the quality we require would be about
10 em.

Efficieacy, reliability and ultimate coat are strongly dependent on technology. The first solid-state
industrial Jasers which we build for sheet steel welding may well be arc lamp pumped. By far the most
attractive option from the user’s point of view would be one which gives him a material procesaing laser
system which is compact, efficient, and maintenance free. Laser diode pumped Nd:YAG offers thes~
features to a greater extent than any previous laser.

5.0 Laser crystal availability
Theee types of Nd doped crystals baving the characteristics we seek in a HAP laser ate commercially
available today:

US Manufaciurers

o Allied Signal Corporation has grown 90 x 200 mm boules of Nd doped GGG and similar sized
boules of co-doped Nd:Cr:GSGG. They are currently scalinp, flat interface YAG crystal growth to
comparable sizes. Fig. 6 is a photograph of 3 YAG crystal slab grown recently by Alfied, which
already meets the dimensions required for a practical material processing laser, 7 x 40 x 200mm®.

e Litton Airtron hes grown some fat interfuce Nd:YAG crystals in order to develop techniques for
more cost effective laser crystal production.

& Union Carbide hag indicated interest but is pot able to mount an effort to grow iarger laser crystals
due to a la:k of funding.

Foreign Manwfacturers

o Sumitomo Metals acd Mining Corporation is offering Na:GGG crystal boules 90 mm in diameter
and over 200 mm long. They also sell Nd:YAG, but in much smaller sizes. Sumitomo, through their
subsidiary Lumonics is actively pursuing HAP crystaline laser development.

11 ¥_L. Ginsberg, Propagation of Electromagnetic W-ves in Plasmas, Gordon and Breach, N.Y.,1960,
or Pergamon, N.Y., 1964, Ck 4 and 6

-11-
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« Wacker Chemitronic, West Germany’s lazgest producer of Si, has grown 80 mm diameter by 200
mm long Cr:Nd:GGG crysta) boules which have excellent loss and birefringence characteristics.

In the past, LLNL Advanced Applications programs bave collaborated with Allied Signal Crysta)
Products Division to develop Nd doped garnets of sizes adequate for the BAP missions. Nd:GGG and
Nd:Cr:GSGG crystal slabs 5 x 80 x 200 mm? in size are now in haad at LLNL, some are even figured
into zig-zag slabs, and a program to produce similar sized Nd:YAG showed great promise until it had
to be put on hold for lack of funds iast year. The three major suppliers of oxide garnet laser ctystals
in the USA are all under pressure to reduce their research and development budgets precisely at a time
when Soviet effort is high, Jap manufacturers have d rated 850 W Nd:GGG lasers, and a
West German capability is also emerging. Indeed, the only zig-zag slab laser on the market today is the

Munich Laser Systens P500.

6.0 Status of LLNL arc-lamp and diode pumped solid-state laser effort

CONT!NUOUS wave Nd:YAG lasers are commonplace, but higher average power or “HAP” crys-
talline lasers. such as those needed for missions of interest to us here, require some improved tecbnology.
Depending on the crystal size used, its temperature, and the availeble pump power, the repetition rate
of the laser amplifier can raage up to more than 6000 Hz. Thermal-optical stress calculations show that
2 Nd:YAG siab 10 x 40 x 200 mm? can achieve a gain of 10 at 100 Hz. An oscillator designed for high
repetition rates ar cw gperation might employ 5 x 40 x 200 mm? slabs and should have usable gains >
2 at 3000 Hz using vortex stabilized water wall arc lamps. Improved performance is posaible using large
ares Jaser diode pumping as discussi$ below.

At 500 Watts of output, the siab laser should already be quite a challenge to EDM manufacturing.
In the near future, we expect improved performance as new slab laser models are introduced into the
industrial !aser market at just about one kilowatt of output from a single Nd:YAG head. A batrier exists
at this [eve] chiefly because conventional flashlamp technology is limited to wall lozdings of about 300
W/em?. Lamp life falls dramatically above a wall loading of about 400 W/cm?. Though there are gains
to be made by increasing the specific power loading in Nd:YAG, conventional lamps are unequal to the
task. It was for this reason that we began a search for higher power pump sources. Vortek”™ lamps
currently survive for several hundred hours st wall loadings of 1.5 kW/cm?. Laser diode arrays not only
are more efficient than lamps, but also they deliver their power at the correct wavelength to pump Nd
doped garnets. Scaling up boule growth would allow the fabrication of larger slabs, but without better
pumps their potential could not be realized.

At LLNL two Vortek™M arc-lamps have been modified to puise ciose to the optimum power density
and st arbitrary pulse repetition frequency and duty factor. Fig. 7 is a photograph of our Vortek™™
lamp test bed showing a Nd:GGG slab mounted in a cooling fixture. Qur diffuse reflector technology has
demosirated smooth pumping profiles with no loss of tranfer efficiency and has operated at high average
power. Fig. 8 a) compares our diffuse refiector to a silver plated specular reflector and shows chat
amplifier gain is not reduced using the more forgiving diffuse reflector pumping cavities. Experience
has shown that diffuse reflectors are not only less expensive to build, but also less sensitive to the
relative location of the lamp with respect to the reflector and the crystal slab and that they produce
guite acceptable measured phase distortions as shown ip Fig. B b). Integrating these technologies, the
prototype we are building should produce in excess of two kilowatts of laser power. Fig. 9 contains a
- comparison of observed flucrescence to caiculated deposition using our diffuse reflectoz simuiator. This
kind of data serves as a starting point for aur TECATE thermo optical simulator. Fig. 10 shows,
greatly magnified, the pump induced deformations TECATE predicts will be produced by loading our
crystal slabs in our diffuse reflector lamp cavity. TECATE also tells us what to expect when we make
interferograms of our slab amplifier. Fig. 11 shows the effects of different end cooling and pumped length
strategies on the predicted phase front.

Once the amplifier is ready, our effort mmst turn to resonator optimization, stresing the achievement
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of high beam quality. We have modeled a supergaussian tapered unstable resonator using OASIS and
obtained encouraging resulls. Measured aberrations were converted to a phase screen and inserted into
a tapered mirror unstable resonator simulation as shown in Fig. 12. The predicted output beam focuses
to acceptable powers as indicated by Fig. 4. As is well known, efficient frequency conversion of infrared
laser light depends on achieving high optical quality. High average power non-hnear optics have already
been demostrated at LLNL; Q-switching and frequency conversion should also be a part of any program
Lo test the sensitivity of materials processing variables to changes in beam format.*? In a very few years,
however, we contend that diode pumped solid state lasers will carry the field and wavelength convetsion
of these devices will offer the manufacturing engineer great latitude in working wodern materials.

The key issues associated with developing high average power diode pump sources include cost,
reliability, and thermal management. LLNL has developed a reliable, low cost packaging technology
based on silicon microstructures that is ideally suited for high average power applications. The basic
package design is shown in Fig. 13 and features LLNL designed microchannel coolers bonded in a unique
LLNL process to Al:GaAs laser diode arrays. Current production levels stand at about eight of these
packages per day and can be expanded severa] fold depending on demand. These packages routinely
achieve peak powers of 90 Watts and average powers of 20 Watts. When stacked as shown in Fig. 14,
they make compact, high intensity and high average power optical pump sources for solid-state lasers.
In order to meet the our welding requirements, we propose to optimize diode array performance for high
duty factor optical output, &2 0.2, with about two hundred microsecond duration pulses coming at 1000
Hz of 0.B0B3 um light and 360 W/cm? peak irradiance. Conceding that laser-diode-pumped solid-state
devices would be highly desirable, critics often cite exorbitant cost as the reason not even to consider
this pumping option. LLNL experience points emphatically in the opposite direction. Current LLNL
preduction costs stand at between $ 5.00 and 8 7.00 per peak watt and should drop rapidly as volume
increases.

A high power diode-pumped solid-state laser test bed, depicted in Fig. 15, supplements our
Vortek™™ arc-lamp pumped test bed. The compact device shown used ten diode pumping packages
to produce a 40 W laser heam at 1.064 pm. Life testing so far has shown no degradation after several
billion shots; however, we feel that the most important near term task to be addressed would be to scale
this device to over 200 Watt average power performance and conduct life tests. LLNL’s diode array
package should operate about 10,000 hrs without any maintenance. It is tolerant of rapid cycling on and
off, and a diode pumped solid-state laser’s turn on transient period of 10’s of seconds will be dominated
by thermal equilibration of the crystalline slab itself.

LLNL remains the only major R&D effort on HAP crystalline lasers in the USA, and very likely
the only laboratory capable of building a diode-pumped HAP crystalline [aser suited to industrial needs
for the next year. There is sharp competition in this rapidly developing field, however, and a failure to
apply what we at LLNL have learned may have very negative consequences for US industry. Fig. 16
contains a conceptual design for a 2 kW average power, 8 kW peak power diode-pumped solid-state laser
which might package into a unit like that sketched in Fig. 17 with a foot print of only 40 cm by 50 cm.
In summary, an industrial laser whose aptics and power supply would fit into a volume roughly equal
to that used by current much lower power solid state lasers, is on the horizon. The possessor of this
technology will be able to cut and weld sheet steel structures like automobile bodies with significantly
lower cost and improved reliability than will 2 competitor constrained to today's methods including CO,

lasers.

Work performed by the Lawrence Livermore National Laboratory under the auspices of the U. S. De-
partment of Energy under Contract W-7405-Eng-48.

12 L. F. Weaver, C. S. Petty, and D. Eimetl, Mullikilowail Pockels cell for high average power laser
systems, J. Appl. Phys. 68 (6), 15 Sept. 1990
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