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HIGH ENERGY EFFICIENT SOLID STATE LASER SOURCES
Robert L. Bver
Applied Physics Department

Stenford University
Staunford, California 94305

ABSTRACT .

During the second vear of this program we have extended our
slab glass performance studies and have demonstrated 18 J of output
at 2 Hz with 2.3% wall plug efficiency. Our goal is to achieve 10 J
per pulse at 10 Hz and 3% wall plug efficiency during the next annual
period.

We have extended the slab concept to Nd:YAG and to Nd:GGG.
To date ovev 80 W of cw output power at 2% efficiency has been generated
in slab Nd:YAG. He have invented a multi-plexed slab Nd:YAG pre—ampiifier

‘ /

and plan to veriiv its performance during the next program period. Ve
have demonstrated a Nd:YAG oscillator with 100 kHz linewidth for evéntual

use 1la wind velocitvy measurements.

.



TABLE OF CONTENTS

Page
ABSTRACT. . vevensn. . e e e ceeeee. idd
TABLE OF CONTENTS....%evevernnn.. e N £ & 1
L INTROD&CTION...... ....... s e U, .o 1
A, Pfégress in Slab Geometry Laser Sources...... Ceeeeaas 1
E. Single Frequency Nd:YAG for Remote Wind Measurements. 1
1T, SUMMARY OF RESEARCH PROGRESS..i...........w.............. 2
"A. Slab Geometry Nd:Glass Laser Research........eeeesnnc 2
B. 3Slab Geometry Nd:YAG Laser Research.....icveveeeeecss 5
1. Slab geometry Nd:YAG studieS....cvieviiiannansns b)

-2, Design and fabrication of a multiplexed slab
amplifder. .. it i i it e 7

3. Design of diode laser pumped single frequency
Nd:YAG local oscillator.. v vininennreneeannans 8

. 4. Design studies for diode arrav pumped Nd:YAG
slab geometry lasers.....cevevvnseicnann cisavaaae 9

C. Solid State Tunable SOUTCES. . civerivoronrinrnervasens 10

IIT. CONCLUSION............... e e e 12

IV.  REFERENCES ... tiuteevnneinnennreennnenrnrinneennns B

V.  PUBLICATIONS AND PRESENTATIONS.....ev.evveinn... P
~ il -

o ot



Vit?

Table of Contents ~ cont.

Page

AP PEND LCES s e et evvaentannednoncnnnersensencosnannssns 16

APPEI{DIX,\: .tul.onout'noo-oocoql'.o;-'cqloo'uo'o.t ].7
Sub-megahertz Frequency Stabilized

Nd:YAG Oscillator.
APPENDIX B: tocevecvann C ettt neressceatescsoansanes 20
APPENDIX C:  eoveenne e eea e e e 21

Reduced Thermal Focusing and Birefringence
in Zig~Zag Slab Geometry Crystalline Lasers.




B

HIGH EWERCGY EFFICIENT SOLID STATE LASER SOURCES
Robert L. Bver

I. INTRODUCTION -

A. Progress in Slab Geometry lLaser Sources

During the past year we have made rapid progress in slab glass
and slab Nd:YAG laser source development. We have achieved operation of
high doped Nd:Glass withilSJ output at 2Hz with 2.3% wall plug efficiency
in long pulse mode operation.l’z We expect to generate up to 15J at 5Hz
with 2.57% efficiency by the end of this program period.

Our conduction ceooling approach3 has enabled us to design high average
power slab glass laser sources. Recent design improvements using transverse
oriented flashlamps should lead to improved pumping uniformity and efficiency.

To date we have generated 80W at 2% efficiency from slab Nd:YAG.q .
With new power supplies we expect to demonstrate over 200W of average power
at 2% efficiency.

Our research has led to a better understanding of slab geometry laser
design. Iin addition, we have identified the amplification cf low power
narrow linewidth Nd:YAG as the key technical issue in proposed wind measurements.
We have invented a multipleked slab amplifier to achieve the amplification
in a very efficient manner.

B. Single Frequency Nd:YAG for Remote Wind Measurements

During the past yvear we demonstrated single axial mode operation of
dd:YAG with 100 kHz linewidth.6 We propose to extend our studies to divode

laser pumped Nd:YAG as a verv narrow linewidth cw local oscillator source.




This diode pumped local oscillator will be followed by the spatially
multiplexed Nd:YAG slab amplifier to provide the output energy required

for remote sensing of wind.

II. SUMMARYYOF RESEARCH PROGRESS

_A.. Slab Géometry Nd:Glass idser Research

Our work on slab Nd:Glass development is ouﬁlined in Table I.
Previonly, we.have demonstrated the ability to tune the Nd:Glass laser
and the ability to frequency shift the Nd:Class laser by harmonic generatioﬁ
and by stimulated Raman processes. Our recent work, therefore, has
concentrated.on methods of improving the ¥d:Glass slab performance.

Table I outlines the progress we have made along this line.

Our initial work to demonstrate the slab laser performance was
conducted in a test-bed laser constructed in 1981. The test-bed laser has
allowed us to operate at up to 10 joules of output energy at 25 Hz repetition )
rate with 1.6%Z efficiencv. The test-bed laser was succeeded by a laser
using higher doped phosphate glass which has operated at up to 18 joules
peripulse at 2 Hz repetition rate or 36 watts of average power. An important
feature of_tﬁe second generation slab laser is its use of helium gas as th=
cQolant in place of fluids.

We have proceeded to extend the research of the helium conduction.cooled
slab glass laser in -our current Nd:Glass slab which uses a slab 30 centimeters
long by 4.5 centimeters wide by .65 centimeters thick of 8% doped phosphate
Nd:Glass. This.laser, which is called the 'SAAVIC' laser is our current
slab laser device for research studies. The SAAVIC laser has, tb-date,
.operated at 15 joules per pulse at 5 Hz repetition rate or 75 watts of
average power at an effiéiency of 1.37. We have pumped the SAAVIC laser

with both longitudinal flashlamps and recently with transverse flashlamps.

2
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Dage

October

October

June

December

TABLE T

g

Slab Laser Demonstrated and Pronjected Performance

1981

1982

1983

‘1983

Stanford Univercity

Nd:Glass

Laser Svsgtem

15¢m x 2.5e¢m x .83cm
3% doped phosphate glass
fluid cooled test-bed laser

15¢m x 2.5¢m x .65cm
8% doped phosvhate glass
helium conduction cooled

30cm % 4dem x .6Scm

8% doped phsophate glass
helium conduction cooled
longitudinal flashlamps

30cm x 4cm x L65¢m .
87% doped phosphate glass
helium conduction cooled
transverse flashlamps

Performance

105 2.5z 1% efficiency
25W average power

18J 2Hz 2.3% efficiency
36W average pover

15J SHz 1.3% efficiency
75W average powver

10J 10Hz 3% efficiency
100W average pover
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Table I cont.

— Laser System | Perfornance

August 1982 : 10ecm x .8cm x .4cm 80W cw 2% efficiency
Nd : YAG
cw lamp pumped (4kW)

November 1983 10em x .8cm x .4cm 2004 cw 27 efficiency
Nd :YAG
cw lamp pumped (1OkW)

December 1983 10cm % .8Bem x .4cm 0mJ at 20Hz

Nd :YAG TEMgo mode, single
multiplexed slab amplifier axial mode

i~




We prefer to pump the SAAVIC laser with transverse flashlamps because of
the more uniform pumping achieved and becausa of the lower voltage required
to drive the system. We plan to operate the SAAVIC laser as an oscillator/

amplifier later in the year. The design goal for that system is a Nd:Glass

‘laser with a 10 joule per pulse energy operating at 10 Hz repetition rate or

100 watts average power.

The SAAVIC Nd:Glass slab laser is also useful for amplifying Nd:YAG
lasef radianion. We plan, during the coming vear, té test the performaqce
of the Nd:slab amplifier with a Nd:YAG inpur source. Our design calculations
show that it is possible to generate up to 6 joules per pulse at 10 Hz
repetitionArate using the SAAVIC as an amplifier following the Nd:YAG lasar
source. Questions that need to be answered in this YAG:Glass oscillator/
amplifier combination are the gain at 1,064 micrometers in the neodimium

phosphate glass and concern for superfluorescnece gain limitatious in the

slab amplifier.

in summary, progress that we have made during the last year in the
slab glass program include the engineering and the design of the slab glass
laser Eéad, the purchase and operation of the 20 kilowatt power supplies
required,ﬁo drive. the laser source, the invention and demonstration of helium
gas conduction cooling in the slab laser, engineering and finally the operation
of the glass laser to the performance levels listed in Table I,

B. Slab Geometry Nd:YAG Laser Research

1. Slab geometrv Nd:YAG studies, Table I also summarizes the progress
: prog

we have made in applying the slab gecmetry concept to the Nd:YAG laser. Our

first ¥d:YAG slab laser was constructed using a conventional, commercial cw

Nd:YAG housing. That laser demonmsitrated ourput power of 80 watts cw at 2%

efficiency. The threshold and efficiencv were verv nearly the same for the

‘?F e A

h
Lgimws



as the vrod .fer which the slab substicuted., However, the thermal
distortion was signifigantly less for the slab than for the rod. The
thermal focusing was 1/6th as strong as fof &he slab as for the rod and
the therﬁal depolarization was‘less than 1% of that fof the rod. We have
submitted a letter to the [.E.E.EN Journél of Quantum Electronics describing
this work, (see Appendix III1).
The Nd:YAG slab lasers that have been built so far have had a
rectangular cross-gection with a width twice their thickness., This is
necessary to aveid distortion near the slab edges which is not cancelled
by simply using the slab geometrv. We have shown theoretically tchat this
distortion can be completely eliminated if the laser polarization, the angle
of propagation through the slab and the orientation of the crystal axis are
chosen correctly. This would make possible slabs of square cross-section
with the same advantages as the current rectangular slabs. However, it would :
save considerably in the Nd:YAG material costs and also give better pumping
efficiency for TEMOO mode operaticn. We plan ;o carry outvexperiments to
verify the theory in the coming vear. ,
We have also calculated the dependence of the transmitted wave flatness
on the optical figure of the slab surfaces. This makes it possible for us to
calculate the fabrication tolerances required for‘slab lasers. The most
critical tolerance is the flatness of the total reflection surface in the
direction perpendicular to the propagation direction of the beam. Earlv slabs
had significant focusing power at zero input pump power because of the
fabrication tolerances. We now have the capabilitv of fabricating slab YAG

lasers within the flatness tolerances required.



During the past »ear we have applied a computer model of. the slab
geometry laser to predict the thermal erffects oiAthe slab crvstalline laser.
The model allows us to oredict the effedts of orientation with respect to
the crystalline sxis of slab medium. The relationship between stress and
changes in the index of vefraction through the elasto-optic tensor for
Nd:YAG is highly anisotropic sgo the choice of crystalline orientation is
quite significant. To minimize de-polarization it is desireable to have
the 112 axi& of the crystal perpendicular to the plane of the zig-zag path.
At fairly high pump powers the de-polarization in the wrong orientation can
exceed that of the correct orientation by a factor of 3 according to our
computer model. We have also derived crystalline orientation conditions
for the propagation without de-polarization through a zig=-zag slab made of
uniaxial or biaxial crystalline material. The condition is that one of the
eigenvectors of the dielectric tensor must.be perpendicular to the plane
of the zig-zag path, We propose to initiate an experimental verification
of the slab orientation using Nd:YLF material since the output of the
Nd:YLF ecrystal matches that of the Nd:Glass amplifier that could be used for

more erficient output energy.

2. Design and fabrjcation of a multiplexed slab amplifier. ‘The
remote wind velocity measurement system which is envisioned will consist of
a stable cw oscillator operating at about 0.. watt. The transmitted pulses
will be 1 microsecond, 100 kilowatt pulses. Thus an amplifier gain of one’
million is needed. Flash pumped Nd:YAG amplifiers can have gains as high
as 100 per pass. Thus we need a minimum of three passes, The slab geometrv
craates the opportunity for many passes through the same piece of material
while easilv separating the beams outsgide the slab. Paths through the slab

with differenct numbers of total internal reflections propagate at different

A
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anglas outside the slab, for simple geometric reasons. Thus a slab laser
head accessable from manv angles is desirable. We have designed and are
building such a laser head.

3. Design of diode laser pumped single frequency Nd:YAG local oscillator.

"

The key component of cur winé'velocity measuring system is a single
mode;freqdency stableINd:YAG laser. We built a flash pumped quasi-cw version
which‘sﬁowed stability of about 100 kilohertz for 5 msec which is more than
adequate remote wind velocity measurements for a time delay corresponding to
a 800 km alritude of an orbiting satellite.6 (See Apvendix I). We used this
laser to measure the speed of a spinning wheel in the laboratory by observing
the Doppler shift of the light reflected from a rotating wheel. The rerflected
light was interfered with a beam delayed 6 microseconds by passage throﬁgh an
optical fiber. Accurate measurements were pos#ible, demonstrating the
stability of the laser at least for the moderate time delay involved. Noze
ﬁhat the 100 kHz frequency stability corresponds to a wind velocity of‘LO_cm/sec
at 1.06 um.

Recently we have extended the concept of the cw local Nd:YAG oscillatof
to a cw'dyé laser_pumped YAG oscillator. In this case we used an argon
pumped dye laser as a replacement for a small diode laser. The dye laser
bumped Nd:YAG orcillator consists of a 6 millimeter long YAG crvstal,

2 milliméters.in diameter. This small YAG cryvstal is co-axially pumped by
the dve laser. It has an optical resonator fabricated on the end éf the
YAG crystal which is ccated with dielectric coatings. We have demonstrated
that this small monolithic YAG oscillator has a thresnhold pump. power of
15 milliwvatts and has operzted at an output power up to 8 milliwatts single

axial mode. Recently we have constructed two NAYAG oscillators, pumped bhv

Sregs



the same dve laser socurce. Optlcal Seat experimenrs berween these ingeoendenc
YAG oscillators has shown thar thev have a free running linewidth of 200
kilohertz in a 1 second integration period..vThe instantaneous linewidtn

of these YAG oscillators hag been shown to be on the order of 2 “ilohertz.

The experiment was very pt&liminar? in that the Nd:YAG oscillators wnrre
mounted on an open table and no care was taker to isolate them from the
acoustic anvironment.,

We are now designing a small diode pumped laser. It will be strictly
c¢w, thus eliminating problems with transients and with chirp caused by the
heating of the laser rod. The diode pumping results in a minimum Jf waste
heat, allowing for conduction cooling and elimination of vibrations cau - 2d
by the water coolant. The output from the diode is also more stable than
the lamp it replaces. TFor all these reasons, diode pumping is desirable.

The ciode pumped Nd:YAG laser will make use of a number of novel
design features. The entire resonator will consist of ome crystal with the
mirrors being the facets of the crystals. Thus resonator instability due
to mirror motion will be greatly reduced, Singie mode operation will be
insured by tuilding the laser as a ring laser, with 2 permanert magnet‘<:
field creating a preferred direction for lasing. The ring laser also provides
isolation against light cefleéted back into the laser, a critical factor
when designing for stability in operation. Excellent open loop frequercy
stability is expected. We have obtained a 50 wuW diode laser from Xerox
for these experiments.

4. Design studies for diode arrav numped Nd:YAG slab geonetrv lasers,

The use of laser transmitters for remote sensing from high altitude aircralc
or from space platforms places stricr design rules on the laser source, for
free~flying sacellite based LIDAR, the laser transmitter muset operate at

a

greater than 2 - 3% overall efficiency for lifetimes approaching 3 -5 vears.
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tata laser trausmitter.
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These ‘zoals can be met by an all solid
propose to carry .out sraeliminary svstem design Ealculations for a

'GéALAs diode array pumped slab geometry ¥ :YAG laser source. The goal
of.the study.is té derive desiy. rules to aid in predicting diode array
pumped Nd:YAG performahce characteristics. Experimental studies of diode
array pﬁmped.Nd:YAG concept should be possible in our lébqratory using
diode arravs supplied by the Xerox Palo Alto Research Center. Qur pre-
liminary analysis has shown that diode array_pﬁmped Nd:YAG is capable of
operating at>effici&nciés as high as 15%. The principle technical risk is
the degign construccion and cooling of the diode arrays used for pumping

the Nd:YAG source.

C. Solid State Tunable Sources
The two classes of so0lid state tunable sources are laser based devices

. ' o - , 7
and parametric based devices. Examples of the former include F-center lasers.

_— , 8,9 . - ) ,
transition metal ion lzzers '~ and doped oxide and fluoride crystalline lasers.

N 10,11
Examples of the later include Nd:YAG pumped LiNbO3 parametric oscillator

; : . . 12 | ]
and the recently demonstrated .—\gGaS2 parametric oscillator™ ™ with a potential

tuning rénge from 1.3 —12 um in the infrared.

The‘chenter-laser devices have the potential to tune over the near
infrared region from .S»Em to bevond 3 um. Hcwever, cryogenic operation is
required.. Furtherméré{ each crystal tunes over a narrow region limited by
the gain Baﬁdwidth product of the laser transition.

An alternative to the F-center laser is the transicicn metal.idn laser

A LA L .
such as Ni Mgl, and Co Mg’ developed by Moulton of Linceln Laboratories.
< o) 2 :? s P

These devices are laser pumped snd tune over the 1.6 ~2.1 um range. Thev also

1

require crvvegenic cooling., The low zain cross-section of the phenon assisted
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transition metal ion lasars cscillator operation in TEZM  wmode and

Q0
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to low pulse energy output. The low zain a. :0 prevents amplifier operation

te increase che output level,

. PO e . . ,
Fraquency extension of the Co Kgrz laser is possible by harmeonic

generation in Li.\'bO3 and by parametric oscillation in AgGaSe We plan to

9

cooperate with Peter Moulton in the application of AgGaSe, to infrared

generation by OPO using the Co gF, pump laser.

. . s Sy
Recent work by Huber in Germany has identified Cr :GSeGG as a

tunable source in the .7 ~.8 v regionul3 This tunable Carnet erystal host
laser is similar to the Alexandrice lasar introduced by Walling.8 However,
the Garnet host material offers flexibility in the crystal parameters and
ease of growth not available in Alexandrite. The tuning range of the
CdSéCaG laser extends from .7 -~ .8 um. The laser operates at robm

v

temperature and can be [lashlamp pumped or laser pumped by the second harmenic

of Nd:YAG.
i . . - ‘ .

The Cr doved oxide crvstals cffer a new aporoach to an all
solid stare tunable source. The primary tuning range can be extended
by harmonic generation and by mixing toward both the ultraviolet. and the
infrared.

Three groups in the United States are now studying the Garnet crystals.
Crvstals are being grown unde: support by Lincoln Laboratory and Lawrence
Livermore National Laboratorv. We 2xpect sample crvstals zo he available
soon for optical pumping studies.

At

Recently Ti A.703 was introduced by Moulton as a d-level laser

-

. . , . - | R .y
transition that is also tunable in the .73 -.83 um range.” This laser orffers

the possibility of gunable output agaln by laser pumping at the second
harmonic of Nd:¥AG. At Stanforad we have Iinitsiated 2rowth studies of

e
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The above tunable sources offer tuning capabilicy over a 1300 c¢m
tuning range in the near infrared. Frequency extansion by harmonic
generation and by mixing is possible using well developed nonlinear

crystals such as KDP and LiNb0,. For example, LiNbO, allows extension

3 3
to 4 um in the infrared. .

Future frequency extension in AgGaS, is possible to 12 um. This

2
chalcopyrite crystal is being grown at Stanford Universicy under partial
support by N.A.S.A.

Thus an all sclid state tunable source is possible td desgign using
well known Nd:YAG technology as the primary pump laser. Frequency extensicn

involves the user of new tunable solid state laser sources coupled with

frequency extension in nonlinear crvstals.

ITI. CONCLUSION

The current reserach efforts in the Bver group are focused on laser
development and tunable source development with applications to remote !
sensing. The laser research and development effort in the past led to
the concept and development of the unstable resonator Nd:YAG. The Nd:YAG
unstable résonator source has now become a primary research tool in tunable
laser applications and in particular, in remote sensing. Our current research
efforts focus on the slab geometry lasers and the improved performance
allowed by the slab gzeometry. Our research to date demonstrates that
slab zeometrv lasers should allow an order of magnitude improvement in
the average power in pulse energy available from solid stare laser sources.
The improvement is significant in that it would permit remote sensing
measurements that heretofsre have not been possible to achieve. For many
remote measurements Irequency tuning or conversion of frequency tunable

sources Lo new wavelength raness i3 2ssential.  An iwmportant part of our



P
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on-going research.effort is the investigation of tunable solid state.

laser sources or ﬁuuability through ﬁarametric(oscillator devices. We

have made significant advances during the past vear in the growth of

AgGaSz and AgGaSe2 crystals for use inparametric devices in the infrared
spectral raﬁge. These chalcopyrite crystals also phasematch for secoﬁd,
third, and fourth harmonic generation of CO2 lagers and can allow frequency
extension of C02 TEA lasers to the near infrared spectral range,

We expect to continue our research in slab geometry lasers with
emphasis on improved efficiency, reliabilityv and efficient frequency
extension at high average power levels. We also expect to extend our slab
geometry studies to new laser materials, such as the tunable transition$
of chromium in the Gadolinium Gallium Garnet (GGG) crystal host structures.

N.A.S.A. research support has allowed us to take improved laser
technology and apply it to remote sensing. The measurement of wind using
Nd:YAG technology is an example of this process. We intend to continue our

efforts in laser development for applications to remote sensing.

- 13 -



Iv.

REFERENCES

R.L. Byer, T. Kane, J. Eggleston, Sum, Yuen Long, '"Solid State
Laser Sources for Remote Sensing', Technical Digest of the Workshop

on Optical and Laser Remote Sensing, Februarv 1982, Monterey, California.

J.M., Ezgleston, T.Kane, J. Unternahrer and R.L. Byer, "Slab Geometry

Nd;Glass Laser Performance Studies', Optics Letters, 9, p.405 (1982).

K. Kuhn and R.L. Byer, "Conductive Cooling of S$lab Glass Laser",
Paper WE3, presenzed at the Optical Society of America Meeting,

October 1982, Tucson, Arizona.

T. Kane, R.C. Eckardt and R.L. Byer, '"Reduced Thermal Focusing and
Birefringence in Zig-Zag Slab Geometry Crystalline Lasers", to be

published in L.E.E.E. Journal of Quantum Electronics, September 1983
T. Kane and R.L. Byer, Patent disclosure submitted .June 1983.

Sun Yuen Long and R.L. Byer, ""Sub-wegahertz Frequency Stabilized

Nd:YAG Oscillator™, Optics Letters, 7, p.408 (1982).

L.F. Mollenauer, "Color Center Lasers'", in Experimental Phvsics,

Quantum Electronics, vol 15, part B, ed. by C.L. Tang, Academic

Press, 1979.

P.¥. Moulton and A. Mooradian, '"Broadly Tunable cw Operation of

Ni:MgF, and Co:MgF, Lasers", Appl. Phys. Letts. 35, p.338 (1979).

.
(a

ﬁ)

riges



1o.

11.

13.

14.

J.C. Walling, O0.G. Perarson and H.P. Jenssen, "Tunable Alexandrite

Lasers', IEEE Journal of Quantum £lectronics, (November 1980).

M. Endemann and R.L. Byer, !'Remote Measurements of Trace Species
in the Troposphere', A.IL.A.A. 19th Aerospace Sciences Meeting,

St. Louis, MO. January 1981,

S.J. Brosnan and R.L. Byer, "Optical Parametric Oscillator Line-
width and Threshold Studies", I.E.E.E. Journal of Quantum Electronics,

vol. QE-15, p.415 (1979).

Yuan Xuan Fan and R.L. Byer, "AgGaS, Ovtical Parametric Oscillator',
presented at the 1983 C.L.E.O. Meeting, (post-—deadline paper),

Baltimore, Maryvland, May 1983.

D, Pruss, G. Huber, A. Beinowski and V.V. Lapctev, I.A. Shcherbakov,
e N .
and Y.V. Zharikov, "Efficient Cr++ Sensitized Nd++k GdScGa Garnet '

Laser st 1.06 um", Applied Physics B 28, Springer-Verlag, p.353 (1982).

P.F. Moulton, "New Solid State Tunable Lasers', presented at the 1983

C.L.E.O. Conference, paper ThMl, Baltimore, Maryland, May 1983,

f

e

N
i



»
-y
S s

V. PUSBLICATIONS AND PRESENTATIONS

Presentations:

LN

'¥v.%. Fan and R.L. Byver, "An Infrared AgGaSp Optical Parametric

Oscillafor”, Post deadline paper -~ C.L.E.0. Conference, May 1983,

held in Baltimere, Marvland.

R.L. Byer, '"Progress in $lab Geometry Solid State Lasers', presented

in seminar at N.A.S.A. Langelv, March 1983.

T.J. Kane and R.L. Byer, "Coherent Doppler Wind Measurements
Using Neodymium Lasers', 2nd Conference on Coherent LIDAR held

at Aspen, Colorado, August 1983.

Publications:

Appendices, A. B. and C.

&



ORGinAL ¥ S0 e

OF POOR QUALITY

I

3 - - o G o - M A >
- Submegahertz requency-s

.

o e

tahilized Nd:'YAG oscillator
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Received May 7, 19982

We have dernonstrated a 5-msec, quasi-ew 10-Hz repetitioti-rate pulsed singla-frequency Nd:YAG oscillator with
a feedback-stabilized frequency bandwidth of less.than 200 kHz.

Frequency-stabilized, single-mode Nd:YAG is poten-
tially a useful laser source for high-resolution sub-
Doppler nonlinear spectroscopy! and for atmospheric
wind-velocity measurements by coherent lidar Doppler |
velocimetry.23 The remote wind measurements require
a laser source with less than 1-MHz linewidth and a 1-J,
1-usec-duration transmitted pulse. A local oscillator
with a 1-mW, 5-msec duration pulse for heterodyne
detection of the return signal at up to a 700-km mea-
surement range is also needed for eventual sateilite-
based global wind measurements. During the past vear
we have pursued the design of a single-axial-mode-
Nd:YAG oscillator with the goal of achieving sub-
megahertz frequency stability for appiications to non-
linear spectroscopy and remote wind-velocity mea-
surements.

Early work on single-frequency Nd:YAG demon-
strated that cw lamp-pumped oscillators couid be op-
erated in a stable single axial mode.’® Typically,
measured frequency stabilities were £30 MHz a¢ the
100-200-mW c¢w output-power level. Recent work
concentrated oft obtaining single-axial-mode outpug
from -switched oscillators pumped by pulsed tlash-
lamp excitation.t=? Reasonably stable single-axial-
mode selection was demonstrated, but long-term sta-
ble-mode selection proved difficult to achieve.

The use of injection locking!? led to stable single-
axial-mode operation of the high-power unstable-res-
onator Nd:YAG source.!! However, the 10-nsec, Q-
switched pulse length limited the injected oscillator
bandwidth at 1.064 um to 30 MHz. Measurements
showed, however, that the master oscillator with a 4-
usec-duration pulse operated with a frequency chirp
that was less than the 9-MHz resolution of the inter-
ferometric wavelength analyzer. Thus there was a
possibility that linewidths of less than 1 MMz could be
achieved in a properly designed oscillator.

We have designed and constructed a quasi-cw flash-
lamp-pumped, short-cavity TEMng-mode Nd:YAG
oscillator. Figure 1 is a schematic drawing of the os-
cillator, which has a physical cavity length of Scm. The
3.0-cm-long 3-mm-diameter Nd:YAG rod and the in-
ternal 1-cm-long LiNbOy phase modulator result in a
cavity optical length of 12 em and an axial mode spacing
of 1.25 GHz. A single axial mode is selecred with a 2.
mm-thick., finesse-of-seven, solid fused-silica tilted

Heprnintea srom Optics Le
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étalon. The resonator length is controlled by a piezo-
electric-crystal-driven. mirror and by the internal
LiNbOs modulator. ‘The laser output beam is well
polarized because of the presence of the Brewster plate
or, when that is removed, because of the difference in
the optical quality for waves with ordinary (high-qual-
ity) and extraordinary (low-quality) polarization in the
LiNbOj crystal. Spatial hole burning is eliminated by
two quarter-wave plates placed at each end of the
Nd:YAG rod.!? The entire laser structure is tempera-
ture stabilized by temperature-controlled circulating
water,

The quasi-cw lamp operation using a krypton-are
lamp was chosen to avoid the power instabilities in-
herent in tungsten-lamp pumping. Quasi-cw operation

also reduced the required average lamp power from 1000 .

to only 60 W. This in turn significantly reduced the
thermal loading on the Nd:YAG rod, thus giving im-
proved laser stability. At the beginning of each qua-
si-cw pulse, the laser spikes. The spiking pulses decay
exponentially in 250 usec to a constant 100-mW cw laser
output:

The flashlamp is simmered and pulsed for 5 msec at
a 10-Hz repetition rate. The flashlamp current must
be increased during the pulse to maintain constant
laser-output power, as was noted by Kuizenga.!s

Fig. 1. - Schematic of the sinigle-axial-mode Nd:YAG oscil-
lator showing resopator mirrors (1, 9), Nd:YAG rod (4),
quarter-wave plates ¢2, 33, tlashlamp (3), Brewster polarizer
16}, étalon «7), LiNDBO; phase modulator 18), piezoelectric
stack 110), and Invar resonator spacers (L1).
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Fig. 2. (a) Upper trace is the 1.06-pm signal transmitted by
the 10-cm confocal interferometer as a function of time
showing the chirp. The lower trace is the laser output versus
time. (b) Upper trace is the 1.06-um signal transmitted by
the 10-cm confocal interferometer with chirp compensation,
The amplitude tluctuations indicate residual {requency noise.
The lower trace is the voltage applied to the piezcelectric stack
versus time showing the initial steep-search voltage ramp
followed by the chirp-compensation ramp of 2 V/msec.

Unlike with pure-cw operation, there are two major
problems that must be solved to achieve frequency
stabilization for quasi-cw operation. The first problem
is the frequency chirp caused by periodic pumping and
heating of the Nd:YAG rod. We measured the chirp
rate by monitoring the laser power transmitted through
‘a 10-cm, high-finesse confocal-interferometer spectrurm
analyzer. The position of the transmitted peak, shown
in Fig. 2(a), can be measured versus bias voltage on the
piezoelectric stack of the resonator to yieid an accurate
value of the chirp rate. The measurement showed a
30-kHz/usec chirp rate that is constant on a pulse-to-
pulse basis. The chirp can be compensated for, as
shown in Fig, 2{b), by applying a 2-V/msec ramp voltage
on the resonator piezoelectric stack. Figure 2(b) shows
that the residual frequency deviations are 15 MHz. A
close look at the remasining frequency tluctuations shows
that thev are composed of a reproducible (on a pulse-
to-pulse basis) high-frequency component that is due
to acoustic ringing of the piezoelectric stack and a low-
frequency random tluctuation that is caused by the
circulating water.

The second problem for quasi-cw operation is that the
feedback-control signal is not continuously available.
To solve this difficulty and overcome the trequency
jitter between pulses and long-term frequency drifi, we
have developed a special locking svstern. shown sche-
matically in Fig. 3, which employs a novel search tech-
nigue to reset the laser wavelength to the contfocal-in-

genery re

terferometer peak at the beginning of each laser pulse.
The search process involves backstepping the voltage
on the piezoelectric stack at the end of a pulse and ini-

tiating a ramp at the beginning of the next pulse [shown'

in the lower trace of Fig. 2(b)]. The ramp sweeps the
wavelength until the detector senses the laser signal
transmitted by the interferometer. The piezoelectric
voltage is then switched to the chirp-compensation
ramp voltage to compensaie for the chirp during the rest
of the pulse period.

A second wide-bandwidth feedback loop mouitors the
power transmitted through the confocal interferometer
and provides feedback to the LiNbOj; phase modulator.
This loop locks the laser wavelength to the side of the
interferometer peak. For cpen-loop operation with
search and chirp compensation, the laser-frequency
deviation, shown in Fig. 4(a), is zbout 15 MHz.
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Fig. 3. Laser-trequency-stabilization schematic showing the
search and chirp-compensation loop and the wide-bandwidth
locking loop using the LiNbO, phase modulator.

Fig. 4. (a) Open-loop frequency stability with chirp com-
pensation showing {requency tluctuations after chirp com-
pensation. The lower trace i1s the laser output power versus
time. th) Closed-loop frequency stability showing {requency
variations of less thaa 200 kHz for the 3.5-msec pulse duration.
The lower trace is the lasér output power versus time,
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Closed-loop measurements shown in Fig, 4(b} demon-
strate that the frequency stability is enihanced signifi-
cantly, and the laser-output linewidth is reduzed to less
than 200 kHz. The search and subseguent locking
system ensures that frequency-stabilized singie-mode
operation is achieved on every pulse. The system has
the ability to relocate the lock position even after turned
off for short periods and has operated continuously for
many hours. Work is in progress to eliminate the pi-
ezoelectric ringing and to reduce the laser linewidth
further. .

In the future, absolute wavelength stabilization may
be achieved by frequency doubling in warm phase-
matching LiNbhO; (Ref. 14) and by locking the second
harmonic to a hyperfine component!® of one of the io-
dine-absorption transiticns.”

For applications in high-resolution nonlinear spec-
troscopy and in atmospheric wind measurements, a
short part of the 5-msec quasi-cw Nd:YAG output must
be sliced with a Pockels-cell switch and amplified. We
have demonstrated a gain of 600 in a double-pass Nd:
YAG preampiifier. The demonstration experiment
utilized a double-pass KD*P @-switch crystal for
pulse-width selection, followed by a double-pass 4-
mm-diameter amplifier rod pumped by a pulsed
flashlamp. The high gain and reasonable energy stor-
age of Nd:YAG is an important advantage for the
laser-amplifier system. We expect to achieve greater
than 300 mJ of energy in a l-usec pulse at a 10-Hz rep-
etition rate tollowing a 8.3-mm-diameter saturated final
amplifier.

In conclusion, we have demonstrated operation of a
stabilized single-axial-mode Nd:YAG oscillator with a
frequency bandwidth of less than 200 kHz. The qua-
si-cw oscillator provides 100 mW of power for a 3-
msec-duration pulse at a 10-Hz repetition rate. Further
reduction in the linewidth, limited bv Fourier transtorm
and shot-noise considerations, appears possible. The
frequency-stabilized oscillator, followed by a Nd:YAG
amplifier, is a nearly ideal, all-solid-state laser source
for atmospheric wind-velocity -measurements by co-
herent Doppler lidar. [t should also have applications
in high-resolution nonlinear spectroscopic studies at
Fourier-transform-limited linewidths.

This research was supported by grants from the U.S.
Army Research Office under contract #DAAG29-
81-C-0038. the National Aeronautics and Space Ad-
ministration under grant #NAG1-182, and General
Motors Research and Development Laboratories.

* Visiting scholar from North China Research Insti-
tute of Electro-Optics, Peking, China.
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APPENDIX B

6.2 Solid-State Laser Sources for Remote Sensing T

R.L. Byer, 7. Kane, J. Egyleston, and Sun Yun Long*

stanford University, Ginzton Laboratory, Stanford, CA 94305, USA c

Remote sensing with laser sources has made tremendous strides Jduring the

past decade,

The prezress has buen paced, however, by the slow developmeat of
& i Yy 7

ehe high power, narrcw bandwldth, tunuble laser sources required as tiensmitisrs -

fee DIAL and coherznc dececrion wethods.

KJ:YAG pumpud dye and parameeric oscillaeor scurces has near

Gnly receantiy, with the development of

violet measurcment systems been desoastrated.

This paper sunmarizes recent progress in solfd state lasery thot utflize

the slab geomezsy with a zig~zag cptical path as iilustraced in Fiy. 1.

OultPur
BRI OR

Stann Lame’ StaB

€10 vitw
H3]

mefry showlng auts of the slab,
b--~Schematic of the laser resonstor
with 8rewster angle slab and z2ig-
zag vptical path.
c-~Ead view of th2 slab Loider showing
flazhlamp positlon within the non-
imagtng flashiamp reflector structure

The sicd configuracicn solld state ilaser

€

appreach first proposed aud investigaie
;: General Electricd hmas besn under
development 1n cur laboyatory for the .
past three years.
offvr a number of {wportont adventayges
over the conventiovnal rod gecwmetry
lasers. These advantegss include the
eltmination of stress faduced bire-

friagence and themmal and stress fnduged:

D

ocusing, and hiigher average output
power limized cnly by stress induced
fraccure of the glass or crystailice
laser host material. The progress in
slab Hd:Cilass and NE:YAG lasers i3

discussed {n Secrivn [I.

Conereat decteccion of wind velocity
by Doppler velocfmetry has now been
established as a4 viable measurement
approach at the €Oy laser tonfvared

wavelength range.? Ho have undertsken

*
Visiting scholar from North China Electro-Uptics Institue, Puking, China.
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Lo destgn o single rrequency RiYAL laser source for coherent wind veloctty

meesutemionts AU .00 The H4:TAG sourle otlers the putential advantages

Compeled to U based 3ysleG o oi owle than two urdecs of magn:tade larger back-
scutiet wocffictent,. tmproved depth resviution, foom Lempeliture silicoa divde
baved detecifon and & cumpact atl suldd state coastrectivn. The destygn and

testing 9f 4 single trequency HiYAG osctllator ts discusacd in Sectien l:LD.

e afpospherle Dessulumenis using the DIAL technique Tequires e high

pulse suergy tunable laser svurce. Only ceceacly, with the developwent of tiw

unoutable fesonater HAIYAG sourcc3 has 1 J pulse cnergies at 10 Hz repeticion raote
the N4:YAG pumped 1.&-4.0 pym cunsble parametric

The deublod

woaveilable.  lHowever,

en liatied to i0- 50 m) of output energy.

up to 100 ml), For SU

ce™ has

dye Tunabli source hus ouipul pulse energtes

2

i the sittavieiet, the doubied dye laser output savrgy s gypieatly

LeanGItienls

< ¢
JU mi.T Y Thewe cnergles cte adequate for range resvlved measurements over inter-
fdiste vanges, but ate a6 order of magnitude below the requiruments for spice

chettle Lased LiDAE ot DIAL dcasurcments to 10 kilometer ranges. lIa addicion, fruvo

L4 systsm viewpuing, the tunable OFO or dye laser is oot as cfficlent or reliable as

denired for loay term measvrement sppllcations.

Me buyon out Liab gevmerry laser developmant effort three yrars age in
cognition of the newd for a higher pulse energy, more reliable tunable scurce,
~
Losvh was to tune the gliws Jaser over dcs 200 em~l wide bandwideh and to

?

Cuning tange by harmonic genwration and by selwctive Ramapn shifting.

Figure 2 tllustrates the tuning range

" hawan Sun 1ty
haut 835 L3N .
e mi e s1lable with just a few Raman active

P

we ™, S g2ses,  idarmonic generation cen be used
Wi Z RN
e T 't " R - N has sagy & . .
El!k ﬁ iutﬁflax_ to extend the tining range {nto the
o ey .
i ”f:qu~v"~: v ultraviolet ard visible spectral rogivns,
‘ﬁzgw, The tunable Nd:Glass osclilator/ampliiaer
P
B e
Gy iscobms scurce, followed by nonalinear frequency
$10=£5)

exzension, combines the higher pulse

L\/X\[\ avy

pntyungE et

enerygies generated fa Nd:Glass with sulld

state relisbilizy and systea simplicity.

Nd:Gless laser
O)ﬁ i folloved

: o--Tuniug
cenfare

o s The key to successful implementazios Jles
Ly Hau

fog io gesceu.

N g.:rrJtluu 1 Lilivag

PP can be used to wxtead
it runge fnio the

vissdle and aleraviolet vange

in the applicacion of the siaeb geometry

concept,

the wavele

To appreciace the advanzages of the

-

z1g-2ag slab teometry approach it 43 useful €3 ceoxpare the purtormance

Himitatlons of fod geometry lasers fe slsh gecmetty lasers. To make the compaitson
-

specific we cunstder the performence liwits of a 15 tm long x & mm Jdig

Rd:Slass rod laser and o 15 cm long x 8§ an thick three~to-one supoect

Hd:Glass laser.

1he pertorwence limitations are seocmarized ia Table I for LUU-8 phosphate

gluss. Phosphate glass was sclected becuusz of its high gata cross-scoticn dand

negattve da/dT vhach heips o oftset thermal ind stress {ocusing fa the rod leser,

TABLE % Rod and Sleb Geomelry Laser Design Limitetions

Rod geometry Avecage {lashlsmp Eitece
powet. (Mates)
{6 e dta. x 19 <m iength
UG-8 phosphate glasa)
Bleelringence HE n phasz shift
Thurael focusing ivon <115 cm focal fength
Streza focustag lucy +10 e focal leageh {hlsxial)
Stress fraciure 1o0e Surface sitews fravture lzic
Stab peometiy
{3.) 2o x 25 om x 35 o e
length, LHG-8 phuspliete . TFa
glass) .
Sirefringence - Elimtaesed by x.y,: geonetry
Thermal & scress focusing - £lintnrted by zig-zeg optical path
Szreesy fracture 2000 GOnly design lalcation

T the rod geometry, the stress fracture limit occurs at 3 Hz vepaticion rate
4t 200 J flashlong encergy or 1000 W of average faput puwer, This scress fragturs
limtt was veritied experimentslly by froceuring rods of Nd:Glass. Stress and
thermal focal leagths are 70 cm and -115 ¢m at the stress fricture loading ltate.
Thes2 focusing cifects must be cumpensated in the design of the luser osclllsivr o -
snable near diffraction limited performence. Since the stress and thermal focusiug
has both radfal end tangential compenunts, the focusing is not equivalent to a lens
but $5 sustead s blaxisl focusing zlewment that canrot be simply compsnsated by aa

additional lens,8

Finally, et ¥ Mz reperition crate, ot 100 ¥ of flashiump average pouwer, stress
fnduced birefringeace {s severe caough to cause a polarization induced phase shift

T radians.  This in tury ioduces a severe loss for lineicly polarized resonstor

o
designs that are reguired for Q-switching or frequency ex

tont by nonlineat

The slat geometry, on the other haed, completely eliminetes stress fndeced

birefringance by slab symmetry. 1f & zig-zag optical peth {s used, then the stress

2nd therasl {nduced focusing is also eliminated. This juaves stress fracture o
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deaton lrmitarion on the average puwer loading ot the stab and thus on

e only

fadaebic avdrave vutpat powei. Fao THG-8 glass, the thernal loadieg fimag set

vorgastat - aaduned breshage s Q0o W for an 3.0 man x5 ma o x 13 um o plass slab.

sdtngg, Uhe slat o oopetste ot up o 9 He repetitlon Fate end stute up Lo

wy @€ 5,790 sterage eftictency. Clesrly the slab geometry

perivitance Lsptovedent over the usual fod geometry appreach.

Slass slab cieasuremencs
The advontages of tne 2ig-2dy stab geotietry have been known for more than a
coadu.t ualy recently, however, has the techaolygy for fabricacing the siabs

widely avarlable.  The demands of the laeser fusion rescarch efforc have

the tubiieatton and optical coating technology to the present scetus whure

[ad

SLYICuLIon 1y pussible at a reasonable cost.

e fuls advantage of the slab gevweity in laser system design, we have

4 Coaputoel progrem that caleulates the thermal profile of the slab, the

stresses, the stiess induced depolarization, and ray traces the zig-zag

cpiicad path throogh the stab.,  The program displays the results and can be used
v ¥ |3 Fvog piay

ive design tool.

Fo e wnciul the cooputer model muse be caretully calibrated and vertfied.

¢ have eccomplisted reilication, where possible, by comparison with analytical

fens o the thermal and stroess equations,  However, o test-bed Hd:iClass slab

fner sonlcuw was desigoud and constructed to provide calibration gnd quantitative
crificativn ul the wodel.  Heasurtements using ihe test-bed laser system have
crifizd predictions of the model and have shoun that the slab guometry approach

s, in praciice, provide the projected advantages of elimination of birefringence

ed thermal snd stress induced focusing.

The caleulated stresses lo the thermelly loadsd slab dre an example of the

sdel capablilty. te 3 shows the compression and tension field in the slab

ssuml vumplng o the y  faces. From the stress field, the depolarization
s be 2nd ¢isplayed a3 shown in Fig. 4. Hote that the peak de-

staetzotion i predidted to be 325 while the average desolarization ever the slab
red fs near 4. Figure 5 shous o plot of pr-dicted depolarization {solid curve)
s measuted depolavicarion (dots) ot 1600 W average lashisop power loading of the

> ceq -
Lap, B el ment verified 2 aumber of aspects of the model includipg

Db, The excellent
te caeleuiated stress [leld, depoalarizection avd optical ray tracing along che
Lg-2zayg paethy

Using the slab test-bed larer w2 hava completea measvrements of gain, energy
corage cliiiciency, pusping unlformicy, depolarization, beam divergence aud

s and coolant effects on focusing, tuniang,

iaduced end 2«

SIMSILS It ASTED QLA - .
T ey Figure 3-—Calculated tensfonal and

&UFptcbalunJi struesses im 2
] L . ed glass glab assuming ’
‘ ) unifern pumping on the y faces.

S S G -The 5102 s in um«ze:,iun 1

B the center and tension at :te
4y =~ = — o — e e e . . cedges, The tensional stress 2%
Y tiie surfice avertually léads to

e e e e e e e e, fricture of the slab
. . . . . - . - . ~ -~ ) - ’

THIC-0. 2O l-l(rlN-
CRUSS- IR RITM (10518 LKL TU T ‘U-omu:u
ELTREEN 1ODAS 1S 1.0 ﬂu SM 55 (LTS,
IS AN T - N tl' g
Cep sl RYR
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Figure 4-~Calculated depolarizatton for a pucped glass slab assuming
sniform pumping on the y faces. The maximem depolarization {s near 32%. Note
that over a iargs regloa of the slab the depolarization is insignificant

Q-switch oscillater operation, and second harmonic genera:éon.g

The test-bed sladb laser has operated as 3 long pulse osciilator ar 3.75%
storage efficiency, 2.0% slope eificiency and 1.67 wali piug efficiency.
Typical output data for extraction ivom the entire clab volume is shkewn in
Fig. ta. Wa have used the test-bed slsb laser to verify, by far field dit-

fraction measurements, that the besm guality of the slab is diffraccion

mited. We have operated 2 sliab plass oscillator using toth an unstable
o )
Tesonator” and a radizl bircivingent rescnutor des g:.’i FTigure &b shows
N s r £ - y N + = .
the output pul = ecnergy iree runnaing and Q-switched for the 6 mm diamerar
oscillator mode volume.
Wz plan ro follow cthe oscillator by a gre-amplifier in the same slab to gen~

erate 1.2J and by an amplifier ia a second idemtical zlab to gensrate over 8J per
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d and mrasured de-

Lion fur a cumped glass
te vscillattons are
caused by siress vector rotatioen
mbined with the zig-zag
optical path through the slab

Future sicb laser resvarch will
fnvoive the completion of & scoond
pEGCTILion Slub laser systewm with wmote

bleop pumping, an optimized

wiiicione tlas

htckness ond fuproved resunstoc/
vnplitier desiyns,  The fmproved sluab

su luser system will be used [a

Terote s2eslog. Deasureoents in the

T. Nd:iYAG Slob Laser Messurements

1

The slab geowetry can ciso be

Iystalline -faver systems.

eppiled to

Jarried out preliminuary acaLurte-
ooow laep puroed WEIYAS siab

Tater. These medsufesments have

inermal and stress induced

This level o

avzrage pover.
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range with o prism beam expander and gracing.

frequeniy extension via SUG end Ramang

o

eliminated with the zig-za
4

We have previously Jdemonstrated tunfng over a

We expect effictont

esues due to the diffraction

The theoretical and experimental resules

tur the sisb laser are belng prepared (or preseacation ond publlcd[lun.12
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asured long pulse output encrgy aad

average power froa the Test-bed ulab

faser vs input flashlasmp cacrgy 2

2.5 Hz repetitfon rate. The 1500 W

average flashlamp pownr s below the

casured 200G W stress ftactuce liait

for the presceont 8.3 om x 25 am x 15 ¢m
loug LdG-5 glass siab

bo-Measured Q-switchd ouzput energy for a
¢ wo Jdfameter bLewsm, unstable resenator
wseillator

m

A

s13b geometry 1 NS:YAG at uptc 4 kW of

pumping Is vvexr six Clmes that typically

m¥O

T

4 T

4

ALN0d HOO0d H0

-

used for Q-switched, high power, pulsed Hd:iYAC unstable resonator liSer” systuone.
fhe present pumping limat s set by the maximum power provided uwy ovur cutrencly’

avatlable power supply ana not by the thermal limitations of the Nd:1YAG.siab.

We have 3180 verified that the sladb geomeétry completely eliminates stress. |

induced birefringencs § HJ:YAS.‘J This is iwmportant for applicatiuns where N4:7

Is Lo be fzzquency shittaed by avnlloear piocesses. Work {s contiuuiog on the sl

geomerlTy applied to crystalline laser hest materials.

In sunzary, the slab geometry approach off2rs more than an order of magatftu
improvemeni in laser performance for both Nd:Glass and NJ:YAC laser systems. Rece
model and test-bed laser experimenis have veriffed chaf the expected {mprovements
are realizable in practice.

UL _ SINGLE FREQUENCY Nd

&, Introduction

of coherent LIDAR measurewspls 2t- the CO2 waveleny

The tremendous prog

raﬂgcz s sparked an dnterest tn long fange depth resoived wvind wedsuzenenty il

cuberent LIDAR.  An examinstion of the @easurvivent sysiem siows

advantages to be gained by using waveleangihs shorter thuan 10 po, 1

include fncteased backscattzr by wmore rhap fwo orders of magnitude 2t 1 Lo aa

opposed to 1C pm, tmoroved depth resolution, accéss Lo foom femparatute siifcud
diode detectors uith avalenche galn; and solid stare trensmizters with demoastoat-
long operatieonal lifetimes and swall volume and welght. The princisal difficuisy
in the approach to shorcer wovelength coherent LiDAR measurzmeats was the sahnoun

bandwidth of the transamicier due o che unknown thermally induced chirp race in

thy solid stuate laser hosi mater

During the past year we have pursued the design of a siagle axial mode

osciliater wigh the goal of dumenstrating a frequency stability adequaze for wind

velocity measuzewments by Doppler velocimetry in the atwosphere.

8. Nd:YAG Osclllaror Desige

Cur research efforcs with siogle frequency NE:YAG oscillators has ciedrl?
shoun that Nd:YAG £s not howogeneously saturated and thutg special steps such 2s
injectivn iuckiugl“ aust be taken to insure sfagle mode vperatfon. WHe also
learned previously that the WS:iYa0 chirp rate was less than 9 Mz for pulsed -

flashlasp excitatzon, Thus there wes a possibilicy that the chitp rate an Yoo

cueld, in fact, bu 1zss thuea 9 Miz and that licewidths of less than b0

required ftor winl messurements could be achievad.

We buve dzsigned a quasi-cw {lashlamp pumped, v2ry shotr cavicy, Nd:¥AS TFH:

The oscillai.:

.

-

mode oscillator source o tesc gt requeney linewidih limitations,

is shown s-hematically ta Fig, 7. The cavity physscal length is 7.5 co. The
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Powes Jubinanpilun of the oscatlator,  Tre pruseat systom gequices 30 W oaverage

.

povwer Into (har Ploahboames wnrte o poneped uanctdistor vould regquirte Claoae ta

‘

Togu W oo eve the aame pertoranice

The prescnt $I¥AG eacillatos gencrates Go1 W ool vutput pover. He base

ouf LU thet utilized o 4 om

cintt stad v kobde sans aeplitics with o i

S rmeter RIITAL 5.4 ponped by s puised tlonhilaap, We huave verifired thag the Jasel
Pitwwilih o st brocdened by (he pre-amplitier, WHe expuez, ia the futuse, tu

castrate plittoitton Lo puluy encetyics of greater than 300 o in 3 b owicro-

1 T dbr gepetitaen fate fa g red geometry Hd:YAG system,  The uow ot

meit e otivcs an order o0 mapnitude lmpfuvescnl withoul sacriffcing bewm

G Y0y et ST peenely babadrty.

Lo teeve deaomatratad that 9 siogie frequency Hd:YAG escillatog

SRl atiag S 3 e quiasiece mede has s Jhito sate of 30 KHz per microsccond

funtiiug s tabadaty ot 2 SO Mz, The Chirp can b easidy conpensated thus

b mate Tregoetiey stabiiity tor wind sclocity measurements by cobetent

Nooplan o putsue the NIYAD soufce fmprevements and to apply the system to

wtironehenid wand studies. fo the futuce, diode luser pumped Nd:YAG sources!® Gftor

foastbilicy ot sn effietent, long term opefation, space qualifled tranamitice

At wind volocity measutenents,

He hosu putuned the study of advesced sulid state laser concepls with the

celing femole Sensing tranumitter fequlrements for future LIDAR svstoms.

weopotenttel for g high pulse cnergy, hlgh averags power solid state

veed for o paramattle oscillatue ot dye laser tunable source.

st-bed si4d laser suurce hos o design goal of 6 J per pulse

Advauced siob glass laser

nacl as fhe $7ster precenoay undef conztructivn ot the Swiss Institute ot
Hulitvar Retesrch {or messurements at 6.0 e wavelengih of the Lamb shifc in the op

FENTAE L T D RERY I (R W vutput enetgy at 30 Hz repetiction rete or 50U U

Gloavetage vulpul pouwer. Clearly theoe nest generatlen laser sources wili hove a

fdfut impait .0 Che funebie LIOOGR moasutument capabelitv.

rp rate 1o a ild:YAG stngle axial mode

3

euedlicted pens e possibility Zor rewote @ind measutenments by coberent LIDAR a

teges of shoeiler wavelength and o oll solfd state frunsmitter

wiicy shilted, tunsble glasy luaser source, uwsing the slab gusmetey approach; *
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K . APPEMDIX.E
REDUCED THERMAL FOCUSSING AND BLREFRINGENCE

IN. 2LGZAC SLAB CEOMETRY CRYSTALLINE LASERS :
' ~

CRIGINAL A o
OF poog QUALITY

T J KANE, R C ECKARDT and R L BYER

ABSTRACT:‘ Replacing the rod.in a Nd:YAG laser with a zigzag slab
résulted. in a very substantial reduction of the therwally induced
opnical discoﬁtion without éécrifice of output power Oor effici-
enéy. Thi$ reduction was - gessible after sinple weasures were

taken to eliminate end and edge effects.

In this letter we present' interferonetric meaSuremencs o the thermally
induce eptical effects in laser cr}stalﬁ cut in both the zigzag slab and
the conventional rod geometries. These wceasurezents confirm the present
understanding of zigzag slab gecmécry lasers and demonstrate the significant

advantages obtained by replacing the rod in a Hd:7AC laser with a slab. e

[¢]

describe simple measures to eliminate end and =2age eff2cts and present

efficiency and threshold data for the Nd:YAG slab and the rod it replaced.

In conventional cylindrical rod solid state lasers, both temperature and
therzally induced stress change the index of refraction, and the laser beam
is distorted. The rod becomes a non-uniform multi-wave birefringent element

and 2 strong and polarization-dependent lens. These effects have been

thoroughly described and analyzed [1-4].

he zigzag s3lab laser Zeometry, also known as the total internal reflectinn

face pumped laser geowmetry, was invented by Martin and Chernoch at General

[

o3

lectrie 91, This geometry greatly reduces the thermally induced optical

1)

ffects in the pumped laser [6,7]. The =zigzag slab geometry is shown

schematically in Fig. 1. Focussing is eliminated in the x direction by the

uniformity of the pumping and cooling in o that direction, and in the y




APPEMDIX. 6
REDUCED THEAMAL FOCUSSING AND BIREFRINGENCE
IN Z1GZAC SLAB GEOMETRY CRYSTALLINE I psaws ORIt 1
EREVL BT g

Veidn LD

OF PGOR QuALITY
T J {ANE, R C ECXARDT and R L BYE
ABSTRACT: Replacing the rod in a Nd:YAG laser w~ith 2 zigzag 3slab
resulted in a very substantial reduction of the therma2lly induced
optical distorticn without sacr-f-ce of output poWer or effici-.
ency. This reduction was gossible arfter simple mezsurss Were

taken to eliminare end and edge erfects.

3]

In this letter we present interferoametric measurements of the thermally
incduced optical erfects in laser crystals cut in both the zigzag slab and
the conventional rod geometries. These gzeasurezents confirm the present
understanding of zizzag slab geom55ry lasers and demonscrata the significant
advantages obtaired 2y replacing the rod in a Nd:7AC laser with a slab. Ye
gescribe sinple aeasures to eliminate end and 2ags exfecis and present

2rficiency and threshold data for zZhe Nd:YAG slab and the rod it replaced.

yiindrical rod solid state lasers, both tenperature and
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therzally induced stress change the index of refracticn, and the laser beam
is distortad. The rod becomss a non-unifors multi-wave direfringent element
and 2 3strong and polarization-degendent lens. These effects have been

thorcughly described and analyzed {[1-4]. . e

The zigzag slab laser geometry, also known as the total internal rellectinn

face pumped laser gsodetry, Was invented by HMartin and Chernoch at General

5], This geouetry greaxctly reduces the therzally induced optical

el

affects in the puaped laser (6,7]. The =zigzag slab geometry 1S Shnown
schematically in Fig. 1. Focussing is elicinzted in the ¢ directicn By the
unifsraisy o the  pumping and  cociing  in that directicn, and Ln the y



10.

11.

13.

14.

J.C. Walling, O.G. Peterson and H.?. Jenssen, "Tunable Alexandrite

Lasers', IEZE Journal of Quantum Zlectronics, (November 1980).

M. Endemann and R.L. Byer, ''Remote Measurements of Trace Species
in the Tropecsphere', A.I.A.A. 19th Aerospace Sciences Meeting,

St. Louis, MO. January 1981.

S.J. Brosman and R.L. Byer, "Optical Parametric Oscillator Line-
width and Threshold Studies'", I.E.E.E. Journal of Quantum Electronics,

vol. QE-15, p.415 (1979).

Yuan Xuan Fan and R.L. Byer, "AgGaSo Optical Parametric Oscillator”,
presented at the 1983 C.L.E.O. Meeting, {post-deadline paper),

Baltimore, Maryland, May 1983.

D. Pruss, G. Huber, A. Beinowski and V.V. Laptev, I.A. Shcherbakov,
N . " .. Fpe L. 4+
and Y.V. Zharikov, "Efficient Cr Sensitized Nd GdScGa Garnet

Laser at 1.06 um", Applied Physics B 28, Springer-Verlag, p.355 (1982).

P.F. Moulton, "Vew Solid State Tunable Lasers', presented at the 1983

C.L.E.O. Conrerence, paper ThMl, 3altimore, Marvyland, Mav 1983.



Iv.

R.L. Bver, T. Xane, J. Ezgleston, Sun., Yuen Long, "Solid State
Laser Sources for Remote Sensing", Technical Digest of the Workshop

on Optical and Laser Remote Sensing, Februarv 1982, Monterey, California.

J.M. Eggleston, T.Kane, J. Unternahrer and R.L. 3ver, "Slab Geometry

Nd:Glass Laser Perrformance Studies"; Optics Letcers, 9, p.405 (1982).

K. Kuhn and R.L. Byer, "Conductive Ccoling of $lab Glass Laser",
Paper WE3, presenzed at the Optical Society of America Meeting,

October 1982, Tucson, Arizona.

T. Kane, R.C. Eckardt and R.L. Byer, "Reduced Thermal Fecusing and
Birefringence in Zig-Zag Slab Geometry Crystalline Lasers', to be

e

published in I.E.E.E. Jourmal of Quantum Electronics, September 1983
T. Kane and R.L. Byer, Patent disclosure submitted June 1983.

Sun Yuen Long and R.L. Byer, "Sub-wegahertz Frequency Stabilized

Nd:YAG Oscillator', Optics Letters, 7, p.408 (1282).

{31

L.F. Mollenauer, "Color Center lasers", in Ezperimental Phvsics,

Quancum Zlectronics, vol 15, part B8, ed. by C.L. Tang, Academic

Press, 1979.

.7, YMoulton and A. XYooradian, ""Broadly Tunable cw Operation of

F, and Co:MgF, Lasers”, dppl. Phvs., Letts. 35, 9.338 (1979),

>

i
Y

RN



Table I cont.

Date

August 1982

Yovember 1983

December 1983

Laser_jgigiem
10em x .8cm x .4cm
Nd :YAG
cw lamp pumped (4kW)

10cm x .8cm x .4cm
Nd :YAG
¢w lamp pumped (1OkW)

10cm x .8cm x .icm
Nd :YAG
multiplexed slab amplifier

e s

e
Performance

80U cw 2% efficiency

200% cw 2% efficiency

30mJ at 20Hz

TEMgo mode, single

axizl mode



Date

October

October

June

December

Slab Laser Demecnstrared and Projected Performance

1981

1983

1983

Stanford Univercity

Nd:Glass

Laser Svstem

15¢m x 2.5em x .83cm
3% doped phosphate glass

£fluid cooled test-bed laser

15cm % 2.5¢m x .65cm
8% doped phosphate glass
helium conducrtion coolad

30cm % 4cm < .65¢em

8% doped phsophate glass
helium conduction cooled
longitudinal flashlamps

30cm x %¢m ¥ .63cm
7% doped phosphate glass
helium conduction cooled

transverse flashlamos

Performance

10J 2.5Hz 1% efficiency
25W average power

18J 2Hz 2.3% efficiency
36W average power

15J 3Hz 1.3% efiiciency
75W average power

10J 10dz 3% efficiency

-100W average pouer

PR O



&'rection by thé'éveraging of‘:embzranura thatv takes place over a ifull
zigzag. The  Dhirelfrinzsncs caused oy the therwal stress in a slab is also
wucn lower than that of - a rod, because the vmajor éomponent ol stress
averages ﬁo cero over z full zigzag. Recently we nave bullt and tested a
zigzag geometry Yeodyuiunm doped ziass laser, developed a conmputer uwodel of
the thermally induced cptucal effacts in slabs, and successfully tested the
model [8,9]. ’
For the crystal slab tests described in this letter, we fabricated zigzag
slabs of Nd:YAG and Nd:GGG (Cadolinium Gallium Garnet). The material Ud:GGG
is of interest Dbecause its large <chang2 inm index. of refraction with
temperature has been a major reason for its iafrequent use in rod geometry
lasers. In the slab zeometry ther=zal focussing i3 fully compensated, so it
is possible to take advantaze of %ne superior arystal growth properties and
greater resistance to ther:s; Tracture of 2:G3a. We achieved stable CW

a e

Jiclency compariszon is not

operation of the Nd:GGG slab, but a meaninglul =

—

possible uncil mere highliy coped zaterial Ls avarlabdle. ™h Hd GGG and
Nd:7AG slabs were testad in a comzmercizl W o Laser systao. Thne 1aser neaa
conctained a single d-wma ianer-diameter «rypron arc lagp, with 76 millimeters

of radiating length. A zold coated elliptical cavity focussed the punp

light into the slab. The slabs were wountad from the ends, and two siaple

procedures, -described below, were used Lo approach the ideal slabdb thermal

[

boundary conditions.

To approach ~the ideal slac liz:ic

lo]
-,

zero  thermally induced optical
distortion, it 15 necessary to avoid coolinzg the non-reflective edges, and
thus avoid creating a tegperature gradlant in the x direcuion. We achieved
adequate insulation by the simple zeans of attaching silicone rubber o thé

non-reflecting edges of tine slab. Dow Corning Sylzard 186, with a thermal

conductivity of 0.0017 wavtt/cm®X Li0] has 34 ¢

56
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ghan ¥d:YAG. Thus a relatively thin layer (about 1 am for our Yeam x 8-mn

feagater v
slabs) e2ffectively insulated the surface. ' QRiGHAL
OF POGR QUALITY

The ideal slab appears optically. flat in the y direction because ail zigzag
segments nave the same average index of refraction. This is not true near
the ends .of a finite slab. ‘e observed strong negative [ocussing in the vy
direction wnen tne entire slab, Rncluding the ends, wWwas pumped. Again, a

very simple prccedure consisting of slipping opadque tubes over the ends of

the slat to shield the entrance face from the flasnlamp radiation greacly

-

reduced the negativ

i)

@
e
o]
o3
f
£
3
e

q
-

In order to use the pump light efficiently
while shielding the ends of the slab, it is necessary that the slab be
longer than the radiating lengzgth of the lamp. Our slab was 100 zm rrom tip

is -

to tip, though the lamp radiating length was 76 =m.
L] &

The optical Juality of the gumped slab was Deasursd with a Maca-Zannder

interfarc

P

nat

[14]
s
o
3
»

A 633-nancometer Helium-Yeon Lazer was used as tre ligne
source. The lccavicn of =2aca fringe was measured con horizental and vertieal
cuts througn the center of the interference pattern and tae [ringe nuxber
4as plotted as a functicn of distance f{rom th center. A least-3quars
frinze~iitting procedure determined the focal length of the pumped sSlabs anc

rods and a.so gave the residual distortion. .

The most complete set of interfarograms were taken for the Nd:GGC slab.

Interferograms were recorded for four cases: 1) no thermal insulation and no

e

shielding; 2) insulatiocn but no shielding, 3) shielding but no insulation,
and U4) with both snielding and insulation. Fig. 2 is a reproauction of
these four interferograms at a laaop puaping power of 4.2 kilewatts. Table !
summarizes tUthe results for the Nd:GGG slab. In the x direction, shielding
and insulation changed the therzal focussing frcﬁ 1.3% diopters to '-=0.26

5

diopters. Most of the change in the x direction was due to the insulation.

ey
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In the y direcuicn, the change w@as from -2.34 diopters to -0.46 diopters,
Vil VAW AN

with almost al. of the Ixprovement due to the shielding. The Nd:GGS

measurements c¢learly 5aow %hat the slabd boundary conditions are critical to

0 et e
. the reducticn of - thernal focussing. The diffsrence between the focussing
poWer in the %wWo J*rec,:ons, a parzameter of key limpertance to resonator

stability, was recuced to 5.4% of its original value.

é>
: MU F
: TS N N
5 . LT
Data for the MNd:YAG were recorded for the case where aoch éc Tdbng*anﬂ

insulaticn were in place. The Yemm Sy Bem slab used nad almost the saz
Qross-sectional area as the S.4-mm diameter rod it replaced,; 30 a coaparison
is possible. The interrferograms of the Nd:7AG slab and roa at 4.2 kilowatts
of lamp power are reprpduced in Fig. 3. Table 2 suzmmarizes tne Nd:YAC
interferometry results., Ferr a roc, the y directicn is defined as whe

-

direction parallel 0 the OOLar;:a

t
s
[e]
33
(o]
e

- P - - -
the prete  tlRadl. n the v

direction, the rfaczi gcwer of the slad and rog were -0.13 diosters and 2.71
diopters respaeciivaly. In the X directicn the values were -0.47 diopters
and 2.31 dicgiérs, The Jifference in feecal lengtas 13 also  less for the

-
,leng:hs'of tie rod for the two directions ¢iffer bscause the thermal stress
creates birefringence. The ratio of focal lengths has been calculated for a
uniforaly pumped rod by Xcacnner [2j. Our obser;ed ratio of 1.17 is close
to his ‘thecretical value of 1.2. The therzal efflects in th sléb are weil
described by an eilip:ic&l lens, as is .shown by the fact. that the

root-mean-square cdeviaricon from a =2llipsoidal surface Is  no more than

one-tenth wave at 533 nancmetars,

The output power of the laser was aeasured as a function of the lamp power

for both . the YAG slab and rod and for btoth multimode and TEMoo operation.
In all cases <the outputl <¢oupler was a 1C% transmitting wnirror., The
parameters of a  lirear least square 7it zave the Lhreshold and the slope

B

.
P
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sfficiéncy fbr each case. Table 3 lists these values, as well as tha output
power achieved”_at the maximum laop inbut power of 5.1 kilowatis. The
pulti-mode slab power wag corrected to take Into account the fact that the
beam was filling only 09% of the pumped volume. This correction was used
only for multinode operation and is discussed zore fully later. The slab
was nearly as efficient as the rod it replaced. The slope ef;iéiencies for

slab and rod were 2.25% and 2.38% respectively for mnlnﬁmode operation. For
p V,

EX-

TEMoo operation the values were 0.47% and 0.51%. The extrapolated threshold
for the rod was abou:r 10% more than that or -the slab, in both cases. This
is probably the result of the fact that the zigzag geometry results in the

path througn the slab veing 15% lcnger than the path through the rod, with

the zain correspondingly increased. CiiGos .,

A Key factor in the erfliciency of a laser is the geometric illin
given by the ratio of the volume effectively swept by the laser Seam to tUhe
total opuaped volume. Wnen. total laser pewer i3 the only conceru, a
mulilizede 2ean may dbe used, which expands to fill‘”n/ aperture. Uncer inzse
conditions thne rectangular aperture is not a dizadvantage. The 39% 7
factor used for correcting aultimode data was the result of 1hé restriceing
apercure of the slab holder. The pump cavity was designed for rod usé and
it was néc possidble to adccess the full rectangular aperture of the slab
Wwithout extensive modilicaticns. No f£illing factors were used to correct
data for TEMoo operaticn. The portion of the slab blocked by the nolder was
outside the GCaussian bdeam. Similar efficiencies were cobserved even though
the slab with 2:1 rectangular cross-section had a smaller filling factor
than the rod. This is a result of reduced %irerringence in the slab., The
complex pattern of birelringence in the rod made necessary a’ smaller

aperture Lo resiriilt sscLolaticn to

oy ™ Vel
the TnMoo zcde.

Slabs wWwith an  aspect ratlio ol two  have. deen used oecause We initially

gm
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believed that depularization and non-eliliptical ocussin Wwould be se

™

the edge region was not useful. This

-

near the edge orf the siab;and
was not observed to be the casa. The xeasuresments of depolarization and
residual distorvicn described above, as well as recent theoretical worlk,
show that it is possidle to use the entire slab aperturz. In the fuﬁure we

Wwill be reporting on theory and measurements using slabs with an aspect

[ C e

ratio of one. A . CRIGHIL Foos T
OF POCR QUALITY

.

The birefringsnce of the pumped slab and rod was  Sound by ®measuring the

transaittance of - H33-nanometar  light  through crossed polarizers with the

L

pumped slab or rod k2tWesn Lhe DOLAr r

“

.y
-

{

. Table 1 describes the depolari-

[os

zation of the GGG slab in eaca orf its confizuraticns, and Table 2 includes

data {or the Nd:7AG slab and rod. 7The GGG data snow that depolarization in

i

a2

4 when insulaticn and shnielding wers

13Y]

the slab was reauced rom 4.35%3 to O

added. At all pump pcwars :reater than 2 kilcwatts, close to 25% of the

633-nanometer -iilgnt  2assing thrcugn the YAC

the 7.0 rod changad polarization, . The

» Ty o he ™ ~ 7 — -~ R »
corresponding value Jor the TAG slao, with snielcs and inzulaticn, was $.2%

- 1, 1.9 JR & [
at 4,2 kilowanss ¢ lamp zowsar.

The degree of polarization of tne Nd:7A0 slao laser output was measured for
both multi-mode anae single transverse zode operation. We used an analyzer
with an extincticn ratio of '0C0 to 1 and observed only single polaéizéticn
output up to the maxizws puzp power of 3.1 Kilgwatts. It was not possible

to control the polarizaticn 37 tne rod.

in the zultizode rod case, power
wa3 present equally in toth polarizaticns, The single mode rod output was

90% in one polariczation, DUt an atilampt Lo control the direction of the

polarizaticn with a Zrewster plate racucsed the power drastically.
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lerolarizaction due Lo Lnermal stress LT
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of Nd:YAG. Often. erystals of Nd:YAG show unacceptable birefringsnce even

when not pumped, due Lo stress in the crystal that results from the growtn

process. We obtain a4 two Nd:YaAG rods cﬁat ;howed depolarization in stressed
regions of 17% and 10% raspactively, for liéht of wavelengtn 633 nanomaters.
' These rods were Tirst cut into a slébs Wwith a simple straight-tarough path.
Depolarization was reduced very slighfly, to 14% and 9%. ‘VWnen the ends were

N

cut to allow a zig-zag path with 7 intermnal reflections, the depolarization

of zach was 0.35 or lass, for iight polarized along the axes of the slab.

e -conclude that the =zizzag slab  laser gecmerry has very significant
advantages Wwnich are easily avallable after small modifications to an
existing Nd:YAG laser sysvem. The only disadvantage is a small incérease in
¢ost due %o the zore diffizulz fabriéation of the slab and the greater
argount of Nd:YAG whnicn Is needed to allicw the ends to be unpumped. We
oredice than 7AG slans will show similarly reduced thermal fccussing and
Sirefringance up o the {racture limit of the material. The f{racture liaig

or a Nd:YAG slan or roc is near 300 wWatts of output power from a 18
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total internal relegtions are scssitle, and in that case the end faces are

not parallel.

ig. 2. Interrerograms of the Nd:GGG slab pumped at 4.2 kilowatts ow
power, showing the importance of and and edze affects. (a) HNo edze
insulaticn, no end shields. (b} Zdga insulation, but no 2nd shiélds. {e)

End shields, but no edge insulaticn. {d) Sdge insulation and end shields.

Fig. 3. Interferograms or Nd:YiG0 rod and slab pumped 2C 4.2 kilowatts cow

show substantial advantages ofl zig:ag slab gecmertry.
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Effects of Shields and'insu]ation on Focal Power
and Depolarization for Nd:GGG STab at 4.2 Kilowatts

TABLE I

Shields

No Yes No - Yes
Insulation No Yes - No Yes
Focal Power X 1.35 1.05 -0.54 -0.25
(Diopters) -2.34 -0.40 -2.82 -0.46
De?g;ig;§g§‘°" 5.5 0.5 15 0.2

- 35 -




TABLE 1T

Focal Power, Distortion and Depolarizaticn
for Nd:YAG Slab and Rod at 4.2 kW

Direction Slab Rod

Focal Power X -0.47 2.31

(Diopters) Y 0.18 271

Residual Distortion X | 0.03 0.16

(HeNe Wavelengths) Y 0.10 0.36

Depq?arizétion 0.2 25.0
{percent)

- 36 -
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TABLE 111
Threshold, 3Slope Efficiency and

Power for Nd:YAG Slab and Rod

Stope

Qutput, lamp at
5.1 kilowatts

Threshold
(kilowatts) Efficiency
v : (percent) (Watts)
Slab ' 1.55 2.25 83
Multimode
Rod 1.70 2.36 88
TEMOO : Slab 2.03 G.47 13.0
Rod 2.25 0.561 13.8
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