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FOREWORD

This is the final report under Contract No. F33615-71-
C-1137, as amended by Modification No. P00003, and titled THERMAL-
OPTIC DISTORTION-FREE SOLID LASER TECHNOLOGY. The contract was
documented under Project 5237, Task No. 10. The period of per-
formance was 70 November 30 - 72 September 30. The contract scope
called for further testing and analysis of two existing segmented
laser devices in order to design, construct and evaluate an im-
proved device. The objective of this program was to develop a
technology which solves the thermal-optic distortion problem for
a broad class of solid state laser types with little or no at-
tendant sacrifice of other desirable qualities, such as efficiency.
This present report also summarizes the important results of the
two earlier contracts, F33615-68C-1570 and F33615-71-C-1I047, as
well as compares the final results to those obtained by competing
.geometries and laser materials.

The work described was performed in the Laser Products
Department within the Research Division under Dr. C. G. Young,
General Manager, and Mr. W. F. Hagen, Manager of Systems Research.
Mr. Hagen was Project Engineer on this series of contracts ovet
all but the first few months of the first contract.

Major contributors to the present contract effort were
Mr. J. Keefe and Mr. R. Kelley, who carried out most of the
experiments.

The development and construction of the 40 kW power
supply used in this program was solely for this work, and was
entirely funded by American Optical Corporation. The following
portions of this report were not funded by these contracts, but
were included for completeness: Section 11.1 and 11.2 were
funded by American Optical Corporation, and Sections IV.1,, IV.2,
and IV.3 were funded by U. S. Army Missile Command, Redstone
Arsenal, Huntsville, Alabama under Contract No. DA-AH01-67-C-2343
titlod RESEACH IN GLASS LASER SYSTEK TECHNOLOGY.

This report was submitted by the author in January 1973.

This technical report has been reviewed and is approved
for publication.,

E-O Sources Group
Electro-Optics Device BranchElectronic Technology Division
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ABSTRACT

This report summarizes the design considerations and
experimental results obtained from four different disc lasers.
These devices were successfully operated as amplifiers and oscil-
lators at high average powers. The results were compared with
the performance of solid rods of both circular and rectangular
cross section. The thermal lensing, which limits the performance
of solid rods, especially under Q-switched operation, was es-
sentially eliminated with the disc approach.

With the disc amplifier, transmission and gain values
very close to those of solid rods have been measured. The single
pass distortions were reduced by over one order of magnitude,
which corresponds to an improvement in amplifier radiance of
about two orders of magnitude for the disc laser in comparison
to an equivalent solid rod. For Q-switched pulses, an average
output power of 110 W was obtained with the disc amplifier operat-
ing at 5 pps.

With the disc laser operating as normal mode oscillator,
an average output power of 420 W was measured with an improvement
in average radiance by a factor of 27 over that of an equivalent
solid rod at its fracture point.

The performance of disc lasers is limited by thermal-.
optic distortions in the coolant and by depolarization losses
observed in Brewster disc lasers. The depolarization losses can
be avoided With the normal incidence disc approach. To reduce the
-thermal-optic distortions in the coolant requires careful design
of the flow channels and. a coolant with a low thermal -ndex
coefficient.

.Initial problems such as disc holding techniques,
* mechanical and chemical stability,.uniform flashlamp pumping,

"coolant contamination, solarization protection and uniform flow
distribution have been solved, providing reliable performance of
the present:.devices over many hundred thousand* ot.
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SECTION I

INTRODUCTION AND SUMMARY

One limit to the average power capability of a solid
state laser is the cooling of the laser material. The tempera-
ture gradients in a solid laser rod generally cause radial index
gradients which give rise to optical distortions and finally
cause fracture of the laser material due to thermally-induced
stress.

One way to increase the cooling surface is to segment
the laser rod in a direction perpendicular to the optical axis.*
This also has the advantage of having predominantly axial tempera-
ture and index-gradients with minimal effect on the beam. The
problems most critical are the coolant and the mechanical holding
of the discs. A suitable fluid for cooling should be highly
transparent and unaffected by laser radiation and pump light. In
addition, a low theimal index coefficient of the coolant is
essential to avoid thermal-optic distortions in the laser. An
ideal coolant should also match the index of the laser material
to avoid unreasonably high reflection losses, or the use of coat-
ings would have to be considered.

Another approach is to segment the laser rod at
-Brewster's angle to avoid the reflection losses, but stress-

induced dopolarization will then limit the maximum output power.

The objective of this research effort was to investigate
these two approaches and determine their characteristics as
amplifiers and oscillators. During this program, two different
Brewster disc lasers (3-i and B-2) and an improved device (B-3)
were evaluated as well as two different normal incidence disc
lase-rs (N-I and N-2) and an improved device (N-3).** All these
devices were cooled with heavy water, since all other coolants
appeared to have excessive thermal-optic distortion, and in many
cases high transmission losses as well as poor resistance to
deterioration under flashlamp irradiation.

'U.S. Pat. No. 3,311,8J46, Dated 3-9- 1, Acrican Optical Corp.
*e"ilese devices were constructed and tested in the following

4. chronological order B-I, 1-I, f-2, V-2, B-5 and 8-5.

2.



The first Brewster disc laser (B-i) consisted of 30,
3 mm thick discs, mounted in a metal frame at Brewster's angle
to the optic axis. The discs had a 25 mm diameter clear aperture
and were optically pumped by two 165 mm long flashlamps. An all-
parallel flow through the 1.2 mm spacings was chosen, to allow
very high flow rates.

The first normal incidence disc laser (N-1) consisted
of 46, 10 mm thick discs, mounted in square Pyrex tubing normal
to the optic axis. The discs had an 18 mm diameter clear aperture
and were pumped by four 457 mm long flashlamps. A series-parallel
flow arrangement through the 1 mT. spacings of this device was chosen
to avoid steering of the beam due to temperature gradients along
the coolant path.

All the other disc lasers employ common hardware, con-
sisting of a 22 nmm ID square Pyrex tube, surrounded by four 457 mm
lo-g flashlamps in a close-wrap configuration. The discs for the
B-2, B-3, N-2 and N-3 all have a rectangular clear aperture of
17.2 x 21.7 amm, a thickness of 4.65 mm and are spaced 0.4 mm apart.
The discs were made from 3% Nd doped glass and are held by slots
in four stainless steel rails mounted in the corners of the square
Pyrex tube. These devices require 67 Brewster-angled discs or 91
normal-incidence discs. Series-parallel tlow is used in all de-
vices. The flow channels in this design are almost as wide as the
discs, which allows uniform flow and cooling across the disc
su•rfaces.

All these devices were evaluated, measuring passive
and active transmission, gain, threshold energy, sO.ope efficiency,
and passive and active single-pass distortions for variable flow
rates, repetition rates, coolant temperatures and beam diameters.
Data are presented on average output power, beamspread, average
radiance and thermal lensing, af a function of average input
power, and compared to like properties of comparable solid rods.

Theoretical analyses were made of the average radiance
capability of solid rods, tho flow distribution in disc lasers,
as well as the thermal distortions in disc laser elements, which
all agreed reasonably well with the experimental results.

Design considerations fo, disc lasers are outlined and
the results of tests on materials and components to improve system
life and performance are reported. The advantages and limitations
of the disc lasers are compared to other approaches and reccmmenda-
tions are made for further improvements.

2



The following table surunarizes the actual performance
of the B-3 and N-3 in comparison to our goals, which shows in
general., close agreement between the predicted and actual per-
formance values. Because of time limitations, the performance
of the N-3 as a Q-switched oscillator could not be evaluated.

Table I

DISC LASER PERFORMANCE

B-3 N-3

Goal Actual Goal Actual

Output Power W 300 300 360 420
d Input Power kW 20 30 30 35
0 Overall Efficiency % 1.5 1.0 1.2 1.2

Z Repetition Rate pps 3 3 3 3.5

; Output Power W 50 60 100 -
U 0 Output Energy J 10 10 10
o U Input Energy kJ 3 3.8 3 --

H Repetition Rate pps 5 6 10

Input Power kw 15 24 30 --

Output Power W 90 90 90 110
SOutput Energy J 30 23 30 22
i Input Signal 5 5 5 5
-P Input Energy kJ 10 6 10 6
SRepetition Rate pps 3 4 3 5
SInput Power kW 30 24 30 30

I3

.5



SECTION II

AVERAGE RADIANCE CAPAB?.LTTY OF SOLID RODS

The advantage of a laser over a conventional light
source is its high spectral radiance, which allows focusing of
its output beam to a small spot, generating extremely high power
densities and temperatures on a target or workpiece.

The average radiance of a solid rod laser is limited
due to an increase in bearmspread with input power, which is
caused by induced thermal lensing in the rod. Experimental
results on cylindrical Nd glass laser rods show about a linear
increase in solid angle beamspread and thermal lensing with
average input power. In this analysis the laser cavity is
treated as an infinitely long lens-like medium which allows
correlation of the induced thermal lensing to the solid angle
beamspread. From the experimental results available on thermal
lensing of different laser materials, the expected solid angle
beamspread of an oscillator cavity can be estimated.

The average radiance N oZ a laser is approximated byE11.

2A•)

where P = the average output power,

SA = the cross-sectional area of the laser beam,

and 5 the solid angle beamspread (full angle
containing P/2).

For typical pump and overall efficiencies obtained
with different lasers and for known laser material properties.
the described model provides a rough estimate of the average
radiance capability of solid rod lasers under CW or normal mode
operation for different laser materials and geometries.

I*CYLINDRICAL LASER RODS

•rhe radial temperature distribution of a cylindrical
laser rod, assuming uniform volumetric heating and uniform cooling
at the rod surface is given by [23.

I~ i "' " "



T = T- AT(r/R)2 (2)

S P.

With AT=Rk (3)

S P.

and = = I

where To = temperature in the center of the rod

r = radial position in the rod

R = radius of the laser rod

S= pump length of the laser rod

AT = temperature difference from rod center to surface

_ = volumetric heating rate

k = thermal conductivity

EP = pumping efficiency

Pi = average input power

The tangential stress a at the surface of such a heated
laser cod is given by [33

aE T

where E = Young's modulus

a linear thermal expansion coefficient

v Poisson's ratio

The maximum output power • of a solid laser rod can
then be estimated by

A (6)i-



ý-.aere so = overall efficiency of the laserZA
a = tensile strength of the laser material.

To determine the average radiance of a laser requires
an estimate of the angular beam divergence as a function of
geometry and input power. The parabolic temperature distribution
in the laser rod will result in the first approximation in a
parabolic index distribution of the form

n = no - An(r/R)2 (7)
with ~ dn(8

wJ "•ith An = d- AT + Y.Ba = CAT (8)

where no = refractive index in the ceiiter of the rod

An = index difference from rod center to surface

B = stress optic coefficients

C = material constant, combining the effects of the
index change due to temperature, strain, and
expansion in cylindrical rods.

A meeium with such an index distribution is considered
an ideal lens-.ike medium. A paraxial ray will pass through such
a me-lium in a sinusoidal path. The radial position r of a ray
entering the medtum parallel to the axis at the radial position
ro Is given by C.

r r0 c4o t2Anr (9)

where z is the. axial distance from the entrance face.

An. initi ally• pralel be=m entering this medium will
be focused inside th-3 medium at a distance

fa

*Ad r~tocused 4t axzi~adL stazkPe., of .f U 5fo etc.
• . . . . ' . *



An oscillator cavity with the mirrors very close to the
rod can essentially be considered as a folded infinite long lens-
like medium. At the output mirror, rays are incident with slopes
given by

nd RV n R

which range from 0 to V-a-

Since the beaxnspread of a laser is measured as the full
angle containingt one half of the output power, an averaging of
the above range of beam angles over the focusing length f and the
cross-sectional area A has to be taken in the form of

f R

ff 2~rrodro dz = Vý'ii (12)
iffA -r 37r

0 0

which essentially assumes that every volume element of the rod

contributes equally to the output.

The solid angle beamepread can then be approximated by

0 r 32 8~ n-C a(3
9r kir~~ pi (3

This equation is only valid where the beamspread is
mainly determined by the lensing in the rod. At low input powers
the beamspread is determined by the ratio of beam diameter to
cavity length and the optical quality of the cavity,, while at
high input powers,. the beamapread becomes independent of the rod
diameter.

With this model, the average radiance for different
.laser materials and laser rod dim-an ion can be estimated by

V Pi 9r2 k toiJ~

The average radiance for CW or repetitively pulsed normal mode
operation is in tho first appoxr ion ineednt of the average



input power as was found experimentally. Since the overall
efficiency CO is proportional to the pump efficiency 5e,, the
ratio S-0/ep can be replaced by a conversion efficiency e which
takes into account the cavity and quantum efficiency as well as
the losses due to off-axis radiation, threshold, etc.

The term k/nC depends only on the laser material and
can be used as a figure of merit, assuming laser rods of the
same geometry can be fabricated.

The constant C has been calculated for different laser
materials, and approaches the dn/dT value for crystalline materials,
where the effects due to strain and expansion are subordinate.
However, this constant can also be determined experimentally
measuring the effective focal length of the laser rod as a function
of input power. This effective focal length f. is given by

fo o R (15)'

=I-2AnI

which is only valid for I << fo.

Substituting (8), (3) and (4i) in (15) results in

C k (16)

with quantities which can be measured quite accurately.

Substituting (15) or (16) in (13) resul.ts in

.16 nR217

which provides a close correlation of the effective focal length
to the solid angls beamspread1.

a.. Experimental Results

The effective focal lezngth of different laser materials
an a function of intput. -oo as been umeasuared by. several investi-
gators M583. Data about the' change in-solid angle beuaspread



with input power, however, are scarce. We have measured the
effective focal length and the solid angle beamspread as a
function of input power for Nd-doped laser glass and find good
agreement of our results with our estimates, which supports the
validity of this model, correlating the effective focal length
of a laser rod to its beam divergence as an oscillator. Most
measurements were taken with a 18 mm OD laser rod of 3% Nd-doped
AO C1020 laser glass, pumped by four linear flashlamps with an
arc length of 457 mm in a close-wrap configuration. The solid
angle beamspread of this device was found to increase linear
with input power at a rate of 1.1 x 10-1 sr/kW. The induced
thermal lens power of this rod was also measured using a 63284
He-Ne probe beam. The optical power was also measured to increase
linearly with input power, at a rate of 0.73 diopter/kW. Calcula-
tions of the C value for this laser glass indicate a lower thermal
lensing than for 01 ED-2 laser glass. This difference is mainly
due to the negative dn/dT value for AO glass, which partially
compensates for the stress-optic effects and makes this glass
semi-athermal. For ED-2 glass, the dn/dT value is positive,
which does not compensate but adds to the stress-optic lensing.

Measurements taken with 12.7 mm diameter rods at 1.15 4m
wavelength resulted in a linear increase in thermal lensing with
input power at rates of 0.8 and 1.3 diopter/kW for AO and 01 glass,
respectively.

To determine the C values for AO and 01 laser glass, the
pump efficiency was measured from the heat dissipated by the laser
rod in the cooling system.

For the 18 nu OD rod, a pump efficiency of 15% was
measured, while the cavity used for the 12.7 mm diameter rods
was only about one half as efficient. From these measurements
C values of 2.0 and 2.2 x 10, 0C"1 were determined for AO glass
at 632 8A and 1.15 pm wavelength, respectively. Calculations of
the change in optical pathlength at 1.06 Wm due to thermal index
change, strain and thermal elongation yield C values of i.4 and

Ji!4 2.5 X i1O'6 C-1 for tangential and radial polarized light, re-
spectively. The average calculated C value of 2 x 1O' 0C'

_• agrees well with our measured values.

The measured C value for O glass is about 5 x 10"6 0 c'l
or 2.5 times larger. than, for AD glass,. which also agrees well
with our estimates.

The the:mal lensing of 6.3 M OD YAG and YAl0, rods was
measured in cavities with about 5$ pump efficiency by several

. • .. .. " : ii i•ii" .9
• .



investigators using 6328X probe beams. The results average to
about 0.5 and 0.7 diopters/kW, which corresponds to C-values of
7 and 10 x 10-6 0 C-1 for YAG and YA10 3 , respectively. For YAG,
C-values of 6.9 and 9.7 x 10-6 'C-1 were calculated for tangentially
and radiallypolarized light, respectively, which is within the
accuracy of the measured value.

The data available on beam divergence of YAG oscillators
are difficult to compare with the lensing data, because the
thermal lensing was only measured at 63281 and the beamspread
was taken with the mirrors of the cavity relatively far removed
from the ends of the rod in comparison to the length of the rod.
For extended cavities, the beamspread is probably somewhat lower
than for very short cavities, assumed in this model, because of
some spatial mode selection.

From data available on 102 mm YAG rods, the measured
solid angle beamspread is about 30 4sr per kW input power. With
Eq. (13) the C value for YAG at 1.06 Vm can be estimated at
4 x 10-6 0C- , which is reasonably close to the value obtained
from the thermal lensing measurement at 6328J.

For calcium tungstate only very limited performance
data are available. For a 76 mm long crystal in a pump cavity
with about 5% pump efficiency, a solid "nglt beamspread of 60 4sr
per kW input power was estimated, which corresponds to a C value
of approximately ?-.I Y l0"6 *C-. This value is low in comparison
to the dn/dT value of 4.6 and 7.7 x 10-6 *C-1 for the ordinary
and extraordinary ray, respectively.

For 102 mm long ruby crystals, a solid-angle beamspread
of about 30 4sr per kW input power was measured in pump cavities
with about 8% efficiency. The resulting C value of 10 x 10"0 C-
is reasonably close to the dn/dT value of 15 x 10-0 "C-1.

In Table II, properties of different laser materials
are summarized, as well as average C values and typical efficien-
cies. To compare the average radiance for the different materials,
practical values for the cross-sectional area and length of the
laser rods have to be determined. Since the radiance is propor-
tional to I/A, the longest but thinnest possible rods 'should be
used. However, 'there are practical limitations. The pump ef-
ficiency falls off about linearly with diameter for rods of less
than 6.3 mm OD because the rods become optically too thin even
at maximum doping levels. In order to maintain a high overall
efficiency, rods wiL 6.-3 m diameter were. chosen for this

comparison.

•-. .... t0
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Glass laser rods can be fabricated with lengths of
several meters. However, the overall efficiency was found to
have a maximum for glass rods with an aspect ratio of about 40:1.
Here again, rods with about 30 cm pump length were chosen for
!'.ximum overall efficiency. For crystalline materials, it is
difficult to produce rods of this length, or at least very ex-
pensive. However, rods with 10 cm length can be produced econo-
mically.

with these considerations, the maximum output power at
the fracture point of the rod can be estimated as well as the
expected average radiance. The maximum output power can usually
not be realized for long-term operation. For laser glass the
maximum power is limited to about 20% of the fracture level be-
cause at higher thermal loadings, permanent optical inhomogeneities
are induced, which reduce the efficiency. For crystalline materials,
the maximum output power is usually limited by the lamps. For arc
lamps of about I cm bore diameter, long lifetimes can be expected
for input powers below I kW per 25.4 mm arc length. In double
elliptical pump cavities with 102 mm arc length lamps, an average
input power of 8 kW is available, which corresponds to an output
power vf about 200 W for YAG and YAl0 3 , and about 100 W for ruby.
These estimates agree well with measured performance levels.

At these typical output levels, the thermal focusing
length is about equal to the length of the glass laser rods, but
about twice the length of the crystalline rods.

The average radiance obtainable from 6.3 mm diameter
rods of different laser materials is well within one order of
magnitude, ranging from 0.17 to I MW/cmasr. The experimental
results are all within a factor of 2 of the estimated values
given in the table, which could be caused by an error of ±%•
in the available beamspread data alone. Uncertainties also
arise from the use of data taken with extended cavities, which
tend to reduce the beamspread and increase the radiance. How-
ever, the cavities can only be extended to a lengLh equal to
twice the thermal focusing length of the rod. Beyond this point,
the cavity becomes unstable and off-axis losses reduce the over-
all efficiency,

Z.i The average radiance can also be increased by compensa-
tion for the induced thermal lensing. This is most effective,
where the thermal focusing length is long in comparison to the
length of the laser rod. However, at typical output levels, the
focusing length is close to the length of the laser rod, which
requires comp$nsation at both ends of the rod. This approach
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allows increase of the average radiance by up to one order of
magnitude.

Another approach to increase the average radiance is
to pump many thin rods in a single pump cavity. Such a "fagot"
laser allows reduction of the diameter of the individual rods to
less than 6.3 mm OD while still maintaining a high pump efficiency.
The average radiance for the total output beam of the fagot laser
is usually about one half or at best equal to the average radiance
of the individual rods, because the area of the total output beam
is larger than the total cross-sectional area of all rods. The
full advantage of a fagot laser can only be realized if the indi-
vidual output beams are also used individually, for example, for
multiple spot welding or drilling applications. However, to
obtain equal output from each rod requires individual mirror ad-
justments for each rod, which makes this approach less attractive.

2. RECTANGULAR SLAB LASERS

This approach provides a larger cooling surface and
essentially a one-dimensional temperature gradient across the
thickness s of the slab. The temperature over the width w of
the slab is approximately constant up to about one half thickness
from the edge. Since the resulting index gradients are also one
dimensional, efficient operation with a polarizer in the laser
cavity is possible, since the birefringence of this geometry is
much lower than for a cylindrical rod. Compensation for thermal
lensing is also easier since only one cylindrical focus exists,
while for the rod the thermal focusing length is different for
radially and tangentially polarized light.

The temperature distribution across the thickness of
a uniformly heated and surface cooled slab is parabolic with a
temperature difference from the center to tbs surface given by

~s8k ik w!18

The tangential stress-as at the surface of a heated slab is

2cxE: (19)

3 (1-v),

which allows estimation of the maximum output power at the fracture
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point of the slab to

A SOw 1.5 w 0PS = S0Pis - - 1E (20)

A slab with a width-to-thickness ratio of greater than
V/1.5 6 2.1 has superior output power capabilities in comparison
to a rod of the same length.

The temperature distribution in the laser slab results
approximately in a parabolic index distribution which gives rise
to a cylindrical lens power in the slab with a focusing length of

fs s (21)

where An = Cs AT . (22)

For an infinite slab of isotropic material

C a- + (Bi- B,.) E (23)
dT

For a rod of isotropic material the C values for radial
and taagential polarized light are

Cr d+ (Ru ++ (24)

dn___
and Ct + (3 B + 5 (25)

Only for AO glass is the Cs and the average C value
appreciably different (3.3 versus 2 x I0•-6 0C 1 ) because of the
"athermalization of this glass, For crystalline materials, the
C. and C values are essentially equal to the dn/dT value of the
material..I,.,
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A slab oscillator exhibits an increase in beamspread
mainly in the direction across the slab thickness. To estimate
this beamspread requires averaging of the beam angles incident
on the output mirror by

SF 2w dy dz = (26)

0 0

with •s -n -y = 2y 4j--n-s sin 2nns 2z (27)

s dz s vnn

and 0s = V (28)

where y is the distance from the central plane of the slab.

The solid angle beamspread can be approximated by

0 -w nCs
O 2 0 ý! 6 (29)

where 0w is the beamspread in the direction of the width of the
slab. measured with a slit containing one half of the output
energy. Since a rectangular aperture with an acceptance angle
of Owy@s would only transmit about one quarter of the output
energy, the solid angle beamspread 0 , which is defined as con-
taining one half of the output energy, is about twice the product
of Ow and is" This equation is again only valid where the beam-
spread is mainly determined by the lensing in the slab.

The average radiance of a slab laser under CW or

repetitively pulsed.operation can then be estimated by

so Pi rg rfTI Li
N K 8 yn 8 A (so)

To compare the perforimance of slab lasers to cylindrical
rods, practical dimensions for the slab have to be determined.

.q The thickness Of the slab is'again choseon to msaintain a high over-
all efficiency. Slabs with a thickness of 3 u were found to be
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as efficiently pumped as 6.3 mm rods in the same pump cavity. In
order to compare 3 mm slabs with 6.3 mm rods, the cross-sectional
area and length for the slabs and rods were kept equal, which
resulted in a width for the slab of 10 mm. For a 3 x 10 mm slab,
the maximum input power capability is 1.5 times higher than for a
6.3 mm OD rod.

The ratio in average radiance of the 3 x 10 mm slab to
the 6.3 mm rod is

N L__ /C2 P (31)

N jkC p'*ws

assiuming the same overall and pump efficiencies are obtained.

For crystalline materials, whore the maximum input
power is limited by the lamps to about 8 kW, as discussed earlier
and C. f C, an order of magnitude improvement in radiance of
3 N 10 x 100 mm slabs over 6.3 mn OD by 100 mm long rods can be
expected, assuming the beamspread Ow rmnains below 3 mrad.

From measurements taken on 2 x 6 x 75 mm glass slabs.
the boamspread Ow was found to increase only slightly with input
power from about 2 to 3 mnrad. while the beamspread across the
thickness of the slab increased from 2 to 8 mrad, at 1.5 kw input
power. With a pump efficiency of about 6% for this cavity, the
calculated beamspread *s agrees well with the measured values.
Good agreement of the calculated and measured beamspread is was
also found on 3 Y 10 x 230 mm and 5 * 20 . 165 mm glass slabs.

With the 3 Y 10 x 230 mm slab, a larger increase in the
beamspread *w with input power was measured than observed on tho
2 ) 6 x 75 mm slab. Some increase of the beamspread *w with input
p tor it expected, since the width-to-thickness ratio of these
slabs is only about 3:1. This means that 1/3 of the slab cross
section is influenced by the edges, similar to a rod, and only
2/3 of the slab cross section can be approximated by an infinite
slab. It is desirable to increase the width-to-thickness ratio
to at least .5:1 in order to reduce the edge effects.

For 3 x 10 x 300 mm slabs made from AO laser glass, an
order of magnitude improvement in radiance over 6.3 Mu OD by
300 mms long AO laser glass rod can be expected at an input power
of 1.2 kW. Higher input powers would again result in induced
permanent optical distortions, as discussed earlier. At 0.5 kW
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input power an average radiance of 1.2 MW/cm2-sr was measured,
which agrees v-ell with a calculated radiance of 1.5 MW/cm`-sr
assuming ?Pw re•mains constant at 2 mrad. The somewhat lower experi-
mental results are due to the edge effects.

Since the 4nput power for laser glass is limited to
about 20% of the fri~cture level, the maximum radiance for a glass
slab can be estimated by

N 2.4 kA5 a -_(2
s S Sn aE

Pw p s

which is independent of the width of the slab as long as the edge
effects can be neglected. Since I and s are limited to about
300 and 3 mm, respectively, to insure efficient operation, the
maximum radiance for a slab of AO glass is about 2.5 MW/cm2-sr.

This value could again be improved by compensation for
the induced thermal lelising or by the use of thinner multiple
slabs.

This analysis allows a rough prediction of the average
radi ance capability of solid rods under CW or normal mode operation.
However, under Q-switched operation, limitations due to damage of
the laser material caused by focusing of the laser beam within
the cavity, reduces greatly the average output power capability
of solid rods.

Since the cylindrical rod and the rectanglar slab laser
are both limited in average radiance by index gradients transverse
to the beam, the performance limits of disc or axial gradient
lasers were inv-estigated.
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SECTION III

GENERAL DESIGN CONSIDERATIONS

To overcome the limitations of solid rod lasers as
dc'scribed in the previous section, the axial-gradient or disc
Iaser provides an alternative solution. A disc array is a
logical design approach for high average radiance or high average
power. Q-switched lasers.

The thermal-optic distortions in the laser material of
a disc laser will certainly be greatly reduced, because of the
better cooling capabilities. However, the coolant itself can
introduce thermal-optic distortions, which are greater than those
climinated in the solid laser discs. This is due to the high
Lhermal index coefficients for most liquids, which are in general
about two orders of magnitude larger than for solids. The design
of the coolant flow channels is therefore most important, in order
to minimize the thermal gradients in the coolant. A high coolant
flew rate and a uniform flow distribution in the disc array with-
out generating excessive pressure losses, is most desirable.

The methods of holding the discs should allow a uniform
flow distribution between the discs without compromising pumping
efficiency, pump uniformity, ease in assembly and manufacture of
the components. Maximum efficiency will result by using holding
materials which are transparent to, or at least vignette a
minimum of, the pump light and a design which allows close coupling
of the disc array with the flashlamps.

In the desion of a disc laser, several conflicting
requirements have to be satisfied, to arrive at a reasonable
compromise.

To avoid thermal-optic distortions and fracture of the
discs at maximum input power, the discs should be as thin as
possible. However, this would require more discs for a given
active pump length and more--disc surfaces, which would increase
the interfacial losses and the beam distortions due to surface
imperfections.

The flow channels should be as narrow as possible to
reduce absorption losses in the coolant between discs and to
keep the inactive volume within the pump cavity small. However,
narrow flow channels would reduce the coolant flow rate for a
given safe operating pressure and increase the thermal-optic
distortions in the coolant.
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To avoid steering of the beam due to thermal gradients
along the coolant path requires alternating flow directions
across the disc surfaces. An all-alternating flow arrangement
would provide a uniform flow distribution but requires an excessive
high pressure drop. A series-parallel flow arrangement requires
a much lower pressure drop, but provides also a less uniform flow
distribution.

During this development program, several different disc
lasers were investigated to determine the relative importance of
these requirements in order to optimize the overall performance
in a well-balanced design.

1. FLOW DISTRIBUTION IN DISC LASERS

Since -a uniform flow distribution was found to be most
important in disc laser design, a more detailed analysis of the
flow distribution for the final disc design became essential.
This analysis was derived in general. for series-parallel flow
arrangements as shown in Fig. 1, but in particular carried out
for the N-2 design as outlined in Section V.2. This model was
used to obtain some correlation between the pressure drop, flow
rate and uniformity of the flow distribution for different geo-
metries of the flow channels.

This approximation does not take into account accelera-
tion and deceleration losses of the fluid as well as pressure
losses caused by the right angle turns of the flow between the
longitudinal and transverse flow channels.

Assuming a parabolic flow distribution with z being a
measure of the uniformity of flow, the localized flow rate Ox can
be calculated by

VX dVX V (x 2zx2 + z x'3)/,(i Z) (33)
0

where V is the total flow rate.

Since the flow distribution is symmetrical with minimum
flow in the center and maximum flow at the ends of each section,
the flow and pressure drop ratio of the center disc in respect to
the end disc will determine the maximum nonuniformity. The
pressure drop for the center disc is
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APO. APO-APL + 2 (P o-P) (34)

The pressure drop along a flow channel of length L,
cross-sectional area A and effective diameter D is given by [6].

L 2• 4A
AP = p P- TDvwith D = u and v = A (35)

where 0 represents a coefficient of flow resistance, P the density
of the fluid, v the mean flow velocity and u the circumference of
the channel. For laminar flow with Reynolds numbers of less than
103 the value for

64 with Re Dv (36)
Re v

where v is the kinematic viscosity. For turbulent flow close to
the transition region with Reynolds numbers from 103 to 101, an
average value of 0 f 0.05 was applied for these estimates. For
heavy water, and converting from the cgs system to psi, GPM and
mm, the pressure drop for laminar flow is

A P "with K 0.29L mP m (37)
lain " D2A V ihK .9GPM

and for turbulent flow from 10' < Re < 10' about

L K" 15 G4 ms' (38)
AKturbK D- V with K 15P(

For the case of all turbulent flow in the disc laser,
the pressure drop along the longitudinal flow channel can be
approximated by

L V~L X
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The ratio of pressure drop from center to end is then

APO. (6 ) (i-z)2 i - -2 PO.-POAPL (40)

o \do / L APo

with Po.r-Po V2 dx 1 - O.zz + 0.3z2- 0 ... - .[. .... Z+ I
APL f V, dx L1 -1.4z + o.5z

0

Evaluating APJ/APO as a function of z allows a close approximation
in the form of APL/APo m 2z which relates the ratio of pressure
drop along the longitudinal and first transverse flow channel to
the uniformity of flow. For APL << APO the flow is uniform with
z % 0. In order to obtain a flow distribution uniform to within
25%, requires APL w 1/2 APO, which was used as a design criterion.

For m sections with n transverse channels each, the
pLessure drop along the longitudinal and first transverse flow
channel can be estimated by

APL - v' (1 - 1.4z + 0.5z2)/(3-2z) (42)

APO KTAýo K 'T~n12/ for x <<« (43)

L L

with LK ; K L (44)

b band KT K K (45)

where L is the pump length of the disc laser.

From this we can relate the dimension and number-of
"flow channels to the flow uniformity by

(I - 1.z + 0.50')(1 - z) - 2z (46)
*APO 3m b a8 ' 3
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is

For L =460 mm, s = 0.4 mm, b s 20 mm, n • m 90 and
z = 0.25, we obtain

16 mm
M = -6a m ý 7 (417)a

which determines the number of sections req'uired for a given
width of the longitudinal flow channel, to obtain a flov, distribu-
tion uniform within 25%.

So far, only all-turbulent flow wa. considered, which
was actually not obtained because of relatively high pressure
losses in the cooling system.

For the more typical flow rates of I GPM through the
N-2, the flow in the transverse flow channels is laminar and in
the longitudinal flow channels turbulent. A similar analysis can
be made for this case, which results in a better flow uniformity
than estimated from the all-turbulent case, because the ratio
APL /AP0 becomes smaller. However, the flow uniformity is no
longer independent of the flow rate. The number of sections
required for the N-2 design with z = 25% and V = 1 GPM is for
this case,

m CI1 ZGpM 3 (48

For the case of all laminar flow, the flow uniformity is again
independent of flow rate and is related to the geometry of the
flow channels by

- nLs" ~
1-z mba--

The number of sections required for the N-2 design with z 254
is for the all laminar case,

m aa 6. (50)

which again indicates a better flow uniformity than estimated
from the all-turbulent case.
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From this analysis, the total pressure drop for the
all-turbulent case can be estimated by

AP m(AP + AP 0 ) = m(1 + -L) APL f(z) iVý2

(51)

with f(z) (1-1.4z + 0.5z7) 1 + 1/2z
3-2z

For the N-2 with 8 sections as described in Section V.2,
the estimated total pressure drop is then

A 111psi (52)

From the flow characteristic of the N-2 as shown in Fig. 3, a
value of 1.6 psi/GPM2 was measured, which is in reasonable agree-
ment with our estimate. The difference in these values might be
explained by the pressure losses caused by acceleration and de-
celeration of the fluid.

For a better understanding of the magnitude of these
pressure losses, one section of the N-2 design with n 11 was
evaluated for a flow rate of I GPM, assuming a uniform flow
distribution.

The acceleration losses were approximated by "7]

AP= K v2 m 3.6% 10-8 psi V AV
A2 C

with K I AV
c 2 v

where v is the higher flow velocity and Av the velocity difference.

The deceleration losses are given by

p 7.2 x 10-6 psi (54l)
SD)

S.
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The pressure loss in the transverse flow channel for

laminar flow was estimated at

APT 0.75 2-s- - 0.07 psi (55)

and the pressure loss along the lontitudinal flow channel at the
ith disc by

AL (n (56)

Figure 2 shows the calculated pressure losses at different
locations in the N-2 disc laser section in 10' psi values. The
total pressure losses per N-2 secLion for the different coolant
pathways are also given. The average of these values is 0.186 psi,
which agrees well with the measured pressure loss of about 0.2 psi
per N-2 section. This analysis results in a non-symmetrical flow
distribution, which has a maximum flow rate approximately in the
center of each section and a minimum flow rate through the first
spacing following the flow entrance.

0.1 1. 4; CV1 At4, C.? -14, 1 1'1.4i 1,9 -1.4-* ý.7 -1.4' , 11,41 4.N ',43 1 .- U 0,41 7",5 IA:4 9

t1 O.N 1411b.0- 440 114463.484.21 1.7

'O t" I~ k

0 l tq4 14." 173.3 173.0 174s. 1 192,6 207.4 220..

AVERA6E PRKSSUR[ LOSS, PER NI - SECTION 186 13I PSI

Fig. 2 Localized pressure losses in 10-3 psi
for one K-2 disc laser section

To reduce the acceleration and deceleration losses as
shown in Fig. 2, the coolant flow velocities should be equalized
by graduating the longitudinal cooling channels as shown in
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Fig. 13 for the N-I design. With this approach a well-balanced
flow distributicn can be obtained.

Since the recovery time for the thermal-optical dis-
tortions was found to be about equal to the time T required to
exchange the coolant in the device, as described in Section VI.2,
the repetition rate will be limited by the maximum flow rate,
which in turn is limited by the safe operating pressure of about
10 psi in the square Pyrex tubing.

An estimate for the bursting pressure of the square
Pyrex tubing indicates failure at 56 psi, primarily due to bend-
ing stresses in the corners of the tubing. This estimate is in
reasonable agreement with the experimental results on several
tubes, considering the variations due tc, surface imperfections
and annealing conditions.

To reduce the recovery time for the thermal-optic
distortions, the time to exchange the coolant in the device has
to be reduced, which can be approximated for reasonably uniform
flow by

2ALL LL psi

---- f (O se fý) C-MS-- 7i (5'

For the N-2 and for AP s 10 psi, this results in a minimum
recovery time of about 0.2 see. The most effective way to in-
crease the repetition rate would be to reduce the pump length L
of the device. However, Nd glass lasers with a low aspect ratio
are less efficient because of a lower pump- and cavity efficiency.
A high gain material like Nd-YAG would be ideal for a short pump
length, allowing an increase in repetition rate of over an order
of magnitude, up to 50 pps.

The flow characteristics for other disc lasers are
also shown in Fig. 3. The measured pressure drop for the Brewster
disc laser B-2 and the normal incidence disc laser N-2 were about
the same for the same number of sections. For the B-2 the pressure
drop was found to be approximately proportional to the number of
sections and could be expressed in an empirical form by

-P 01 (58)

which agrees in general well with Eq. (51), since an evaluation
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of f(z) as a function of m results in an approximately linear
relationship.

(M%8)

--~ / -

;aa

CL N-2
B-2

CL

'I - a •

: Fig. 3 Plow characteristics of di sc lasers
for D•O

S~In order to obtain some experimental information about
: flow uniformity of the B-2, a small amount of ink was suddenly

introduced at the flow entrance and the change in transmission
through the device recorded.

i: This test is very sensitive to non-uniformities in flow
-" since a very small amount of ink remaining in the disc laser keeps
• •- the device essentially opaque. The recovery time with the iml:
i• tout was again found to be inversely proportional to the flow

I .. •rate but about three times longer than the recovery time for the
,• thermally induced optical distortions. For different flow con-

measured to be about inversely proportional to the square root
of the number of sections in 'the D-2.. However, the recovery time"
was found to be almost independent of the numbers of sections in-.
the B-2 for constant pressure drop across the device. •:
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From these measurements, the recovery time for the ink
test can be approximated by

7.5 sec GPM s 3.2 sec (59)~t

in reasonable agreement with equation (57), which is only valid
for relatively uniform flow distributions.

2. THERMAL CHARACTERISTICS OF DISC LASERS

For a better understanding of the behavior of the disc
laser under single and repetitively pulsed operation, the thermal
decay rate of the discs and the time required to reach thermal
equilibrium were estimated and compared to experimental results.

The temperature profile during cooling at the surfaces
of an initially uniform heated infinite plate of thickness d can
be caluclated from Eq. (13-35) given by [6].

E 4 0. e-t/T 1s e-8t/T cos3 +1 e24t/T cos 5*

(60)

with G0 initial temperature difference

T -thermal decay rate

a 0.54 x 10" '- thermal diffusivity of glass
s

TXand
* a;

with x'= 0 at the center of the plate.

Thý thermal decay rate for the discs of the B-2 and N-2
is T d4seconds*

For' repetitively-pulsed operation a uniform temperature
increase of is added to the remaining temperature profile of

.-ii, ,,• " "
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the previous pulses. The temperature at the center of the disc
just after the second pulse is

4 e-t/T 1 -8t/T
e02 = 1 + 0 with e0= T e -T e + . 0 = q 00,

(61)
For n pulses the center temperature On can be approximated by

n-i

-0nq G q n 1 (62)en -- Fa =% q
0

with the final temperature

0 - 0
0 /1-q . (63)

The number of pulses required to reach 90% of the final tempera-
tur• is then

in 0.1 (64)
n0.• =1 'nq (

For a repetition rate of I pps we obtain q 0.95 and
"n,.0 , 46, which corresponds to a time required to reach 90% of
thermal equilibrium of 46 seconds.

This estimate results in an upper limit for the thermal
equilibrium time since only the temperaturv at the center of the
disc is considered instead of the complete temperature profile.

For a closer approximation, the average temperature
across the disc is used which can be determined by

So2_f /2o ; j _ -24t,
Se d• ~ ~% 0 a-80, •" ÷"

0
S• ° (65)
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For a repetition rate of 1 pps we obtain q = 01/00 = 0.64
and no.9 0  6.2, which corresponds to a time required to reach 90%
of thermal equilibrium of 6.2 seconds.

This estimate provides a lower limit for the thermal
equilibration time, since the heat in the center of the disc is
transferred to the edge of the disc by the averaging process of
this model.

A temperature ratio between these two extremes is pro-
bably the best approximation. With q w 0.85 the time required to
reach 90% of thermal equilibrium is about 15 seconds.

The time required to reach 50ý of thermal equilibrium
at 1 pps ranges from 2.5 to 14 seconds with an average of 5

ecýC'onds, which is in reasonable agreement with the experitiental
results.

To estimate the dissipated heat in the disc laser devices.
the temperature difference between coolant inlet and outlet was
measured, when the devices were repetitively pulsed. At a flow
rate of 5.5 1/min, this differential temperature increased by
0.4OC per kW average input power for both the B-i and N-i. With
the specific heat for heavy water of 4.2 Ws/g"'C, the ratio of
dissipated heat output to electrical power input is about 15ý.
Since these results were the same for both devices, it was assumed
that 15% of the input energy was absorbed in the laser glass.
This implies that either the fraction of pump light absorbed in
other parts of the device compensates the heat loss from the device
other than through the coolant, or that these effects are negligible.

3. THERMAL DISTORTION IN DISC LASER EL4EMNTS

The subject of thermal distortion from radial tempera-
ture variation in long glass laser rods has been studied exten-
sively heretofore [8,9). Also, as a special problem, the more
complicating effects in a finite region from the end which do not
submit to a generalized plane strain solution have been investigated
for both unclad (10] and clad [11) configurations. It appears
though, there has been no previous attempt to examine carefully
the thermoelastic behavior of the disc and accompanying optical
effects that result under typical conditions of temperature.
Eviden~tly, the disc constitutes only a special case of a finite
length rod in which the geometric parameter of length to liameter
ratio is much less than one. If conditions of axisymmetric
temperature exist in the disc, then, the stress-strain distribution
may be obtained from the same expressions that were derived for
the ends.
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The computer program solution developed previously using
a finite difference technique for solving the representative stress
functions in the short cylinder was again used in the present work.
An example of thermal loading has been employed in which the tem-
perature function corresponds to steady-state behavior. This
behavior is typical only under high repetition rate conditions
wherein the thermal decay time is long compared to the time be-
tween successive pulses. The analyses are also based on assump-
tions whereby the heat is deposited uniformly over the volume of
the disc and the cooled surfaces maintained at nearly constant
temperature. Heat flow, in turn, will be symmetrical with respect
to the axis of the disc. In practice, these conditions are virtual-
ly achieved if the convective heat transfer film coefficient is
maintained sufficiently high at the solid-liquid interfaces.

Of primary interest have been solutions to the optical
distortion effects in discs with a cooling environment which
stimulates existing or anticipated conditions during operation
of the laser. Evaluations have been performed, therefore, on
20 mm diameter by 3 mm and 10 mm thick segments, which although
simplified from the actual square cornered geometry of the B-i
and N-i discs, represent approximately the configuration on which
experimental data would be obtained. Construction of the actual
system provides for some coolant flow on all sides of the discs
thus establishing both radial and axial heat flow. By analytical
means, the two-dimensional temperature pattern was determined
making first the following assumptions:

(i) Fifteen percent of the energy input to the
device would be deposited uniformly throughout
the discs.

(2) The cooled surface of the disc would be main-
tained at a reference temperature of zero.

The following expression, then, gtven by Carslaw and
Jaeger C12] provides a solution for temperature distribution in
"the disc:

10 [(2n1

(r~z)2k o (2n41 1) 0 [(2n+i)a

(66)
0

where q, the volumetric thermal loading, has been based on total
e.ectrical input into the segmented device, d is the thickness,
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R, the radius of the disc, and K, its thermal conductivity. Is
is the modified Bessel function of order zero.

Having computed the temperature distribution for a
representative axial cross section, the value of temperature at
regularly spaced intervals, constituting a finite difference
mesh, was subsequently introduced into the stress program to
obtain the complete stress-strain distribution. These i-esults
were employed finally in determining the optical pathlength
changes at radial stations across the disc by numerically inte-
grating the following expressions from 0 to d/2.

d/2 d/2
AP(r) = (n-n')f z(r,z)dz -f [ar(r,z)B11 + (a (r,z)

o 0

+ z(r,z))Bi] dz + na n d/2 T(r,z) dz (67)
0

APr)d/2 ~ fd/2 z)AP* (r) (n-n') d/2 Ez (r,z) dz - d/2 Ca (r, z)Bjj

0 0

d/2
• (ar (r,z) + a (r,z))Bi3 dz + na T(r,z) dz (68)

AP* and AP* are the pathlength changes for radial and tangential

polarization over a half thickness of the disc. art ae% a. and 6Z

are radial, tangential, and axial stresses and axial strain,
respectively. Bu and B.L are stress optic coefficients. T, On,
n and n' are temperature, thermal index coefficient, index of the
disc and index of the immersion medium, respectively. The first
integral will be referred to as the axial surface displacement,
w(z).

When the results are plotted for various radial positions,
r, the curves produced will identify the wavefront forms for the
two polarizations. The effects of dices imersed in. air will be
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different from discs immersed in water and this is accounted for
by proper assignment of the index value, n', in reducing Eqs. (67)
and (68). To find the total distortion in a full array of discs,
one must simply multiply the values obtained by the proper number
of half-sections which constitute the complete system.

The single disc results are described in Figs. 4 and 5.
In Fig. 4, the stress distribution is given for 10 mm discs along
the cross-sectional planes Z/L = 0, z/L = 0.4, z/L = 0.8 and
z/L = 1, where L = d/2 and assuming all surfaces are cooled.
These results depict the non-uniform state of stress which exists.
Maxima in the tensile stresses occur, as one would expect, at
central locations of the surfaces coincident with the quadrant
reference axes, r and z. The stresses also appear to be of
approximately equal and opposite magnitude at the center of the
disc wbere the field is strongly compressive. The maximum surface
tensile stress exhibited of about 3,000 psi shows, at a loading
of 3.2 W/cm' , the disc to be near 30 percent of its fracture
level assuming 10,000 psi the limit of the glass. Lowering the
stress level becomes significant when the thickness of the disc
can be reduced. The maximum stress occurring in a 3 mm disc
(computed, but not shown) at 3.2 W/cm3 loading is only 300 psi
or about 3 percent of its fracture limit. The results for a 10 mm
disc in which only axial cooling is effective, the circumferential
surface being insulated to heat flow, showed that a maximum tensile
stress would be developed of 3600 psi. The one-dimensional axial
cooled disc exhibits somewhat higher stresses because overall
temperatures increase due to diminished surface area for the cool-
ing, and consequently greater internal expansion of the material
occurs. At a thermal loading of 3.2 W/cma, the temperature dif-
ference between center and edge of the 10 mm thick discs is 51 and
S42'C for the cases of axial cooling and axial and radial cooling
respectively. For the 3 mm thick disc this temperature difference
is only 4.6"c for both cases of cooling.

Plots describing the optical pathlength change in
typical AO 3835 laser glass for radial and tangential beam polari-
zations for 10 mm and 3 mm water immersed discs appear in Fig. 5.

Since the optical distortions in the rx-i were measured
at 0.63 .&m wavelength and the thermal index coefficient
an =I/n(dn/dt) varies from -0.86 to -2.2 x 10"' °C' for wave-
length of 0.65 ým and 1.06 p•m respectively, the change in optical
pathlength was calculated for both wavelengths. Fig. 5 shows how
the mode of cooling introduces characteristic patterns which
influence the birefringence as well as degree of optical power.
When radial and axial -ooling are both effective on surfaces of
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the disc, the predominant lensing behavior will be positive at
0.63 ILm wavelength. When no cooling takes place at the radial
boundary, the optical power produced by the axial cooling alone
will be negative for the central part of the discs and positive
for the outer zones. In this case, the radial distortions are
the same for 0.63 and 1.06 pm wavelength. For the case of axial
and radial cooling of the 10 mm thick discs and for 1.06 pLm wave-
length, the induced optical power will be predominately positve
or negative, respectively, for the radial or tangential beam
polarization. However, the average induced optical power for
AO 3835 laser glass at 1.06 pm wavelength for both beam polari-
zations and both modes of cooling is well compensated and practi-
cally zero because of its large negative thermal index coefficient.

In order to make a comparison of the analytical results
derived in this section with experimental measurements, the
cumulative change in optical pathlength AP was related to diopter
power D using the following relationship

D = 2AP/R2 (69)

Using a linearly polarized gas laser beam in the experi-
ments, both components of change in pathlength for radial and
tangential polarization contributed equally to the optical power.
From the values plotted in Fig. 5, the cumulative pathlength
change through 42 cm of laser glass in the array becomes, to a
first approximation, additive, considering each element constitutes
a simple lens. The total pathlength difference, then, between
center and edge amounts to about 17 Pkm for the case of axial and
radial cooling of the 10 =m thick discs with uniform internal
heating at 3.2 w/cm-3 . This corresponds to an induced optical
power of +0.34 diopter at an electrical input of 2.2 kW into the
N-i. However, with no radial cooling, the average induced optical
power is practically zero for 0.63 pm radiation as shown in Fig. 5.
In the experiment an induced optical power of about +0.07 diopter
was observed as shown in Fig. 22, indicating a situation of
principal axial cooling with partial radial cooling, which seems
reasonable. Fig. 5 shows also the change in optical pathlength
for 1.06 pm radiation for 10 =n and 3 rmn thick discs respectively.

k The results obtained for axial and radial cooling are shown in
solid lines and for only axial cooling in dashed lines. All
these curves show induced optical distortions but practically
no average spherical power. The optical distortions in the 3 num
thick discs are more than an order of magnitude less than for
the 10 mm thick discs. The magnitude of optical distortions can
therefore be lowered for a given thermal loading by reducing the
thickness and increasing the number of discs in the array.
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Calculations for different volumetric thermal loadings
shown a linear relationship between change in optical pathlength
and loading of the discs. The calculations also show the contri-
bution of the axial surface displacement W(z) to the induced
optical distortions could be adjusted by the index of the immersion
medium. Taking these factors into account, tiiere seems to be some
possibility to design an optimum geometry and cooling scheme to
effectively limit the thermo-optical effects even further.
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SECTION IV

INVESTIGATION OF COOLANTS AND MATERIALS

1. SELECTION OF COOLANTS

In previous work with disc systems, heavy water was
found to be a usable coolant because of its apparent inertness to
high intensity flashlamp and improved transmission qualities over
ordinary water at the neodymium wavelength, 1.06 pm. A prime
drawback is that water has an index of refraction considerably
lower than that of glass. Its use requires either that the drray
of discs be positioned at Br~wster's angle, which allows the
stimulated radiation to propagate in a preferred plane of polari-
zation, or that the discs be antireflection (AR) coated, to
eliminate Fresnel losses from the surfaces. In addition, heavy
water still exhibits a finite absorption of about 0.85%/cm for
1.06 pm laser light in our measurements.

A program was therefore inititated to find liquids
which displayed little or no absorption through the principal
laser pumping wavelengths and at the principal neodymium fluores-
cence line. These candidates were submitted to appropriate
irradiation tests to establish a measure of their resistance to
degradation under such conditions.

Table III lists the various compounds that were examined.
Transmission characteristics were measured from 0.58 to 1.2 P±m
through a 10 cm length cell on the Cary Model 14 recording
spectrophotometer for the "as supplied" condition of the samples.
In addition, differential i•asurements were taken on I cm cells
after irradiation tests were conducted. Liquids having refractive
index values both lower and higher than that of typical laser
glass at nd = 1.52 were looked at with the intent of possibly
compounding an acceptable high and low value candidate. This
would be done by employing the Clausius-Mosotti relationship and
proportioning the molar polarization of each to achieve the index
lesired. Liquids which belong to the same family of compounds
would in general be miscible in one another.

To evaluate the durability of the liquids, a 10 cm•
sample was placed in the center of a helical flashlamp and exposed
to UV filtered flashlight for 120 consecutive shots with I kJ input
per pulse. This corresponds to a higher volumetric radiation
intensity than anticipated in the disc laser.
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Durability against long-pulse laser irradiation was
tested by exposing a 4 cm3 sample to a 6 mm diameter, 8 joule
laser beam for 50 consecutive shots.

Only heptachloropropane was tested with Q-switched
pulses of 40 nsec duration and an energy density of 20 J/Can.
After 45 shots, a loss of 5M/cm was observed in the visible as
well as in the near infrared. After filtration through a 0.22 •m
Millipore filter this greyness was reduced to 1%/cm.

A summary of results appears in Table III. The spectral
absorption changes are reported here for two important wavelengths
associated with the neodymium absorption spectrum and one at the
laser emission line. A more detailed description of this test is
reported in reference 13.

2. OPTICAL DISTORTIONS IN COOLANTS

The most promising fluids for cooling the B-i and the
N-1 were Freon 214 and heptachloropropane. However, when Freon
21 was installed in the B-i, attempts Lu measure the gain of
this device revealed induced losses instead of gain. These in-
duced losses were also observed when the discs were remtoved and
the cavity filled only with Freon 214. The magnitude of this
induced loss ,aLied from shot to shot, which made it difficult
to investigate this behavior.

Similar problems were encountered when heptachloro-
propane was used as coolant for the N-i. With the N-i set up as
a long pulse oscillator, threshold was found to be at 4 ki input.
Above this input level laser oscillations have been observed, but
the output was very low and not reproducible, compared to the
results obtained with D2O as coolant.

During these tests, the coolants were well
protected from UV radiation, using yellow filter tubing which
absorbs strongly below 500 nm wavelength. The coolants were not
circulating; however, enough time was allowed between shots to
reach thermal equilibrium. More detailed measurements to determine
if thermal gradients in the fluids could cause this behavior are
also reported in Ref. £13.

The tentative conclusion drawn from these experiments
is that optical distortions, due to the relative high dn/dT values
for Freon 214 and heptac hloropropane cause the problems mentioned.
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3. DETERMINATION OF dn/dT FOR COOLANTS

Due to a lack of published data of the dn/dT value for
specific coolants, the refractive index change as a function of
temperature was measured at 6328 and 10,7901, using a heated
hollow prism, as described in reference 13.

The results of the experiment are shown in Fig. 6.

-0.28

DMS0

Freon 214

-0.24
Heptachloropropane

0

• 0 .o.16 -

CD

'V

NJ.S ,0, 08,

x N.BS. HIDH0
(mreasured)

- I / p.:• 0 - DIDO
': z 'Pre~ting Points•'

20 60 100

TEMPERATURE -"F

Fig. 6 Dependence of the thermal index
coefficient on temperature for
different coolants

The curve for ordinary water has been taken from precise refractive
index measurements 114) by the National Bureau of Standards for
the wavelength 5850k. Within the accuracy of the present experi-
ment, beptachloropropane and heavy water behaved essentially the
same for the two wavelengths, 63261 and 10,7901, used. Also,
as depicted in Fig. 6, the dn/dT obtained for heptachloropropane
was constant over the temperature range investigated yielding a
value of-0.214 x 10"3 /CF. Upon comparison with other experimental
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results reported £15], another halogenated compound, Freon 214,
is found to have a value of -0.256 x 10`/°F. DMSO, sometimes
suggested as coolant because of the closer index of 1.477 in
respect to glass, has a dn/dT value of -0.28 x 1O- 6 / 0 F at room
temperature. DMSO has also the disadvantage of a high freezing
point of 18.5°C and a relatively low convective heat transfer
coefficient. The measurements for heavy water, on the other hand,
show that dn'dT diminishes in magnitude with decreasing temperature
and becomes zero near the freezing point at 3.8°C. In these
respects, the thermal-optic characteristics of ordinary water
and heavy water appear the same.

Ak few experimental points for ordinary water were also
obtained between 70 and 90OF to compare with the National Bureau
of Standards data presented. These data are represented by a
dashed curve in Fig. 6. The results suggest that operation of a
heavy water immersed disc laser device near the freezing point
may prove a way of minimizing thermal distortion caused by
Lemperature gradients in the coolant.

4. D20 COOLING TJNIT

After evaluating other liquids, D.O seemed 4o be the
only fluid suitable for use in disc lasers. Its primary advantages
are a low value of dn/dT, stability in the disc laser environment,
safety, low transmission loss at 1.06 pm, non-toxicity and reason-
ably low cost.

A major disadvantage of D.0 is its hygroscopic nature.
A special D2O circulation system was constructed which is com-
pletely sealed from the atmosphere to prevent moisture contamination.
A block diagram is shown in Fig.. 7.

All system components were stainless steel or some form
of plastic compatible with the D20, which seems to be about as
corrosive as %0. A pressurized reaervo.r consisting of a piston
and spring was used to hold a constant pressure with respect to
the surrounding atmosphere as well as replace DaO losoes due to
seepage. A 293 mm diameter Millipore filter was installed in
line using a 0.22 gm filter, which eliminated the greyness in the
D2O below 0.7 Um wavelength, observed during preliminary tests.

Pressure gages, electrically-insulated thermocouples-,
and bubble traps were placed as close as practical to the inlet
and outlet of the laser. To remove any residual moisen.re, the
entire system was purged with N* before installing thvt 0'. The

V.: total volume of about A.5 liters .of coolant required.. if ill tbe
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cooling unit was kept low to reduce cost. The D2 0 to water heat
exchanger dissipates 2 kW at flow rates of 1 GPM with a tempera-
ture difference of about 100 C.

Bu be Trap 
Thermocouples 

Bubble Trap

V. FLaserilter

(Do Pressure Gages .

E xch nge B id Filter !

NservoirVolvo$

Fig. 7 DvO cooling system

After several months of use of this cooling system,
parts of the stainless steel heat exchanger were found to rust.
This problem was corrected by use of an epoxy coating.

Over long periods of time, the transmission of the disc
lasers still deteriorated, which was probably caused by bacterial
growth o3n the disc faces evidenced in the form of a brown deposit.
A bacteria filter and deionizer was installed which corrected
this problem. This.mixed bed filter had to be deuterized in
order to remove any normal water. After three fillings of the
filter with 98 +% D2O, the normal water in the filter was es-
sentially removed as indicated by the .transmission curves of the
DgO used in the filter.

5. MATERIAL TESTS

For the design of disc lasers. optically clear plastics
or silicon rubbers for mounting or holding of the discs would be
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useful, to avoid losses due to absorption or vignette. These
materials could also provide a strain-free cladding to control
radial heat flow.

Thirty-two transparent samples from different manufacturers
as listed in Ref. [14] were submersed in water and subjected to
flashlamp light without UV protection. The flashlamps were operated
at 1 pps with an input energy of 1.4 kJ in a 0.6 msec pulse.

Virtually all samples developed damage sites within the
material after only a few shots, except for Plexiglas UVA, and
CR-39. The damage seemed to occur due to pockets of uncured resin
scattered throughout the sample and particulate contaminants.
Several rails for the B-2 design as described in Section V.3 were
machined out of Plexiglas. However, the fingers of the rails were
weak because of surface imperfections introduced during the milling
operation. These imperfections might be overcome by molding.
CR-39 requires a special mold which is inert to its chemical com-
ponents and will not retard curing while Plexiglas requires a
special mold for high pressure injection molding. Because of cost
and time considerations, opaque materials were tested to determine
possible degradation of these materials or the coolant in a flash-
lamp pumped environment.

Stainless steel, Teflon, aluminum, brass, and nickel
were submersed in D20 and exposed to flashlamp light with 4 kJ
Input energy per pulse. The Te•flon was burned on the surface by
the pump light which made this material unacceptable. The aluminum
and brass withstood the pump light without changing the absorption
coefficient of thQ D.O at 1.06 4rm; however, these materials did
cause greyness in the UV and visible portions of the spectrum.
Stainless steel and nickel were the two most promising materials;
stainless steel was the first choice because of easier machining.

6. SOLARIZATION PROTECTION FOR DISC LASERS

Wavelengths shorter than about 400 nm do not significantly
contribute to pumping neodymium In glass. They do contribute to
solarization in all known useful laser glass hosts. Wavelengths
shorter than 400 nm must therefore be kept out of the laser glass
by filtering at some point. This can be done by introducing a
material ih the laser glass which absorbs strongly below 400 nm,
but this puts excess heat and strain in the laser glass pieces.
A better approach appears to be one in which these unwanted short-
er wavelengths are retained in the flashlamp cooling system, since
other elements such as the reflective wraps and. the square Pyrex
tube also suffer degradation due to these shorter wavelengths.
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A search was therefore initiated to obtain a sharp""'
cutoff filter glass at 400 nm, shaped into tubing, which could be
used as flashlamp water jackets. Unfortunately, no manufacturer
contacted would supply t~ieir filter glass in tubing form of any
size. Schott and others would supply billets which could be cored
and drawn at great expense.

As an interim solution, Schott's Supremex tubing, which
i3 a sharp cutoff UV filter at 350 nm, was utilized. It has been
used as an effective solarization protection filter for smaller
devices developed at AO despite the low UV cutoff point. How-
ever, in the disc application, Supremex was found to be unsatisfac-
tory because the discs became solarized after a few thousand shots
causing the slope efficiency to drop by about 15%.

It has long been established that an aqueous 10% sodium
nitrite solution is an excellent UV absorber, cutting off at
400 LOm, and showing no effect on the performance of the laser.
However, it does have the drawback of being very corrosive and
highly conducting electrically. The advantage of using a liquid
UV absorber is that the heat generated by the UV emitted from the
flashlamp may be easily removed with heat exchangers.

Two differsnt versions of sodium nitrite-cooled flash-
lamps were constructed and tested as reported in [161. However,
these approaches, using a thrýýe-section coolant jacket or graded
glass seal, were rot found reliable for high power and long-term
operation. The most reliable solution was a flashlamp design with
an inner coolant jacket for distilled water and an outer tubing
for the sodium nitrite solution. Standard FXG-47C-18 flashlamps
with standard EG&G hardware to make the water-tight seal and
electrical connections were used in this design. A set of four

4 iof these flashlamps was successfully operated up to 35 kW average
input power and used for all tests on the B-3 and N-3 disc lasers.

f 7. AR COATINGS FOR NORMAL INCIDENCE DISC LASERS

Since no suitable index matching fluid was found, the
discs for the normal incidence disc laser had to be AR coated to
avoid excessive reflection losses of the glass-coolant interfaces.
A material with an index of 1.41 at 1.06 pm wavelength would be
ideal to match the index for AO laser glass of 1.508 to heavy
water which has an index of 1.32 at 1.06 Nm. Magnesium fluoride
and quartz with an index of 1.57 and 1.45 respectively, come
closee.t to this requirenaent. For a quarter-wave coating with a
material having an index diffeience &n in respect to the ideal
index n, the resulting reflectivity can be approximated by
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R ~~0. 08% (0

for MgF2 and quartz coatings on AO laser glass.

without coating, a reflection loss of 0.45% per surface
would be encountered. The relative transmission, taking into
account the reflection losses through a disc array with N surfaces,
is

T- R N 66% (71)

for the N-i with 46 uncoated discs. With MgF2 coatings, this
relative transmission could be increased to 93%, which agrees
well with the measured increase in transmission of the N-i from
49% to 72% as discussed in Section VI.1. However, the MgF. coat-
ings were found to deteriorate during several months of testing
of the N-i. The greatest deterioration was observed in the active
area of the discs. This would suggest that in addition to being
dissclved by the water and damaged by pump radiation, the coatings
were also damaged by 1.06 pm radiation.

Realizing the need for a suitable antireflection coating
for the normal incidence discs, sputtered quartz coatings were
investigated for damage resistance during disc laser operation.
A sputtered quartz coating on an undoped laser glass substrate
was damage tested and found to be as durable to long pulse 1.06 P.M
radiation as MgF2 on the same substrate. As a final test, alter-
nate discs throughout the stack were coated with sputtered quartz
and MgF•. H20 was used as the coolant because it has the same
"physical properties as D.0 with the advantage of easier handling.
The N-I was operated at 2.0 kW average input power, which damaged
the original MgF2 coatings. After about the same number of flash-
lamp pulses and three times more exposure to flowing water as the
original MgFe coatings, the coated discs were removed and inspected.
The MgF 2 was again severely damaged while the quartz coatings ap-
peared undamaged.

A set of 91 discs for the N-2 disc laser was coated
with quartz. The transmission of the N-2. was measured at 1.06 pm
and found to be 46% instead of about 68% as estimated.

Assuming an absorption lose in the coolant and laser
glass of about 20% results.-in an actual reflection loss of 42%,
which corresponds to a :eflectivity of 0.25% per surface.
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Monitoring of the thickness is difficult with our present facilities
because the reflectivity of the disc in air varies only from 8%
without coating to 6.7, with the coating. A second coating was
done at a different facility, which resulted in a transmission
through the N-2 device of 55%. The actual reflection loss of
about 30% was still twice as high as expected for the 192 surfaces
of the N-2.

In order to overcome this problem, discs were fabricated
from O laser glass, which has an index of 1.556 and provides a
better index match to the quartz coating and the heavy water.
With a quafter-wave quartz coating, the reflectivity per surface
would be reduced to about 0.01%, which corresponds to an expected
total reflection loss through the N-3 device of only 2%. The
measured transmission through the N-3 was 71%, which was quite
an improvement over the previous results but was still 11% lower
than expected for a perfect coating. Better monitoring of the
coating process could still provide some improvement in transmission
and performance of the N-3 disc laser.
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SECTION V

DESCRIPTION OF THE DIFFERENT DISC LASERS

.. THE FIRST BREWSTER DISC LASER (B-i)

The mechanical assembly of the B-i as shown in Fig. 8
consists of 30 discs mounted in a rectangular metal frame with
the faces of the discs parallel to each other, but at nearly
Brewster's angle to the optic axis, provided coolants with an
index of refraction of about 1.35 are used. In such an array,
a beam parallel to the geometrical axis will be displaced side-
ways, causing vignette. To eliminate vignetting, the angles of
the beam in the coolant, (a, - 0) and the discs (0 - a2) with
respect to the geometrical axis are chosen to compensate for this
displacement as shown in Fig. 9. The required angles for the
discs and the windows are determined by the indices of refraction
n, the spacing between the discs s, the thickness of the discs d
and the conditions for:

I. Brewster's angle: a, + c 90" and

tan a, = n./n, (71)

II. No vignette: £1 sin (a, - 0)

=-2 sin ()- a2 ) (72)

III. Refraction at no sin 0 = nj sin 8
the windows: wn1 sin (0 + a, - 0) (73)

with the results:

ta : ,L. nYin__ + s2_ n/. (74)
S1 + 82

and

n, sin 0t ) (75)• -... . i:.tan 0I ..tan0 o , -rn1 coo (, -e)

For 3 mm thick discs, a spacing of 1.2 mm and the indices of
S -refraction n = - 1.50 and ni = 1.35, the angle for the disc

is e aw W and the angle for the window is 0 , 3.3* The discs
were made from a clad piece of .2% Vd-doped glass. The
dimensions of each dis are shown in Fi#. 10. The
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center active core, when viewed along the optic axis, was 25 mm
in diameter. The windows were of laser glass with the outside
faces cut at Brewster's angle to the optic axis, and the inside
faces cut at the vignette compensating angle 0. The glass discs
had inherent core-cladding strain and were only flat to a few
fringes. At room temperature, the cladding was in compression
and the core in tension, which increases the average power capa-
bility. The discs were polished in two sets of 17 discs each,
which does not allow a better flatness. To obtain a flatness of
a fraction of a wave, the discs would have to be polished indi-
vidually. Since this device was built only for preliminary tests,
individual figuring was considered too time consuming as well as
too expensive. When all 30 discs were assembled, some static
cylindrical power of about +0.2 diopter and spherical power of
about +0.1 diopter was observed.

The coolant flow between discs was all-parallel to allow
very high flow rates in order to reduce the thermal gradient
along the coolant flow path and reduce beam steering to a negligi-
ble amount. However, due to pressure losses in the cooling system
and a pressure limit of about 5 psi due to leakage at the window
seals, a flow rate of only 1.5 GPM was possible, despite the good
flow characteristics of the B-I as shown in Fig. 3. The 3.5 mm
thick Pyrex side windows were sealed with RTV silicone rubber,
after an attempt to use O-ring seals failed. The entire assembly
was mounted with the discs vertical to reduce bubble problems.

Two water-cooled EG&G FX 47-6.5 flashtubes were position-
ed perpendicular to the edges of the discs with wraps terminated
at the side windows. The flashlamps were connected in series to
a 40 kW power supply which consisted of an energy storage bank
with 640 ýFP capacitance and 250 P inductance. The flashlamps
"were triggered, using an EG&G TR-136A injection trigger trans-
former in series with the lamps. The flashlamp pulse duration
was measured at 0.83 msec, which was about optimum for the B-I
disc laser.

For UV protection, a yellow filter tubing was planned
to be used ar water jacket for the flashlamps. This filter
tubing absorbs strongly below 500 nm wavelength, but also reduces
the effective pumping of the device by about 20%. Most tests were
therefore taken with Pyrex tubes around the flashlamps, which
caused a slow deterioration of the B-I performance due to solari-
zation.
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2. THE FIRST NORMAL INCIDENCE DISC LASER (N-i)

The N-i design utilized a quantity of generally-square
cross sectioned discs closely fitted in a precision-bore tube,
providing support and alignment for the discs. The mechanical
assembly of the N-I consisted of 146 discs with optically-polished
faces perpendicular to the optic axis, installed in a square Pyrex
tube as shown in Fig. 11. Each disc consists of an 18 mm diameter
core of 2% Nd-doped AO 1838 laser glass fused into a samarium-
doped cladding glass. The thickness of each disc was 10 mm while
the sides are 22 mm as shown in Fig. 12. Two opposite corners of
each disc are relieved in various amounts for coolant flow. The
two other corners have steps cut out to receive Teflon, balls as
spacers. The spacing between each disc was 1 mm, which resulted
in a glass-coolant spacing ratio of 10:1. Since the cooling
fluid proposed for the N-i was index matching, no effort was
taken to polish the discs better than a few fringes in flatness.

47.."
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Fig. 12 Clad disc for N-i

The coolant flow was a series-parallel arrangement
consisting of 8 groups of 6 discs in series with each other,
with each group of 6 discs having parallel flow. At a pressure
of 10 psi at the entrance part of the N-i, a flow rate of 1.4 GPM
was measured, which was sufficient for adequate cooling of the
discs. Higher flow rates would be desirable to reduce the thermal-
optic distortion in the coolant, but pressure losses in the cool-
ing system raised the pressure in the N-I appreciably. A
pressure loss of 1.7 psi/GPMa was estimated, which is about one
half of the measured value. Since the flow path changes contin-
uously in direction, fully developed flow conditions are never
actually attained in this design. Loss in fluid momentum and
friction because of vortices add to the flow resistance, especial-
ly for the case where the flow direction was reversed after each
disc, as in the initial N-I disc arrangement.

Nylon bulkheads support the flashlamps and the square
Pyrex tube with the discs. The device-was optically pumped with

.1d four Eo&G FX 47-18 flashlamps surrounded by Pyrex tubing to
2,• pýp:event darkening of the silver wraps. The flashlamps were
. ct.nnected to the two energy storage banks of the 40 kW power supply

in two sets of 2 lamps in series. Since the yellow filter tubing
was found to reduce the effective pumping to about 80%, no UV
protection other than Pyrex tubing was used for most measurements,
which also resulted in a. slow deterioration of the N-I performance
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due to solarization. In addition, difficulties in maintaining
the coolant free of contamination were experienced during the
evaluation of this device.

3. THE B-2 AND B-3 BREWSTER DISC LASERS

The new disc laser was designed, combining the advantages
of the two previous disc devices in a single unit.

The advantage of the N-i design was the more uniform and
more efficient pumping geometry. With four flashlamps in a close-
wrap configuration, uniform pumping could be obtained within
1- 1 dB at a 20 dB gain level, provided the correct Nd concentra-
tion is chosen. However, the N-i discs were too thick, because
one disc fractured at 6 kW input to the device and thermal lensing
was observed. In addition, the coatings required for the N-i
discs deteriorated. The clear advantage of a Brewster disc laser
is the elimination of reflection losses. The B-i had also a
more uniform flow distribution over the disc surfaces than the
N-i. The holding of the discs in the B-i allowed the exchange
of a single disc, while in the N-1, a whole array of discs had
to be removed.

In order to allow a close comparison between the new
disc laser and the N-I, the same pump geometry was chosen,
utilizing the same square Pyrex tubing, surrounded by four linear
water-cooled flashlamps in a close-wrap configuration. An active
pump length of 457 mm and heavy water as coolant was maintained,
since all other coolants previously tested had shown excessive
thermal-optic distortions. To avoid coatings required in the
rt'oadl incidence approach without index matching coolant, discs
at Brewster's angle were chosen.

In the new disc laser design, the discs were held by
four rails which were mounted on an end piece to form a self-
supporting cage, allowing immediate access to each individual
disc. The rails were placed in the corne-a of the square Pyrex
tubing as shown in Fig. 13. This design provided longitudinal
flow channels, which were almost as wide as the discs, allowing
uniform flow and cooling across the disc surfaces. This design
did not require clad discs, since only a negligible amount of
active volume was obstructed by the fingers of the rails. Discs
clad with a 1.06 =m absorbing glass would be desirable from the
standpoint of ease of holding the discs mechanically and suppress-
ing off-axis depletion. However,. these advantages are offset by
the strain induced in the core-cladding interface at some operating
point, as the disc is heated by pump radiation due to the difference
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in the Nd-doped glass core and the cladding glass absorption
curves, and the increased cost of cladding the discs.

To determine optimum dimensions for the thickness of
the discs d, the spacing between discs s and the width of the
longitudinal flow channels a, the analysis of the flow distribu-
tion and the thermal distortions in disc elements as outlined
in Section II were utilized. The thickness of the discs was
determined from theoretical calculations on 3 mm and 10 mm thick
discs. The maximum surface tensile stress was found to be pro-
portional to the square of the disc thickness and linear with
volumetric thermal loading. From previous experiments, a 10 mm
thick N-i disc fractured at 6 kW input. Since the volume of
laser glass in the new disc laser could be increased by about
50%, eliminating the cladding, about 5 mm thick discs should
allow a maximum input power of 40 kW without fracture.

A glass-to-coolant ratio of greater than 10:1 was found
desirable from our previous measurements, which means a spacing
of less than 0.5 mm for the new disc laser. A lower limit for
the spacing, set by the strength of the fingers on the rails,
was determined to be about 0.3 mm. Thinner fingers were difficult
to machine. To reduce errors in machining of the rails, the
fingers on the rails were spaced even steps of 0.200 inches apart,
which determined the final thickness of the disc to be 4.65 M,
allowing for the thickness of the finger of 0.3 mm and 0.1 mm
clearance. The spacing between discs was 0.4 mm which allowed
also sufficient flow in a series-parallel flow arrangment without
excessive pressure drop. With these dimensions, 67 Brewster
angled discs were required for an active pump length of 457 Mm.

From our analysis of the flow distribution, the pressure
drop along the longitudinal flow channel APL should be about one
half or less than the pressure drop across the first disc AP, to
keep the flow distribution uniform to within 25% or less. Evalua-

J •ition of Eq. (46) for the Brewster disc laser with n • m = 67 and
AT r2 se because of the Brewster angle, results in

at (76)

where m is a number of sections. For a single flow reverser disc

(m = 2) the longitudinal flow channels would have had to be about
8 mm wide, which is certainly not tolerable in this design. To
maintain a close-coupled system and high efficiency, an active
volume of about 80f of the total volume or more is desirable
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which corresponds to a width of about 2.2 mm for the longitudinal
flow channels. For ease of machining the rails, a final width
of 2.4 mm for the longitudinal flow channels was chosen, which
requires 8 sections of about 8 discs each to maintain a uniform
flow distribution.

The discs for the B-2 were made from 3% Nd-doped C1020
laser glass and provide a rectangular clear aperture of 17.2 by
21.7 mm, which increased the available beam cross-sectional area
by almost 50% over the N-i design, using the same square Pyrex
tubing and same close coupling of the flashlamps. This increase
in beam cross-sectional area allowed 50% more Q-switched output
energy than for the N-i.

The edges of these discs were initially polished. The
optical finish on the 134 surfaces was limited due to economics
of fabrication. An autocollimator return from a flat mirror with
the beam passing twice through the array, consisted of two almost
distinct returns with an angular divergence of 1.5 mrad. The
divergence and the polarization of both returns was in the low-
loss plane of the B-2. The discs were inspected for flatness
with the results of 127 surfaces being flat to one fringe and
7 surfaces flat to two fringes. The strain pattern produced by
the discs showed that all but the corners extinguished between
crossed polarizers, which is comparable to that of the best solid
rod we have observed. The input and output was coupled by means
of 0.5% Nd-doped solid windows with external faces cut at Brewster's
angle and internal faces cut for minimum vignette as described in
Section V.1.

The coolant flow path through the device consisted of
eight individual sections in series, with each section composed
of eight discs in parallel. The pressure drop across the entire
array of discs was about 2 psi at 1.0 GPM. From the flow charac-
teristic as shown in Pig. 3. an appreciable reduction in pressure
drop was obtained for the B-2 design in comparison to the N-i.

The entire array was mounted on Micarta blocks for
electrical insulation with the flow moving in the vertical plane
to facilitate the removal of trapped air.

The device was close-coupled with four EG&G FXJ7-18
water-cooled flashlamps using water jackets of Supremex tubing.
Supremex tubing absorbs strongly at wavelengths below 350 mn, but
was found to be not sufficient to protect the B-2 from solarization.

D.uring testing of the B-2 everal desiga improvements were
made, which were all incorporated in the improved 9 device.
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The final B-3 disc laser consisted essentially of the
same components as the B-2 device except for discs which were
made from ED-2 laser glass. A flow arrangement with only 3 flow
reverser discs was chosen in order to determine if there is any
appreciable difference in the single-pass beam distortions. In
addition, the following improvements were incorporated:

(1) Sodium nitrite cooled lamps as described in
Section IV.6 were used, which provided UV protection and less
heating of the discs.

(2) A bacteria filter was installed in the D.O cooling
system which eliminated the brown deposit previously observed on
the discs.

(3) The flow channeling around the entrance and exit
window was redesigned, to eliminate stagnant flow conditions
observed with the ink-test.

(4) The internal angle of the window was modified, to
climinate the coolant wedge between the window and the fiArst disc.
This coolant wedge did not allow the full beam from the window
to enter the tirst disc. To reduce this vignette, the spacing
between the window and disc was made the same as between the discs,
which also improved the flow distribution. The beam was slightly
realigned for minimum vignette

(5) The entrance and exit windows were mounted more
rigidly, using high melting point materials and additional mechan!-
cal supports for the end plates, to avoid movement of the windows.

(6) The 40 kW power supply was modified to provide an
energy storage bank and injection trigger transformer for each
lamp. Previously two laraps were operated in series, which re-
quired high trigger voltages to ionize the lamps and resulted
occasionally i electrical breakdown and damage to the device.
The new arrangement with 340 ,xF capacitance and 250 gH inductance
per lamp provides also a shorter and more efficient pump pulse of
0.66 msnc duration.

R 4. THE N-2AND 4.1-3 9ORMAL INCIDENCE DISC LASERS

!ew Because of the depolarization losses observed with the
Brewmter df'ec lasers an fscribed in Section VI.3, and the en-
couraging results obtaineu with the quartz coatings as-described
in Section IV.7, the performance capability of the normal incidence
approach was again investigated.

. 7
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In order to have a side-by-side comparison between the
Brewster and normal incidence approach, the pump geometry and
the hardware used was essentially the same as for the B-2 and
B-3 described in the previous section. The thickness of the discs
and the spacing between discs was maintained at 4.65 and 0.4 mm,
respectively. The discs for the N-2 were again made from 31 Nd-
doped C1020 laser glass, while the discs for the N-3 were fabricated
from FD-2 glass. The clear aperture of these discs was maintained
at 17.2 by 21.7 mm, which corresponds to a pumped cross section of
3.7 cm'"•

For th4.N-3 all the improvements as outlined in the
previous section Were incorporated, while for the N-2 the bacteria
filter was not yet installed in the D20 cooling system. For the
N-2 and N-3, a flow arrangement with 7 flow reverser discs was
chosen because of the better results in single pass beamspread of
the B-2 with 7 flow reversers in comparison to the B-3 with only
3 flow reversers.

The discs for the N-2 were again polished in two sets
with about 50 discs each, which results usually in a flatness of
the individual disc surfaces of about orie fringe. The cumulative
distortions of such an array of discs can be quite well determined
and compensated for by figuring the surface of a single disc, i.av
observed optical distortions through the N-2 with 196 surfaces
corresponded to about + 1/8 diopter cylindrical power, which was
corrected with an appropriately figured disc.

All discs for the N-2 and N-3 were coated with quartz,
wh'ch provided a good AR coating for the N-3, but did not meet
the expectations for the N-2 as described in Section IV.7. In
addition, deterioration of the N-2 was observed, because of
contamination of the coolant, which was later eliminated with a
mixed bed filter.
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SECTION VI

AMPLIFIER PERFORMANCE

1. TRANSMISSION AND GAIN MEASUREMENTS

The passive transmissions of the disc lasers at 1.06 pin
.were measured on an instrument which provides an accuracy of
about ± 1% and is insensitive to changes in beam direction, size
and quality. The measured transmission values are summarized in
chronological order in Table IV.

Table IV

TRANSMISSION OF DISC LASERS

Measured
1.06 pm Estimated losses due to

Device Transmission Glass Coolant Reflections Remarks

B-i 84% 8% 8% 0% Contaminated D.

N-1 49% 16% 7% 38% No coating
-1 - 72% 16% 7% 7% MgF, coatings

78% 16% 5% 0%

N-2 46% 16% 5% 15% First quartz
coating

-2 55% 16% 5% 15% Second quartz
coating

J3-3 84% 12% 5% 0%
-3 71% 12% 5% 2% Quartz coating

The transmission of the Brewster disc lasers was measured with a

linearly polarized beam in the low-loss plane of polarization..4 The estimated transmission values in general agreed well with
the measured transmission except for the V-2 and N-3 results,
where difficulties of monitoring the thickness of the coatings
were encountered, as described in Section IV.7.

.59
M i



A loss coefficient of about 0.3%/cm, which is typical
for AO C-1020 laser glass, was used for the estimated absorption
loss in the laser glass and windows, while for ED-2 glass a some-
what lower value was assumed. For the D.0 from the cooling system,
a loss coefficient of about 1 to 1.5%/cm was measured, depending
on the dearee of contamination.

The transmission of the B-3 and N-3 was maintained at
its initiel value over a long period of time, which indicates
that the problems due to solarization and coolant contamination
have been solved. With all the other devices, a slow deteriora-
tion in performance and transmission was observed.

T'he small signal gain of the different disc lasers was
measured as the ratio of output signal of the pumped and unpumped
disc amplifier, for a constant input signal from an oscillator.
Both normal mode and Q-switched oscillators were used which re-
sulted in the same measured gain as long as the pump pulse of the
oscillator was shorter than for the disc amplifier and the output
energy density was kept well. below saturation. The results of
these measurements are shown in Fig. 14. The gain for the B-I was
taken without the yellow filter tubing. With the yellow filter
tubing for UV protection, the effective input was reduced by about
23*, which resulted in still lower gain for the B-I. Comparing
the area weighted gain for the B-I of about 5 dB cmA/kJ to typical
re•silts for close-wrapped solid rod amplifiers of 7 db cml/ki
indicates about 40% more pump light is required for the B-I to
obtain the same small signal gain as for a solid rod. In other
words, about 30% of the pump light was lost in the B-i fixture.

AMA %VMWED I*VVJ- k Tilmr

Fig. ali signal gain of disc lasers and solid rod
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For the N-I, the area weighted gain of 5.6 dB cm2 /kJ
indicates a coupling efficiency of about 804 in comparison to
the solid rod, which is probably due to the reduced active volume
in this device due to the claddings of the discs.

The gain of the B-2 compares favorably with the results
for the solid rod. The active volume in the B-2 is about 50%
higher than in the N-i design, which is probably the reason for
this improvement in comparison to the N-i results.

The gain of the B-3 and N-3 is still higher, which is
due to the higher gain coefficient of ED-2 glass in comparison to
C-i020 Glass. At high input energies, the small signal gain is
no longer linear with input energy, because of increased amplified
spontaneous emission and the UV shift of the flashlamp output.
Because the B-3 discs are not coated, the increased amplified
spontaneous emission perpendicular to the disc faces could cause
the lower gain for the B-3 in comparison to the N-3.

2. SINGLE PASS BEAM DISTORTIONS

The optical quality of a passive disc laser cavity will
certainly be lower than for an equivalent solid rod, because of
surface imperfections. This can cause some loss in efficiency
and an increase in beamspread for single-shot operation of a disc
laser. However, under repetitively pulsed operation, induced
thermal opt. c distortions dominate the performance of disc and
solid rod lasers.

(a) Passive Beam Distortions

The passive distortions were measured with an expanded
6328A He-Ne gas laser beam passing through the disc laser. The
probe beam was then focused on a small aperture and the trans-
mitted beam intensity recorded. The beamspread, which is the

A.." full angle containing 50% of the total beam intensity, was
measured for different probe beam diameters as shown in Fig. 15.
For small beam diameters, the diffraction limit can be approached;

:M however, with increasing diameter of the probe beam, the optical
distortions become more noticeable. The quality of the optical
arrangement was measured without a disc device present and found
to depart from the theoretical curve for a diffraction limited
beam as shown in Fig. 15.

'The optical distortions observed in the B-i are caused
VXby the limited flatness of the discs, which resulted in about

+0.2 diopter cylindhrical power and +0.1 diopter spherical power.
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Fig. 15 Passive single pass distortions of the disc
lasers for different diameters of a 6328A
probe beam

The flatness of the N-i discs was appreciably better
than for the B-i discs because of the better surface area to
thickness ratio. The resulting optical distortions from the 92
disc surfaces in the N-i were lowez than for the 60 disc surfaces
in the B-1".

The measured optical distortions in the B-2 are much
"reduced in comparison to the B-i and N-i despite the larger number
of disc surfaces. This improvement was obtained by optical
correction of the cumulative distortions in the disc array with
an appropriately figured disc. The optical distortions in the
N-2 and B-3 were also reduced by this method to 0.1 and 0.2 mrad,
respectively, for the full aperture of these devices. This
approach allows improvement of the optical quality of disc
lasers without polishing the discs individually to very close
tolerances at great expense.

(b) Active Beam Distortions

The beam distortions during and after a single pump
pulse were also measured with.the probe beam focused on an
aperture after passing through the disc laser. The intensity
of the probe beam transmitted through this aperture was recorded
on an. oscilloscope.

The results for the 3-2 under varietus conditions are shown
:in Fig. 16. ?Orthis measuriaent parallel oentnted polarizers were
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installed before and after the B-2. The beam distortions are
most noticeable at high input energies and high coolant tempera-
tures as expected. For high flow rates, the distortions are
more pronounced, but also recover faster. This is probably
caused by thermal gradients in the coolant due to mixing of heat-
ed and unheated fluid. For zero flow, the thermal gradients
probably remain predominantly axial with little influence on the
beam, but exist for a very long time. T1he recovery time of the
distortions was found to be independent of input energy and coolant
temperature, but about inversely proportional to the flow rate.
At 1 GPM, the recovery time is about 1 second, which is approxi-
mately equal to the time required to exchange the coolant in the
B-2 cavity.
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The first minimum just after the pump pulse as shown in
Trace 16 A, B and C was found to be caused by beamsteering due to
movement of the windows. Trace 16 D shows the results obtained
with the more rigidly mounted windows, which reduced the observed
steering to a negligible amount.

The second minimum is due largely to severe index gradi-
ents in the coolant caused by temperature gradients as the discs
cool. This was supported by photographs taken of the probe beam
as discussed in the next section.

With the coolant temperature lowered from 20 0 C to 40C,
the beasmspread during the cooling cycle was reduced from about
2 mrad to 0.4 mrad. This also indicates that most of the distor-
tions are caused by the coolant, since the thermal distortions in
the discs are negligible for a single shot and would not vary
significantly with coolant temperature and flow rate.

Trace 16 D shows also the transmitted signal for larger
angles of acceptance and indicates losses in the B-3, possible
due to depolarization, vignette, bubbles, etc.

The results obtained for the N-2 and B-3 are shown in
Fig. 17.
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For the N-2, the observed beam distortions are again greatly re-
duced at low coolant temperatures. For the B-3, the observed
beam distortions were not as pronounced as observed for the B-2,
despite the higher coolant temperature. In addition, the recovery
time for the B-3 was about 2 seconds and almost independent of
flow rate. This could be caused by the different flow arrangement
of the B-3 with only 3 flow reverser discs in comparison to the
B-2 and N-2 with 7 flow reversers. In addition, all the improve-
ments as outlined in Section V.2 were installed in the B-3 in-
cluding the sodium nitrite cooled lamps, which would greatly
reduce the amount of UV light absorbed in the B-3.

(c) Photographic Data

To explain the beam distortions observed after a single
pulse as described in the previous section, the probe beam was
photographed using a high-speed movie camera and a still Polaroid
camera. Initially, the high-speed camera was utilized to gain an
understanding of the problem and to gain a key as to which areas
of time needed further investigation. The still camera was then
used to take photographs in the desired time domain while varying
critical parameters. The input energy for each shot was kept
constant at 8 kJ.

Using a Hycam movie camera at 1000 frames per second
with an exposure time of 0.4 msec, the transmitted probe beam was
photographed during and just after the 8 kJ pump pulse at a dis-
tance of 2 m from the exit window of the B-2 to capture both near
and far field distortions with respect to time with the coolant
flow rate of 1 GPM. Exerpts from the movie are shown alongside
the angular transmission data for the B-2 in Fig. 18. Just after
the pump pulse, the beam converged in both planes by about 20%
neglecting the two side bands appeatring parallel to the direction
of the coolant flow. The pictures during the pump pulse were

A% overexposed, which did not allow us to ascertain the exact time
when this distortion occurred. A few milliseconds later, when
sufficient beat was transferred into the coolant, causing large
index gradients due to mixing of still cold and warm coolant, the
image became extremely distorted as shown in the next pictures.

* The observed asymmetrical distortions were caused by using only
one side of the coolant inlet and outlet on the B-2 bulkheads.
This asymmetry was greatly: reduced by using both inlets and outlets.
The relaxation time for these most-severe distortions of about
i sOcond seeMS to be equal to'the exchange time of the eXposed
coolant in the 8-2 cavity.

SSimlar pictures were obt Aned for the B-3 and are also
shown in Fig. 18 for comparison. These pictores were taken with
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a Polaroid still camera synchronized to the flashlamp pulse to
open at variable delay times after the 8 kJ pump pulse. The
exposure time was 12 msec, which did not allow taking pictures
closer than an average of about 6 msec after the pump pulse. The
pictures were also taken 2 m from the exit window of the B-3.
The flow rate in the B-3 was again 1 GPM, however, the coolant
temperature was lowered to 7'C. The observed beam distortions
are greatly reduced in comparison to the B-2. This improvement
is probably due to the difference in coolant temperature, the
UV filtering of the flashlamps and the different flow arrangement.

In order to investigate the beam distortions of the B-2
during and just after the pump pulse, the speed of the Hycam
movie camera was increased to 7700 frames per second and the camera
placed 3 m from the exit window of the B-2 to increase the visibil-
ity of angular distortions. Excerpts from the movies in the time
domain of interest are shovn in Fig. 19. The distortions are
developing during the pump pulse, which agrees well with the angular
transmission vs time data of Fig. 16. The flow rate had little or
no influence on the distortions jast after the pump pulse as ex-
pected. The difference in the shape of the beam at 40C for 0 GPM
in comparison to I GPM flow rate might be caused by temperature
gradients due to heat transfer between the initially cooled-down
EB-2 cavity and the room temperature environment. With the 4UC
coolant flowing, these temperature gradients are removed and the
distortions eliminated. Reducing the temperature of the coolant
close to its freezing point reduces also the observed distortions,
eapecially the side bands.

From the movies, it seems likely that bubbles are
generated during the pump pulse, which can be observed in the
form of circular diffraction patterne moving across the probe
beam in tho direction of the coolant flow. These diffraction
patterns have not been observed before the pump pulse, but appear
frequently thereafter. These bubbles could reduce the trans-
mission as discussed in the previous section and shown in Fig. 16 D.

To determine which areas within the clear aperture of
the B-2 contribute most of the distortions, the emerging probe
beam was photographed at various distances from the output
window just after the pump pulse, as shown in Fig. 20. From
these pictures, the useful aperture of the a-2, which remained
undisterted just after the pump pulse, was found to be only about

4 one half of the total pumped cross section. A more detailed
40 description of the results for the B-2 is given in Ref. 16.
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Photographs of the probe beam transmitted through the
N-2 for various conditions are shown in Fig. 21 taken at 0.5 and
8 m distance from the output window. The observed beam distor-
tions just after the pump pulse were negligible at 7VC coolant
temperature and just noticeable at 4.0'C in comparison to the dis-
tortions observed in the B-2 as shown in Fig. 20. Pictures taken
50 ms after the pump pulse show the beam distortions during the
cooling cycle, where the transmitted signal of Fig. 17 reaches a
minimum.

(d) Beamsteering and Thermal Lensing Measurements

During repetitively pulsed operation of the B-i, steer-
ing of the probe beam in the direction opposite to the coolant
flow direction was observed at a rate of 0.13 mrad/kW. An esti-
mate of the expected steering due to temperature gradients in the
coolant and glass resulted in 0.11 mrad/•w as described in Ref. 13
and agreed well with the observed steering. However, there was
no thermal lensing observed with the B-I, since the far field
plane of the focused probe beam did not change within 1 0.05
diopter at 10 kW average input power.

During repetitively-pulsed operation of the N-1, thermal
lensing was observed of about +0.15 diopter at 3.5 kW average
input power as described in Ref. 13 and shown in Fig. 22. Esti-
mates of the expected optical lensing depend strongly on the cool-
ing situation as described in Section 111.3. Assuming uniform
heating of round discs and uniform cooling at all surfaces, an
induced optical power of +0.15 diopter per kW input was estimated.
However, with only axial cooling, the average induced optical
power was practically zero. The experimental results are bracketed
by these extreme cases, indicating a situation of principal axial
cooling with partial radial cooling, which seems reasonable.

For comparison, the thermal lensing of a 3% Nd-doped
rod was measured in the N-1 fixture as described in Ref. 16, with
the results also shown in Fig. 22. The induced spherical power
in the solid rod increases aproximately linearly at 0.t diopter/kW.
From our estimates, for 6328a wavelength and a thermal loading of
3.2 W/cm=, an induced optical power of +4.3 and +3.2 diopter for
radial and tangential polarization, respectively, was calculated.
Assuming 10 to 15% of the electrical input energy is absorbed in
the laser rod, an average induced lensing of +1.0 to +1.5
diopter/kW was estimated.

In contrast, the thermally-induced spherical power of
the R-1 increases at 40.06 diopterAw which is more than an order
of magnitude impovement.

70O



I - . i , . , i i i l l l l "I4 "
ojjo

4J

0
LLl

0

""0 0"U)

s44

-- E1.*104•

o fl
01

1±. . .
ot

C3 C. - . •

P EE

I 71

. .. . ....



Fig. 2-2- Thermal lensing measured with
a 6328A probe beam

For the-8-2, ýhe thermally-induced lensL power was not
iftasurable. or less than 1 0.005 diopter/kW, which means thermal
Ionsing was essentially eliminated for the B-2. Hlowever. for the
initial B-2* design, beam steering was observed due to movement
of the entrance and exit windows. This problem was corrected
using slialac to cetuent the windows in the mounting rings in
order to avoi'i 'icftening. of the ,,ax observed during high repeti-
tion rate oweJ .n. in addition, the mounting rings wero rigidly
fastened to th-- ;ulkheads instead of being only supported by the
silicon rubber *o" rings which. provided thbp seals.

(,singl&-Pass Saaspread During
Repati tiveily-Pulsed Operation*

The singlei-pass beamapread was m~easured by focusing the
probe beam on an aperture and recording the transmitted signal
on a chart recorder during ropetitivLly-pulsed operation of the
device. A far field aperture was chosen which transmitted about
50% o~f the total probe beam intensity,, after thermal equilibrium
was reached for the device.

'Typical chart recorder traces of the probst beam intensi-
ty at average input powers of 2.0 kW and 10 kW, to the R-2 are
shown in Fig. 23. 'Trace A is the intensity of the emerging probe
beam in a sufficiently large angle of acceptance to capture all of
the output beam. Th spikes in the trace are flashlamp pulscs.
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After each flashlamp pulse, the intensity of the transmitted
beam rapidly decreases, probably due to internal vignetting,
bubbles, and depolarization losses. The intensity then slowly
increases and in the case of an input power of 10 kW, another
flashlamp pulse arrives before the loss is fully recovered. In-
creasing the angle of acceptance by almost a factor of two did
"not noticeably change the magnitude of the transmitted intensity.

Trace B is the output intensity of the probe beam within
a cone angle selected to contain % 50% of the transmitted probe
beam intensity at thermal equilibrium. The time constant for the
decay of distortion after a 10 kW run measures about 5 seconds,
which is close to the thermal decay rate for the discs.

Trace C is the output voltage of the power supply
selected to yield an input energy of 8.0 ki per pulse.

The beamspread of the emerging probe beam at thermal
equilibrium was measured taking into account the loss in signal
due to depolarization and vignette shown in Trace A. The final
intensity ratio for the 2.0 kW and 10 kW average input power is
45% and 50%, respectively.

The results of these measurements at thermal equilibrium
are shown in Fig. 24, and were taken at the best focus of the probe
beam, correcting for beam steering and thermal lensing.
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Fig. 24f increase in single pass beamspread
. with average input power at

63281 wavelength
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The beamspread of the solid rod increased above 500 W
input power at a nearly linear rate of 0.6 mrad/kW. The maximum
input power was limited to 1.6 kW to insure that the rod was not
fractured and could be used for maximum output power measurements
as described in Section VII.

In comparison to the rod, the B-i showed little increase
in beamspread up to 10 kW; however, above this input level, at
repetition rates above 3 pps, a large increase in beamspread was
measured, which could have been caused Ly thermal-optic distortions
in the coolant, since the flow distribution of the B-i was not
very uniform.

The beamspread of the N-i increased above 2 kW at a
rate of about 0.2 mrad/kW, which could be caused in part by
thermal-optic distortions in the discs, since thermal lensing
was observed in the N-i and one disc fractured at 6 kW average
input power.

The change in single-pass beamspread for the B-2 as
compared to that of the solid rod is about one order of magnitude
lower. These data correspond to a potential improvement in
amplifier radiance of over two orders of magnitude for the B-2
over the solid rod.

The single-pass beamspread of the B-3 was found to be
larger than for the B-2, despite the improvements in the design
and the lower single-shot beam distortions. However, only three
flow reverser discs were used in the B-3 while the flow rate
was maintained at I GPM, which could explain this difference in
performance.

The single-pass beamspread of the N-2 was measured with
P an aperture of 16 x 12 mm in front of the N-2, to eliminate the

transmission losses due to edge effects as described in the next
section. A coolant flow rate of I GPM, a coolant temperature of
7'C and an input energy of 8 kJ per pulse were used for this
measurement. The improvement in the single-pass beamspread in
comparison to the other devices is probably due to the elimina-
tion of the edge effects and the lower coolant temperature. Time:.
did not allow measurement of the single-pass beamspread of the
N-3, which should be identical.

For the N-2, the single pass beamspread was also

measured for different coolant flow rates as shown in Fig. 25.
The results show a large reduction in beamspread with increasing
flow rate up to about I GPM. Higher flow rates are only effective
at high average input powers.
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Fig. 25 Dependence of the single-pass beam-
spread of the N-2 on coolant flow rate

At 4 kW input power a flow rate of 0.8 GPM is suf-
ficient. At 8, 12 and 16 kW input, flow rates of about 1.0, 1.3
and 1.5 GPM, respectively, are required to keep distortions low.
This behavior depends mainly on average input power and not on
the combination .of input energy and repetition rate chosen. How-
ever, the beamspread can be somewhat reduced at the same average
input power level by increasing the energy input per shot and
reducing the repetition rate.

In summary, the best performance of the N-2 at high
average input powers can be obtained at maximum flow rate and
energy input per shot, with minimum coolant temperature and
repetition rate.

3. ACTIVE TRANSMISSION LOSSES

As discussed in the previous section, transmission
losses were observed due to edge effects and depolarization.

The depolarization losses were measured with the disc
lasers between parallel and crossed polarizers. The passive
depolarization losses measured with the 63281 probe beam were
0.14% and less than 0.2-% 4or the 8-1 and B-2, respectively.
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Since the Brewster disc laser acts as its own partial
analyzer, the transmitted depolarized intensity is only part of
the total depolarized light generated in the device. Assuming
a uniform contribution of depolarized light from each disc, the
loss caused by the partial reflection within a Brewster disc
laser can be estimated.

Defining AD as the fraction of depolarized light gener-
ated in each disc in respect to the incident parallel polarized
light, the contribution AIi of the ith of n discs, counted from

the output side, to the total depolarized output beam after being
partially reflected at each successive interface with reflectivity
Rcan be described by

I !Ti/n i
Al. =AD I. (T-R T (77)

1 1W

with ii I T / 0i/n (78)
%1

where II = intensity of parallel polarized light
incident on ith disc.

I = intensity of parallel polarized light
incident on the Brewster disc laser.

1° = intensity of parallel polarized light
emerging from the Brewster disc laser.

T = transmission of the Brewster disc laser
in the low loss plane of polarization = I/I.

= transmission of the output face of the
Brewster window for the high loss plane
of polarization • 85%-.

The total depolarized output I1 is then the sununation for all
n discs:

: n •, a n

. -. Al A D -0 T (R for R << I (79)
w. ."2R
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The total amount of depolarized light generated in the device I'
is

I A ~ I U =A tIlZT~I-/nwnAD I" for Tft1

(80)

For R =1.5%, n =67 and Tw = 85% the depolarization D of the B-2
is

D f n AD; 2.7 I (81)
1 10

which means the ratio II/Is, which was measured with a 6328 'A
probe beam and isindependent of the absorption losses of the
d.,vice, can be correlated to the depolarization D of the B-2 at
1.06 pm using Eq. (81) above. However, the retardation at 1.06 Pm
might be less than at 6328 X, which would reduce the expected
depolarization at 1.06 4m.

For the B-2 with T = 78% only about 30% of the depolarized
light generated in the device is transmitted while the rest is re-
flected and lost internally. This would increase the measured
passive depolarization losses to about 0.5% which is still negligible.

After a single 8 kJ shot of the B-2, about 1.3% Of the
total probe beam intensity was found to be in the wrong plane of
polarization, which corresponds in a total depolarization loss of
about 3.5%. The relaxation time for the depolarization after a
single pulse of about 3.5 seconds agrees well with the thermal
decay rate for the discs of about 4I seconds as discussed in
Section 111.2.

The depolarized component of the transmitted probe beam
was also measured under repetitively pulsed operation. A typical
set of chart recorder traces is shown in Fig. 26 for two input
powers of 5 and 10 kW into the B-I with an energy input of 3.5 kJ
per pulse. Trace A is the voltage of the power oupply and Trace D
the temperature'difference between coolant outlet and inlet.
Trace B, taken with the polarizing analyzer oriented in the pre-
ferred plane for the.B-1, shows a decrease in signal of 15 and 20%
at 5 and 10 kW input power, respectively. Trace B, taken with
the polarizing analyzer oriented-in the high loss plane of the
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Fig. 26 Change in transmission through the B-i
with parallel and crossed polarizers
for 63281 probe beam due to depolariza-
tion at 5 and 10 kW average input power

B-i, shows increases of 8 and 12% at the same time. By using the
calculations above, the derolarization D for the B-i can be
estimated by D f 1.8 1' /10 which results in a total depolarized

-SV light generated in the B-i of 14 and 21% for 5 and 10 kW average
!i. input power respectively, which agrees well with the observed

decrease in signal of Trace B. Without a polarizer in front of
the detector, the relative transmission decreased by about 7% at
10 kW input, which comes close to the estimated loss of 9%.

The same measurements were taken with the B-2 and B-3,
but at 8 kJ input energy per pulse. Since it was not possible to
determine the total depolarized light generated in the Brewster
disc lasers directly, because most of the depolarized light was
lost internally, the depolarization loss of the N-2 was measured
for comparison. The results of these measurements are shown in
Fig. 27. The observed losses in relative transmission at 63281
with parallel polarizers are almost the aame for the different
devices. The depolarization lossis of the U-2 wexe measured at
a flowrate of I GP14, a .coolant temperature of 20C an energy
input of 8 kJ. per pulse and with an 16 x 12 mm aperture in front

uof the N-. under these -onditions and without an analyzer, the

transmission of the 63281 probe beam ,did not change with input
power. The 16 x 12 = aperture was necessary to eliminate
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Stransmission losses due to edge effects, which were observed whenS~the full aperture of the N-2 was illuminated by the 63281 probe
beam. 

.
The depolarization losses of the B-3 were taken withthe full aperture, but otherwise under the same conditions as fortihe N-2. The somewhat higher losses for the B-6 could be caused

by edge effects.

.. Changing the coolant flowrate and temperature of theN-2, while maintaining an input power at 8 kW resulted in increas-
ing depolarization losses of 10, 19 and 236 for increasing flow-.rates of 005, 1.0 and 1.5 GPM respectively. in addition, the

••• depolarization losses were found to increase for lower coolant• temperatures. To reduce the depolarization losses, low coolantflowrates and high coolant temperatur'es are desirable, which is
contrary to the requirement to reduce the beam distortions in the
coolant. These opposing requiriments havelto be well balanced inan optimum Brewster disc design, while depolarization is of noconcern in tle nosmal indidteneeftapproach.

The transmetted intensity of tethe 6328 probe beam inthee depolarization isealso shown in Fig. t27. with
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polarization increases with average input power as expected and
equals the transmission loss measured with parallel polarizers in
the case of the N-2. For the Brewster disc lasers, the depolarized
light is only partially transmitted and is reduced by the factor
in Eq. (81), which is 1.8, 2.7 and 4.1 for the B-i, B-2 and B-3,
respectively. The difference in this factor for the B-3 in com-
parison to the B-2, is the higher reflectivity of 2.5% per disc
surface for the B-3, because of the higher index of Ed-2 glass.

The change in transmission of the disc lasers was also
indirectly measured with a 1.06 pm source, as the change in ef-
fective gain for single shot and repetitively pulsed operation.
The results are also shown in Fig. 27 in the form of dashed curves.
The initial increase in effective gain or transmission could not
be explained, especially since the 1.06 pim probe beam was reduced
in size to avoid the edges of the disc laser. The loss in ef-
fective gain at high average input powr to the N-3 is probably
due to beam distortions, because the acceptance angle of the
thermopile used to measure the output energy was only about 1 20
mrad. The loss in effective gain for the B-3 at high average
input powers is greater than for the N-3 as expected. However,
the observed depolarization loqses at 1.06 gm seem to be appreciably
lower than at 63281, probably due to the difference in retardation.

4. AVERAGE RADIANCE MEASUREMENTS

The average radiance capability of the B-3 and U-3 was
measured by amplifying a single laser pulse from a high radiance
device, after thermal equilibrium was reached for the repetitively-
pulsed disc lasers. This approach had to be taken since there was
no high average power laser available with a sufficient low beam-
spread, which could have been used as driver.

The 1.06 4m laser beam from the high radiance device
was well collimated to about 0.5 mrad. An aperture in front of
the disc laser was used to reduce the beam in size, just suffi-
cient to avoid the edges of the discs. With this arrangement,
the single pass beamspread of the B-3 and N-3 was measured and
found to increase about linearly with input power from 0.6 mrad

• :. without pumping, to 3 mrad at 30 kW average input power. The
measured beamspread for the B-3 and X-3 was the same within the
accuracy of the measurement, but somewhat higher than expected
from the measurement taken with the 6328k probe beam. with the
size of the 1.06 Wm probe beam reduced to 11 mm in diameter, the

Sbeamspread of the N-3 was improved at 24 kW from 2.5 to 1.5 mrad
- over the central area, bwhioh again indicates appreciable edge
effects. The. passive. beamspread of 0.6 mrad isemainly determined
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by the probe beam. The beamspread during repetitively pulsed
operation was also measured using a Q-switched probe beam, with
identical results.

The small signal gain of the B-2 at 12 kJ input was
measured at 16 dB, which corresponds to a stored energy of 0.5 J/cmn
using the advertised 01 specific gain coefficient of 0.18 cm2/J.
With a linearly polarized input beam of 30 J, a maximum energy of
100 J was extracted from the device within a beam cross-sectional
area of 2 cm'. This corresponds to an average extracted energy
of 1.2 J/cm3, which is much larger than the calculated stored
energy available. Since the measurement was taken with a normal
mode signal, repumping has to be considered, but does not explain
the full difference. From other measurements on ED-2 arnd AO glass,
a specific gain coefficient of about 0.1 cm2/J seems to be more
reasonable, which would help to explain the discrepancy.

The Q-switched amplifier performance of the B-3 and N-3
was tested with 40 nsec 0-switched pulses from the high radiance
device. With the B-3 pumped at 6 XJ, a 6 joule input signal was
amplified to 30 joules in a 2 cm2 beam. At this energj density
of 15 J/cm2 , the surface of the output window was severely
damaged. Increasing the beam cross-sectional area to the full
aperture ind decreasing the output energy to 23 joules eliminated
this problem. A maximum output power of 90 W was obtained with
the B-3 pumped at 4 pps and 6 kJ energy input per pulse. These
results correspond to an average radiance for Q-switched signals
of about 5 MW/cm2 -sr.

Wfth the N-3 pumped at 6 RJ, Q-switched pulses of 5
"joules and 40 nsec duration were amplified to 22 joules. At a
repetition rate of 5 pps an average Q-switched output power of
110 W was obtained. Higher average output power could be obtained
for lower gain levels, which makes the meaning of average power
or average radiance for an amplifier irrelevant-without consider-
ing the effective gain.
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SECTION VII

OSCILLATOR PERFORMANCE

1. SINGLE SHOT DATA

Th- evaluation of a laser as an oscillator is the most
critical test, since all imperfections and losses are magnified
by the many round-trips of the laser beam inside the cavity. For
the application of a disc laser as amplifier, the somewhat lower
transmission and gain can be easily tolerated especially under
repetitively pulsed operation, where the beam quality is greatly
improved.

The initial output characteristics of the disc lasers
operating as normal made oscillators, are shown in Fig. 28.

rH

A..4

"iP [ 7/ ; /* /. i.1 / t.-..,

.ig. 28 •Single shot. oscilator performance
/-. under normal mode oper)ation

/ 4

Over -extended periods of time. and many .shots, the performance of
most disc lasers, except the B-3 and-N-3I deteriorated slowly due
to coolant contamination and solarization as discussed in
Section IV.. The results for the .dis• Ilmrs were. cmpared to
those of equivalent solid rods in-- hsam. opum cavity. in all
oases, the out. .,reflectance was. optimize for best overall
performance.
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For the B-i a maximum slope efficiency of 0.85% with a
threshold of 1.7 kJ was obtained, using an output reflectance of
59ý and a pump-pulse of 0.83 msec duration. The single-shot beam-
spread was measured to be 4 mrad at 2.4 kJ input. In comparison,
a 2% Nd-doped, 2.54 cm diameter solid rod with normal ends, had a
higher slope of 1.45% with a lower threshold of 1.4 kJ, using its
optimum output reflectance of 45%.

For the N-i with magnesium fluoride coated discs and an
output reflectance of 28%, a slope efficiency of 1.6% and a thres-
hold of 2 RJ was measured, using the 40 kW power supply, which
provided a pump-pulse of 0.9 msec duration.

For comparison, a 2% Nd-doped solid rod 18 mm in dia-
meter was installed in a fixture with the same pump geometry as
for the N-i. The rod had a 50bevel at one end and was completely
immersed in water. The other face of the rod was normal to the
optic axis and aligned to the output reflector. The maximum
slope efficiency of this rod was 2.2% with a threshold of 2.3 kJ
using an output reflectance of 10% and a pump-pulse of 0.64 msec
duration,

Since an improvement in oscillator efficiency was observed
in other measurements with higher Nd-doping than desirable for
uniform gain in the amplifier mode, a 3% Nd-doped rod was tested
in the N-i fixture. To prevent solarization, the rod was totally
immersed in a 10% aqueous sodium nitrite solution. With this rod,
a 27. improvement in slope and threshold was measured, despite
the use of a less desirable pump pulse of 0.9 msec duration with
a long RC decay*

For the B-2 a maximum slope eZficiency of 21% and a
threshold of 2 kJ was measured u&i!- an output reflectance of
.26$ and a pump pulse of 0.6 msec s -ation

To determine the efficiency of the U-2 pump geometry, a
3% Nd-doped rectangular bar measuring 17 x 21 mm, which is equiva-.
lent to the disc dimensions, w5 :tested in the 3-2 cavity. The
resualts shown in Fig. 28 represent an average of the output
characteristic of the rectangular bar, measured several times
during this program. for reference data to reflect any changes in
the quality of the pUmp. cavity. TO investigate the discrepancy
in performance:between the.8-2 and the Solid bar, rails similar
to the B-2 railo were-installed to simulate the shading effect of'

Sthe rails,,Vhidh resulted 25%.dearease in slope efficlency,
While the threshold romained-about the 44Me Thea.results'
s.ggest.tat .. p mare of tramsparent m aterial&I for the. B-m rmail



would significantly enhance the B-2 performance. However, there
are still significant differences in efficiency and threshol"
after taking into account the losses due to the rails.
differences are probably due to the differences in tran..ie
gain, vignette and beam distortions. The transmission los.e
disc lasers are higher than for equivalent solid rods., because
of absorption losses in the coolant as well as scatteririg and
reflection losses on the disc surfaces. The gain i.n' a disc la. r
is lower, because the active volume of laser glass is reduco. k

amplified spontaneous emission is increased due to the many
internal reflections from the disc surfaces. The clear aler- -
of a disc laser is reduced because the tolerances requiriý-t' .or
ease in fabrication and assembly allow some displacce..•',•%rv -,f the
individual discs. In addition, vignette is caused 7: the beveled
edges of the discs and the displacement of the laser beam in the
Brewster disc array. Losses due to beam distortions in the coolant
and bubbles generated during the pump pulse will also reduce the
overall efficiency of a disc laser in comparison to a rod for
single shot operation. More details about the measurements on
the B-i and N-I are given in Ref. 13 and on the B-2 in Ref. 16.

The output performance of the N-2 was not reproducible,
because of the imperfect coatings of the discs as discussed in
Section TV. The many internal reflections contributed signifi-
cantly to tho output, depending upon how closely it was aligned
to the optical axis. The reflections from the individual discs
'were all within an angle of * 30 mrad. With the disc faces a~i',4
to the optical axis, a slope efficiency of 1 .1$ with -a -hrehd
"of 2.0 kJ was measured using an output reflectance of 30%. With
the disc faces tilted with respect to the optical axis, about a.
304 lower. slope and a 10f higher threshold was observed. The
internal reflections resulted also in a large beamspread of akout
10 mrad in comparison to 4 mrad measured with the a-2. Tho'beci-.
spread of the N-2 was reduced to 6 mrad, with the disc faces
tilted with respect to the optical axis, and with an optical
correcting lens installed to .cc"m sate for the +0.1 diopter
spherical power of the discs.

The N-2 was also operated-as a Q vkit4*tet oscillator,
utilizing a rotating prism to avoid polarization of the beam and
the associated depolarizationhlosses Th. rotating pri. also
has the advantage of malk.taining optical aliqz nt in .a similar
manner to that of a .-etroreflector. ILwev*r, the roof of the

- prism has to be well alignod to the onterline of the-beam to

avoid losses due:to vignette, .the -clear -apertu•e of the prism is
27 x 21 mn which. shoaold be . euate for lthe .21 X 27 an aperture
of the U-2. The rotating Primm vas eitatioally andw dynamically
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balanced and operated up to 400 Hz without any difficulties. The
normal mode performance of the N-2 with the prism stationary was
found to be the same as with the 100% mirror. However, under
Q-switched operation, a slope efficiency of only 0.35% was measured
with a threshold of 1.9 kJ using a 30% output reflector. At 8 kJ
input a maximum output energy of 15 joules was obtained in a pulse
of 100 rtsec duration. The poor performance of the N-2 under
Q-switched operation is prooably caused by amplified spontaneous
emission within 'the device due to the imperfect coatings. At
8 kJ input prelasing was observed even with the rotating prism
blocked, which amounted to an output energy of about 2 joules.
With the output mirror removed, the N-2 was still O-switching off
the internal reflections at an input of 8 kJ. From these results
it became apparent that better coatings are essetial for Q-
switched operation of the N-2,

The B-3 provided the best overall efficiency so far
with a slope of 2% and a tlirnshold of 1.7 kJ, using an output
-ilectance of 30% and a pump pulse of 0.66 msec duration. This

uflpro- taae, opobably due to the higher transmission and gain
o. r.,thi4 dývice in comparison to the D-2. The single-shot beam-
spread of this device was 2.4 mrad which comppres favorably with
• the 4: mad measured for the B-2. This improvement is in
S- - due to the tower operating temperature of about 7'C
for the o i• comparison to 20OC for the B-2, because

Sf,• %he seasonal variations in the temperature of the tooling
• " " wator.

The 0-3 was also Q-switched with a Pockels cell, con-
sisting of a 25. mm cube IDVP crystal, providing a clear aperture
of 19 mm x 16 mm. The B-3 served as the polarizer providing about 10
dB loss in the high-loss plane of polarization. The insertion
loss of the Pockels cell was negligible since the normal-mode
output was essentially the same as with the 100% mirror. Since
the B-3 had to be operated bdlow 10 J O-switched output to preventdamage to the device, the power-supply was changed, reduqingLhe.

capacitance and increasing the voltage to provide easier trigger-
ing of the flashlamps. Wi.th the resulting shorter pump pulse of
about 0.45 wsec duration, the threshold was reduced to 1.0 ki
with slope efficiencies of 1.3 and 0.9( for long pulse and Q-
switched operation, respectively. During Q-switched operation
at 10 joules output with.a. pulse duration of 30 asee, the 30%
"output reflector and the )D*P Crystal was damaged. To avoid

damage to the output reflector, a sapphire flat was installed.
This change, plus the duage in the crystal, increased the thres-
hold to 1.5 k3 with slope efficiencies of 1.4% and 1.0% for long
pulse and O-switdhed operation respectively.

.4C
I•. ,:•-: ... ..

*• 8-6.... -



With a new KD*P crystal, a 15% higher threshold was
measured. This might be due to increased loss in the new crystal
which was only 90% deuterated, while the first crystal was 99%
deuterated. The B-3 was Q-switched up to the 10 joule output
level without any damage to the KD*P crystal. However, under
repetitively-pulsed operation, the 100% mirror deteriorated,
which seems to be the final output-limiting component for Q-
switched operation.

The slope efficiency and threshold energy of the N-3
were measured using different output reflectors. The best over-
all performance was obtained with a 20% output reflector, which
resulted in a threshold energy of 2 kJ and a slope efficiency of
-1.65% at a pump pulse of 0.66 msec duration. The difference in
performance of the M-3 in comparison to the B-3 could only be
caused by. the difference in passive transmission of 71% and 84%
respectively, since all other conditions were essentially the
same for both devices. The 15% higher loss in the N-3 agrees
quite well with the expected and observed change in threshold
and slope efficiency.

-The -single-shot beamspread of the N-3 was measured to
be 5.5 mrad, at 10 kJ input and 123- J output onergy, This single- -
shot beamspread is about twice as high -asmeasured for the B-3,
which might. be caused by the many .%ak reflectionlswithin the
N -3.

2. REPETITIVELY-PULSMD OPERATION

The average output powr and beamspread of the different
lasers during A.epetitively-pulsed operation were m'easured with
two calibrated photodiodes. The integration time c:nstlnt of
these photodetectors was chosen long in comparieon to the output
pulse duration of about 0.5 meet, but short in comparison to the
pulse interval at a repetition rate Of a few pps. This arrange-

.... .. ment made it possible to record the energy per pulse on a recorder
with a fast response time. The deflection on the recorder was

A found to be linear with output energy from the laser and was
calibrated, using a ballistic thermopile. The beamspread was
measured by focusing part of the output beam onto an aperture
which transmitted about 50% of the beam :enery after thermal
equilibrium was reached.

Typ8a chatt recorderstraces for the B-2,* the 3% Nd-
doped 18 mu OD olid rod anid the U-3 are shown in Fig. 29, 30
ad 51 respectively. Ifrace 29hashows the total output energy
per. pulae for' the 0-2. Vh* outpuat --ergyX for the f irst pulse of
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rig. 31 Oscillator performance of the N-3 at
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70 J is low in comparison to the initial results taken with the
1--2 due to solarization and contaminated disc surfaces, as al-
ready discussed in Section IV. Thermal equilibrium should be
reached after about 19 seconds as indicated by the differential
temperature (Trace D); however, the output continuously decreases
due to the end windows moving in their holders, causing tho cavity
to misalign. This is evidenced by the I to 2 mrad of permanent
mirror misalignment at the end of this series of measurements.

. Trace 29B shows the amount of the output energy within
an angle of 10.8 mrad, which-was selected to show • 504 of the
output energy at the end of the 2.0 min run. Initially, 78% of
the total output energy is within the angle of acceptance of 10.8 mrad.
For the first 20 seconds the beamspread is essentially constant
but later, the beamspread becomes continuously greater as evidenced
by a steeper slope of Trace B as compared to-Trace A. This in-
crease in beamapread is probably also caused by the steering of
the beam' duie to window movoment. Stabi.izing the windows should
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greatly reduce the observed increase in beamspread and loss in
output energy.

Trace 29C shows the output voltage on the power supply
capacitors of 5.94 kV which corresponds to 8.0 kJ input per pulse.

Trace 29D shows the differential temperature, which
after reducing the data, indicates that about 15% of the flash-
lamp pump input is dissipated into the water. This agrees with
previous results obtained for the B-i and N-i as described in
Ref. 13. The observed time required to reach thermal equilibrium
of about 15 to 20 seconds agrees reasonably well with the estimates
in Section 111.2.

The radiance measurement for the 3% Nd-doped solid rod
was taken with the rod mounted in a close-coupled fixture, which
resulted in a slope-efficiency of 3.64 and a threshold of 1.9 kJ
using an output reflectance of 17% and a pump-pulse of 0.9 msec
duration. The maximum input energy per pulse was limited to
"7 kJ to avoid damage to the output reflector above 170 J output.
After repetitively-pulsed operation for an extended period of
time, the output performance of the rod deteriorated from 170 J
to 122 J per pulse. After the 8.4 kW run shown in Fig. 30, the
rod h&d a permanent optical distortion of about -0.12 diopter,
which along with solarization of the rod and the Supremex water
"jackets, caused the slope efficiency to drop off 30% to 2.5%
with little change in threshold.

Trace 30A shows the total output energy, which increases
"for the first few pulses, but remains in general quite steady,
while the radiance decreases during the first 60 seconds as
evidenced by the loss. in the angular-limited output signal in
"Trace 30B.

The performance of the N-3-at 35 kW average input power
is shown in Fig. 31. The total output power remained .essentially
constant at about 120 J per pulse, while the radimace decreased
during the first 20 seconds as shown in trace 31A and B. At
thermal equilibrium, about 60f of the total output energy of the
2-3 was within 15 arad, which corresponds to a bemspread of
1... mxrad.

The results Of .these measurements of average output
power,. solid angle bewspread and average radiance are shown in
Pig..32, 33. and -3 respectaivly. The 3% Id-doped solid rod pro-

Ugevided the est overall effici Cted, with a maximum.

of 150 W average output power. Sine. the solid angle beamspread
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Fig. 34 Average output radiance for the
disc lasers and the solid rod
under normal mode opera Lion

increased about linearly with input power at a rate of 105 jisr/kW,
the radiance of the 3% Rd rod was found to be about constant at
34. kw/cm* sr. At 9 kcw average inpuit power, the 3% Nd rod fractured
due to thermal stres3. Ite maximum tensile stress on the surface
of the rod was estimated. with Eq (5) at 18,000 psi, assuming 15%
of the input power is absorbed in the rod.

Ay comparison, the 2% Nd-doped solid rod, evaluated
previously., had a lower output radiance of 13 kW/cm*-sr, which
was the result of about an equal increase in solid angle beam-
spread with input power of &.4 go&r/kW; however,, the output power
was significantly lower due primarily to operation closer to
threshold and a poorer pumping geometry., This rod fractured at
3.5 kWf average input power'. which corresponds to a maximum Stress
of 7,000 psi,- and indicates the large variations of the tensile
strength from the average value of about 12,,000 psi for rough-
sided laser rods.

1...The. maxim~um output power measured for t3:ý -24; Rd-doped
rod and the N-1 of'about 1.7 W and 30 W respectively, is poor
because a low input energy close to threshold was choosen, which
reduced the overall efficiency wand oes not allow. a. fair compari-
aom to. all UrA other devices. for 'the N-1 an average radiance of,
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approximately 40 kW/cm2 -sr was measured, which is about three
times higher than for the 2d Nd-doped rod in the N-I pump cavity.

At 6 kW average input power to the N-i, one disc fractured.
From the calculation in Section 111.3 a maximum tensile stress of
about 3,000 psi was determined for an average power input of
2.2 kW. Since the calculations also showed a linear relationship
between stress and thermal loading, a maximum tensile stress of
about 8,000 psi was estimated for 6 kw input. This value is
again within the variations for the tensile strength of laser
glass.

The initial data taken with the B-2 resulted in a maxi-
mum output power of 140 w at 16 kW input power. Higher input
powers did not increase the average output power, probably because
of the imperfections of the initial design described in Section V.3.
During the radiance measurements, the average output power at 9 kW
was found to be only 56 W instead of the initial 104 W. This loss
in output power was primarily due to solarization of the discs and
coolant contaminations. Despite this loss in output power, the
radiance of the B-2 was approximately constant at 170 kW/cm2-sr,
because of about an order of magnitude improvement in the solid-
angle beameDread in comparison to that of the solid rods.

The overall efficiency of the N-2 was relatively poor
because of the imperfect coatings. However, the beamspread did
not increase appreciably with input power, which resulted in an
average radiance of 300 , W/om-sr at 12 kW input.

For the B-3, the overall efficiency was about twice as
high as for the N-2, while the beamspread of the B-3 and N-2 was
essentially the s&i'e. With the beam cross-sectional area of the
9-3 being 1.5 times smaller than for the N-2, because of the
Brewster windows, about a 3 times higher radiance results. At
12 kW average input power with 8 kJ input and 97 J output per
pulse, a beamspread of 6.9 iurad was measured which corresponds to

San average radiance of 930 kW/cm2 sr. At higher average input
powers, the radiance falls off because the solid-angle beamspread
increases faster than the average output power. At 30 kW average
input, an output of 100 joulee at 3 pps was obtained. The beam-
spread of the 300 W output beam was 13.5 mrad. In comparison,
the solid rod fractured at 150 W average output power at a 27
times lower radiance.

The average output powe and beamepread of the B-3 was
alto measured under repetitively 0-,witched oper ation. The B-
was operated at the 10 joule Q-switched output level up to 6 pps
as shown in the dwhed curve of Wig. 320. To maintain a constant
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output level, the input eneray was increased from 2.5 kJ single
shoL to 3.8 kJ at 6 pps. After several thousand shots, no damage
other than the bulk damage in the crystal was observed. The beam-
spread measured under Q-switched operation was found to be ap-
preciably lower than for normal mode operation as shown in the
dashed curve of Fig. 33. This reduction in beamspread could be
caused by the lower input energy per pulse. with a new KD*P
crystal, prelasing and after-pulsing were observed at 24 kW
average input power. This is probably due to depolarization in
the B-3, which does not provide sufficient polarization at high
average input powers to prevent prelasing. To prevent after-
pulsing,a pulse-forming network should be incorporated which
provides a 0.5 gsec square pulse to the Pockels cell instead of
the voltage step applied. With these changes, and a more durable
mirror, the ftull capability of the B-3 should be realized.

The overall efficiency of the N-3 remained essentially
constant at 1.3 % up to 25 kW average input power. A maximum
average output power of 420 W was measured with an input energy
of 10 kJ per pulse and a repetition rate of 3.5 pps. The increase
in solid-angle beamspread was measured to be about linear with
average input power at a rate of 4.3 Vsr/kW, which is comparable
with the results obtained for the N-2 and B-3. Since the average
output power and the solid angle beamspread was found to be es-
sentially linear with input power, the radiance of the N-3 was
about constant from 5 to 35 kW input power with a value of
0.5 mw/cm2 -ar.
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SECTION VIII

CONCLUSIONS AND RECOMMENDATIONS

The average radiance of the disc lasers has been at
least tripled every year during this program. The disc lasers
have been developed to the point where efficiencies close to that
of solid rods can be obtained, especially for amplifier applica-
tions. The devices operate reliably over many hundred thousand
shots. Earlier problems such as uniform flashlamp pumping,
mechanical stability, coolant contamination, solarization pro-
tection, disc holding technique, and uniform flow distribution
have been solved. Simplicity in design allows relatively loose
tolerances, ease in fabrication, assembly and maintenance.

From the data presented, a reazonably good understand-
fng of the behavior of the disc laser was gained. The experi-
mental results agreed well, in general, with our estimates and
allowed us to predict the performance of disc and solid rod lasers
for different geometries and laser materials.

Present limitations of the disc lasers are the thermal-
optic distortions in the coolant and at the edges of the discs,
losses due to depolarization or imperfect coatings for the
Brewster or normal incidence approach respectively, as well as
losses in pump light due to the opaque rails.

To reduce the thermal-optic distortions in the coolan~t,
the DO should be cooled close to its freezing point, where the
thermal index coefficient becomes negligibly small. In addition,
a short disc laser with a high-gain material like YAG would great-
ly improve the flow rate and decrease the thermal-optic distortions
in the coolant.

.4- To reduce the edge effects, which presently reduce the
Suseful aperture to about one half of the total pumped cross

section, thinner or clad discs should be considered to provide a
better radial-toi-*ial cooling ratio.

•IX Thinner discs should also reduce the depolarization
losses in Brewster disc lasers, while better monitoring of the
coatings should provide a. better tranwission for the normal-
incidence disc laser. Excellent coatings on YAG have been pro-
duced which match well with heavy water as coolant.

SA short YAG disc laser would also allow use of rails
Suaf from transparent materiales, whi would also help to improve

EA: ~ -9 5 . . .. : • •



the overall efficiency. Rails made of Fiberglass or other trans-
parent or translucent materials should be investigated.

The average radiance capability of solid rods for CW
or normal-mode operation can be increased by reducing the cross-
sectional area of the rod, which is difficult for the disc approach.
However, in the cases where a large cross-sectional area is re-
quired due to damage limitations at high normal mode or Q-switched
output energies, the disc laser provides the ideal solution.

I9.
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