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FOREWORD

This report has been prepared by the Corporate Technology of Owens=-
Illinois, Inc., Toledo, Ohio, under Contract DAHC 15-72-C-0170.

Dr. Norman L. Boling is the Principal Investigator and Program
Manager. Dr. George Dubé is the Project Scientist.

T2 views and conclusions contained in this document are those of
the auéhors and should not be interpreted as necessarily representing
the official policies, either expressed or implied, of the Advanced Re-
search Projects Agency or the U. S. Government.

This report is unclassified.
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ABSTRACT

In Section I, results of studies of Q-switched laser damage to
transparent uncoated dielectric suriaces are presented. It is concluded
that surface scratches and digs on some conventionally polished glasses
are not of prime importance in damage. Rather, contaminants left by ihe
polishing process determine the damage threshcl¢. Removal of these con-
taminants can be etfected by treatment in not nitric acid or hot water,
reising the threshold to as high as 500 J/cm® (%0 ns). The effective-
ness of the treatment is dependent on polishing history.

An analysis of pulse cutoff by the damage site is also presented.
It is concluded that the shape of the cutoff is not related to the dam-
age mechanism, but rather to the manner in which the plasma exypands
across the laser bean.

In Section II, results of experiments on the feac bility of a high
energy density laser are reported. Damage-free operation al more than
4.4 gh/en® (70 3/em® in a 15 ns pulse) was achieved. Restraints on

higher irradiance operation and possible improvements ire discussed.



1. SURFACE DAMAGE STUDIES

I-1. Summary

This is the tinal report on contract DAHC 15-17-C-0170 on which work

was initiated 1 July 1972, and terminated 51 August 1974, This vork

has been an extension of work begun under contract DAHC 15-69-0-0503

which extended from 1 July 1969 to 1 July 1972.

Only results obtained since the last semiannual report of 1 July 1973

will be reported herein, with previous data recapitulated only as needed

for clarity. The reader is referred to past reports for a complete view

of work accomplished under the contract.

The sub

Although it is generally held that a TEMpo mode laser is necessary for

accurate, reproducible work on surface damage, we have found that in some

circumstances a multimode laser is acceptable. With a multimode glass

oscillator-amplifier system, exit thresholds of 14O J/cm2 (30 ns) were

measured on ED-2, With s carefully constructed TEMgo mode laser, trresh-

olds of 125 J/em® were obtained. These thresholds are the same within

experimental accuracy. Multimode lasers can suffice tor accurate work

because gain saturation tends to ''smooth'! the beam profile and because

small ''hot spots'' arc erased i1 the far field.

Although basic theory suggests that scratches and digs on the surface

should lower the threshold for damage, we have found that defects on ED-2

laser glass after conventional, routine finishing in a commercial shop

are not detrimental. In fact

s Prolonged polishing to reduce the size

Jject of Section I is Q-switched laser damage to glass Surfaces,




and number of surface defects can sometimes result in a lower threshold.
he attribute this to increased contaminants introduced into the surtace.
We conclude that removal of such contaminants is more important than
'"superpolishing'' tor increasing the threshold. An effective method

of removal, for ED-2, appears to be submersion of the surface for several
hours in hot nitric acid. The effect of this treatment is dependent on
polishing history, but in some cases the entrance threshold is raised
permanently from approximately 150 J/cm2 to almost 500 J/cm2 without a
detrimental ef'fect on the surface optical quality. Treatment in boiling
water is almost as eftective.

Many materials of current interest will not withstand hot nitric
acid or water. Ve suggest that other high-temperature agents might be
etffective in greatly increasing the threshold for these materials.

An analysis of pulse cutoff by the damage site is also presentcd in
Section I. We conclude that significant pulse attenuation is always due
to a plasma and that the details of attenuation (fast cutoff’, slow cutoff,
cte.) can be explained by considering the plasma expansion rate and beam
size. It is inappropriate to infer a particular damage mechanism from
the pulse cutoft.

At the outset of this work several years ago, surface damage to
laser glass was held to be a limiting factor in G-switched operation.
Damage thresholds of 30-~40 joules/cm2 (30 ns) were often obtained. In
the course of this work and that of many other investigators, laser glass
with exit threshold greater than 100 J/cm2 is now commercially available

on a routine basis. This has been accomplished first by simply making
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accurate measurements of the threshold, which in some cases had always
been over 100 J/cmz, and second, by learning to avoid certain polish-
ing compounds and/or polishing procedures. With thresholds of over
100 J/cmz, surface damage 1s no longer a limiting factor in many glass
sysiems. In those systems where it might be a problem, we now know how
to increase the exit threshold to over 300 J/cm2 (about 50C on the en-
trance).

Although self-focusing damage was not specifically a subject of
this contract, some work on obtaining n, from linear parameters is in-
cluded here, since this work would not have been undertaken in the ab-
sence of the contract. The results are included as an appendix in the
form of a paper by N. L. Bol'ng, A. J. Glass of Lawrence Livermore Lab-

oratory, and A. Owyoung of Sandia Laboratory.

I-2. Introduction

In Section I we discuss several aspects of laser-induced surface
damage. Each subsection is self-explanatory. Two subsections, I-3 and
I-h, will perhaps be of the most practical interest. Section I-3 deals
with the role of surface geometrical defects in damage, and Section I-k
with the use of hot nitrie acid or water to remove surtace contaminants.
These two subsections are complete in themselves and can be read inde-

pendently of the rest of the report.

I-3. Experimental Arrangement and the
Non-Necessity for a TEMgg Laser

The experimental arrangement, including the laser and damage detec-

tion techniques, is described in detail in refs. 1 and 2. The laser is

~3-
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made up of a glass oscillator followed by four amplitiers. It operates

in the TEMgo mode and emits several joules in a 30 ns pulse. Measure-
ments at 4 ns have also been made, but unless specified otherwice, re-
sults herein were obtained with 30 ns pulses.

Output energies of several joules allow us to do damage testing with
a relatively large spot, about 1.8 mm diameter. This yields damage
thresholds of practical interest in real systems where large beams are
used of necessity. These thresholds are of'ten much ditterent from those
obtained with spots of a few microns or a tew tens of microns diameter.

Early in this work, it was taken as a truism that a TEMgo laser is
required to do accurate, reproducible damage measurements. This was
based on reports indicating that very low thresholds are obtained with
multimode beams relative to those obtained with TEMgy beams. Conse-
quently, we made a significant effort to design and construct a TEMg,
laser for this study. We now believe this was not necessary, although
it is still firmly held to be so by many workers.3® We base this conclu-
sion on damage thresholds obtained with a TEMg, beam vs. those obtained
operating multimode with a saturated glass oscillator-amplifier system.
For the multimode case, the damaging spot was several mm in diameter,
and the energy density was determined as an average across the spot.*
Damage measurements were made in the far tield for both the multimode
and single-mode cases. As reported in ref. 4, the multimode exit damage
threshold for ED-2 laser glass was approximately 140 J/cma. With the
carefully designed TEMpo laser, exit thresholds were measured as ap-

proximately 125 J/cm2, with the average across the 1.8 mm spot being

L.




100 J/em®. (This lower average value has been accepted by us for re-
rorting purposes in order to keep any error on the conservative side. )

The argument that has been used for the necessity of using TEMgq
beams involves small ''hol spots'' often seen in multimode beams. Tt
is argued that the energy density in these hot spots can be as much as
an order of magnitude larger than the average density across the entire
spot. This is perhaps true at the end of an amplifier where self-focusing,
for example, of the beam has occurred; but it is instructive to consider
semiquantitatively what happens to these ''hot spots'' in the far field.

Consider a spatially square beam of diameter D; and energy density
P1 incident on a lens. In this beam is a hot spot of diameter Do << Dy
and energy density p->. D, and Dy are focused to diameters d, and 4, re-
spectively. Elementary arguments show that the relative intensity be-
tween the beams D, and D, incident on the lens is decreased by approxi-
mately the tsctor (D2/D1)2 in the focused beams d, and d». Thus if a
100 micron hot spot in a 1 cm beam has ten times the energy density of
the 1 em beum and thesc two are tocused by the same lens, the intensity
of' the tocused 10 wm beam will be only 1072 that of the tocused 1 cm
bean  This argument is very crude, of course, but it serves to partially
quantify the statement that ''hot spots'' are diffracted out of the test
beam very rapidly.

Another reason for the obtainment of similar thresholds in single-
and multimode beams is advanced by G. Dubé. When a glass amplifier is
operated in the saturated region, hot spots tend to be smoothed over.

This was probably the case in the work of ref. U4 where the last amplitier




was operated well in the saturation region. The point we wish to em-
phasize here is that fairly accurate damage measurements can be made
with a large multimode beam when the sample is placed in the far field.
In fact, because the average energy density is relatively easy to mea-
swre in a large beam, it is probably pretferable to do many damage stud-
ies with large multimode beams rather than very small (a few microns)

single-mode beams where accurate spot sizes are difficult to ascertain.

I-4. Studies of the Relation between Geometrical
surface Defects and the Damage Threshold

In this section, we discuss the relation between surface defects -
scratches and digs - and the susceptibility of the surface to damage.
More specirically, we are interested in whether or not polishing the
surface to a high degree of smoothness atfects the damage threshold.
Before attacking this question, it is appropriatec to have an estimate
of Jjust how high the surtface threshold can be raised. Obviously, the
limit on the surface threshold is that of the intrinsic breakdown level
of the material, so the problem becomes that of determining the ratio
of surface threshold to intrinsic bulk threshold tfor so-called '!con-
ventionally polished'! surtfaces.

We use the terms ''conventionally polished!'' and '"superpolished'!
very loosely. By ''superpolishing,'' we generally refer to a ''bowl-
teed'' process which, it done carefully, leads to a surface with fever
and smaller scratches and a low rms roughness value. However, the ef-
fect of the jolishing process on the surtace depends on many factors.

Among these are the type and size of the grinding materials used,

-6~
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poiishing compound, composition polishing time, amount of water used on
the lap, etc. Seeming;y insignificant changes in any one of thesec can
lead to large changes in the modified surface layer created by polish-
ing. Because of this complexity, we stress that the terms "*super'! and
'"conventional'' are not sufficient to describe polishing. We use them
only because they have been used to describe results of other damage
studies.

To address the gquestion of bulk vs. surface threshold, we refer to
the work of Olness and Swain.5:® They investigated the effect of hydro-
fluoric acid etching on the entrance surface threshold of three commer-
cial glasses. A 5 ns, TEMgpo pulse from a glass laser was used. The
glasses as they were received from the manufacturer exhibited entrance
thresholds of 35 J/cm® (7 GW/cm®). We have made measurements at U ns at
Cwens~Illinois that agree well with these values. Upon etching in HF
acid and glycerin for approximately two hours, the threshold increased
by a factor of two to three, a significant increase. But when the sam-
ples were refinished using barnesite and a pitch lap, the result was even
more dramatic. The threshold increased more than an order of magnitude,
going as high as 380 J/cm? (76 GW/cm?).

Since these measurements refer to the entrance surface and since
the electric vector on the entrance has the same magnitude as in the
bulk, these values can be used to indicate a minimum value of the bulk
threshold. That is, since Olness and Swain saw no internal damage,”’ we
can conclude that the bulk threshold was at least an order of magnitude

higher than the conventionally polished surface threshold.
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We have found further evidence tor this in other work. Feldman
has measured a minimum intrinsiec bulk threshold ot 50-60 Gw/cm2 ot 25
ns tor laser plasses.® At Owens-Illinois, we have regularly been ob-
taining thresholds of 4 to 6 Gw/cm2 (30 ns}, again at least an order
of magnitude below the minimum bulk threshold.

On the other hand, recent measurements have been made of the ratio
of bulketo-surtace breakdown levels using the same test setup for both
measurements.® In these measurements, a small beam (®~ 20 um) was focused
tirst inside the sample and then on the surface. The probability of
breakdown in these two positions was measured. For conventionally pol-
ished BSC (borosilicate crown) glass, a bulk-to-surface ratio ot only 1.7
was obtained. Thus, there is a rather wide discrepancy among reported
bulk-to-suriace ratios.

One reason for the discrepancy could be that, in the work of ref.

9, shots on which it was judged inclusions were struck were not counted,

nor were the levels at which these inclusions damaged reported. That is,
only shots on vwhich it was judged that intrinsic damage had occurred were
counted. This could lead to the high reported values for surface break-

down (34 GW/en® or ~ 40O J/em® at 12 ns).

Another reason for the discrepancy could lie in the subtleties in-
volved in using very small beams tor damage studies, as was done in ret.
9. If we accept as a premise the idea that, for small enough beams,
there is no sharp damage threshold, but rather only a probability tor
damage at a jiven energy density, it is profitable to analyze an experi-
ment that compares the probability of bulk breakdown to surface break-

down. In such an experiment, damage is due to at least one free electron

gaining enough energy to begin an avalanche.




Consider Figure I-1. The laser beam is focused through a microccope

lens of focal length f to a 3pot of diameter d on a sample surface that
has no inclusions and is perfectly uniform. ZLet's suppose in this ideal
experiment that the beam profile is sguare and not Caussian as in mocl
real experiments. That is, it is possible to associate unambiguously an
energy density to any shot that causes damage. 1In this way we can ascer-
tain the electric field ''seen'' by the electron that starts an avelanche.
One proceeds to hit the sample with a large number of' shots at a constant
energy level, counts the number of these that cause damage, and then de-
termines the probability PS(E) of damage at that energy level. Now sup-
pose 4 is doubled while maintaining the energy density constant, and the

experiment is repeated in a second series of shots. It 1s obvious that,

f if the beam is small enough to see statistics, the probability for dam-

age will be greater in the second series. The reason tor this, of course,
is that the probability of damage depends on the initial number of free
electrons available to initiate an avalanche in the irradiated volume.

The point of this argument is that, for a beam small enough to see
statistics on a uniform surtace, the parameter of practical interest is
not the probability of damage at a given energy level, which is system-
dependent, but rather the probability of damage per unit area of surtface

1 irradiated. In fact, even thisc is over simpliflying things. The break-
down nccurs not an idealistic two-dimensional surface, but in a surface

layer of probably a few hundred angstroms depth. (We consider this

I Dl i linliiey -

depth to be roughly that of the modified surface layer left by the pol-

ishing process. It is in this layer that one expects higher free electron

-9-
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densities due to stresses, impurities, etc.) Thus, one should really
consider the probability of' damage per unit surtace volume as indicated
in Figure I-l.

Let us imagine next that the beam is now focused inside the sample
to measure the probability of bulk breakdown P

B
Again, it is obvious that the number of free electrons in the tocal vol-

(E), as in Figure I-2.

ume VB is system-dependent, and therefore that PB(E) is system-dependent.
If we consider the ratio PB(E)/PS(E), it might appear that the

system-dependence cancels. That this is not the case can be seen by

considering that the ratio VB/VS (in Figures I-1 and I-2) changes as

the focal length of the lens changes. That is, V, is roughly yropor-

B

tional to 2, while V. a t2.

S
Thus, the ideas of electron avalanche and damage probability lead

us to conclude that the ratio of bulk-to-surface breakdown levels cannot

be measured with very small beams. However, one might make the seemingly

obvious argument that, if the sample surface is placed in the middle of

the beam waist as in Figure I-3, and the bulk is seen to damage before

the surface, then surely the surface breakdown level is at leact that

of the bulk. After all, the beam has to pass through the surface to cet

to the bulk! Again, this argument is wrong it one accepts the idea of

damage probability. This can be seen by considering again that VB/VS

(Figure I-3) changes with f. If f is doubled, for example, the number

of free clectrons in the surface volume is quadrupled, while the number

of free electrons in the half of the focal volume in the bulk goes up by

about a factor of nine, and therefore PB(E)/PS(E) is not constant.

-10-
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We have gone on at some length with this analysis of small beam
results in an attempt to resolve the discrepancy in reported ratios of
bulk-to-curface breakdown. On the basis of this analysis and reported
large beam results, we conclude that, on conventionally polished lac v
glass, which exhibits entrance thresholds of 4-6 GW/cm® at 30 ns, the
surface threshold is at least an order of magnitude below the bulk
threshold.

We return to the effect of scratches and digs on the surface thresh-
old. The idea that a scratch or dig should influence the damage thresh-
old stems trom the work of Crisp, et al, who showed the importance of
considering the local macroscopic field in damage studies.® Thus by
a straighttorward application of Fresnel's equations, they were able to
explain the asymmetry between entrance and exit damage thresholds.
Bloembergen extended the ideas of Crisp, et al, by observing that the
electric field of a laser beam is enhanced at scratches and digs.!® He
theretfore concluded that such defects should lead to a lower damage
threshold. This lowering of the damage threshold by defects would take
place whether damage was due to either avalanche or inclusions. How-
ever, because small enough inclusions do not damege, and because free
electrons can diffuse out of the high electric tield regions around
small enough scratches before an avalanche can build up, it was theo-
rized in ref. 11 that defects of less than about 100 R in their small-
est dimension should not lower the threshold.

Before Bloembergen's analysis, Guiliano had conducted surface dam-

age experiments on ion polished sapphire.'? The sapphire samples were

-11-
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generally smoother than is often achieved with a conventional polish,
and the threshold was indeed higher by a factor of from two to six than
on conventional surfaces. These results are often cited as confirma-
tion of tbe correctness of Bloembergen's analysis. However, an alter-
native interpretation is that the increased threshold resulted because
ion polishing introduces less contaminants than a conventional process.,

More recent experimental work on the comparison of intrinsic bulk
breakdown to intrinsic breakdown of superpolished surfaces has also
seemed to support Bloembergen's analysis.® 1In fact, the work of ref. g
implies that glass surfaces do not have to be polished very carefully
to raise the intrinsic threshold of the surtace to that of the bulk.
(Again, inclusion damage was excluded in the data.) Close examination
of' the electron micrographs of superpolished BSC glass in ref. 9 reveals
scratches as large as 2000 K, and yet the intrinsic surface threshold
was reported to be the same as that of the bulk. Laser glass can be
polished to this degree (< 2000 ) scratches) on a routine basis with
''conventional'! polishing techniques.

Damage thresholds of ''conventionally polished'' and ''superpolished'!
fused quartz are also compared in ref. 9. The ''conventional polish'?
can only be described as terrible. Defects as large as one micron are
clearly visible. The ratio of surface-to-bulk threshold on this was
again 1.7. The ''superpolished'' fused quartz again had a surface easily
obtainable by routine polishing. Our interpretation of these micrographs
and reported results is that no special care in polishing is required to

achieve the results presented in retf. 9.

-12-
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We note that the experiments of ref. 9 were done with a very small
beam (~ 20 um) and that a probability rather than threshold interpre-
tation was made. The analysis of small beam measurements presented above
causes us to question the meaningtulness of the ratios reported. How-
ever, such <~ veriments, it the geometry is maintained, should reflect
changes in the surface-to-bulk ratio from sample to sample of the same
type material.

The two works discussed above (refs. 9 and 11) are consistent with
the idea that a smoother surface leads to a higher damage threshold.

On the other hand, the work of Olness and Swain®,® on HF etched laser
glass might lead one to a different conclusion. After deep etching of
the commercial laser glasses they tested, which could have been expected
to exhibit ocecasional scratches of a few thousand angstroms when supplied
by the vendors, the surfaces were lef't in extremely rough condition. De-
fects as large as 3 to 4 microns can be seen in the optical micrographs
of ref. 5. 1In this case then, the change vas from a fairly smooth sur-
face to a very rough one, and yet the damage threshold increased by an
order of magnitude. This suggests two points. First, increasing the
surface geometrical defects does not necessarily decrease the damage
threshold. GSecond, surface contaminants play the major role in deter-
mining the damage threshold.

Because of these seemingly conflicting results, we have measured
the damage threshold of several samples that have been bowl-feed pol-
ished. We note again that a large beam was used in our experiments, so

no shots could be discarded because of inclusion damage. Thus, the
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thresholds we measure are practical; i.e., they are representative of
what one might expect in a real laser system that of necessity utilizes
a ''large'' beam.

To ascertain the relative smoothne:s of the surfaces we have damu;
tested, electron microscopy was used. Some may object that surface
smoothness cannot be quantitatively measured in this way and that an
rms roughness measurement would be more appropriate. However, since
theory indicates that only defects larger than about 100 A are detri-
mental,ll we are interested only in isolated scratches and digs. Elec-
tron micrographs are better suited for this than are rms roughness mea-
surements.

Figures I-4k and I-5 Juxtapose two surtfaces of ED-2 laser glass. Both
have been bowl-feed polished in the same manner, except that the one in
Figure I-4 was polished longer in an attempt to further remove scratches.
Thls surface did in fact present a slightly better appearance when viewed
in its entirety. Yet the damage threshold on this longer polished sur-
face was only 45 J/cm2 (@5 GW/cma), while the threshold of the other
surface was 90 J/cme. These two surfaces, however, were polished with
Jewelers rouge (iron oxide), which is known to cause low damage thresholds
at 1.06 pm.2 Initial damage is always due to inclusions on rouge-polished
surfaces. But two inferences can be drawn from the data. First, longer
polishing to get rid of scratches can lead to a much lower threshold.
Second, the polishing history, aside from geometrical defects, is ot

prime importance in damage.

T A p——— PR e



r
Another set of compariscn surfaces is shown in Figures I-6 and I-7.

These are fused quartz surfaces polished in the same manner by conve::-

tional techniques. The surface in Figure I-7 has been subjected to an

acid etch, leaving pits of about 1000 8. The entrance damage thresholds

Tor the surfaces of Figures I-6 and I-7 were respectively 310 and 3%CO
J/em?, about the same within the accuracy of the measurements.

Still another set of comparison surfaces is shown in Figures I-8
and I-9. In Figure I-8 is an ED-2 surface conventionally polished with
barnesite. Scratches as large as 1C00 R can be seen. (It is instructive
to compare this ''conventional'' surface with the 't superpolished!*® BSC
glass surtface of ref. 9.,) Figure I-9 shovs a very good bowl-feed pol-
ished surface. This sample clearly warranted the description !''super-
polished.'' No scratches larger than 100 A can be seen. The entrance
damage thresholds of the two surfaces (Figures I-8 and I-9) were the
same, 150 J/em® (5 GW/em®).

In those cases described above and in similar other cases, we have
been unable to find an example of an increase in threshold due to a de-
crease in the geometrical surface defects. 1In fact, the opposite has
sometimes been the case. This seems in clear conflict with the basic
argument that the field is enhanced at scratches and digs. We offer the
tfollowing speculations in regard to this conflict:

1. As pointed out by Bloembergen,ll the degree of field enhancement
can only be estimated. Thus the calculations of ref. 11 are only rough
estimates. Of the three ideal defects treated, the one which en-

hances the electric field the most - by a factor of n® - is the
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"1yee'' shaped groove. For this defect the maximum effect on ED-2,
with an index of 1.56, would be a lowering of the ihreshold by a

= factor of about 5. Given the nature of the calculations, this
tfactor might be much too high.

2. Given that all other conditions are equal, it might be true that a

¥ scratched surface will damage before a smooth one. This would not
be inconsistent with our experimental results. In the examples we
have discussed, the surfaces were always different in ways besides

1 3 the size of scratches by virtue of having been etched or not, or
polished for different times, etc.

3, Free electrons might diffuse out of the high field region faster
than estimated in ref. 11. This could make scratches of the size
found on most polished surfaces innocuous.

4. TIf one considers electron avalanche initiated by a free electron to
be the mechanism of surface damage, there is a clear theoretical
reason why scratches are not as important as might be thought. Con-
sider a single 1000 R spherical pit struck by the laser beum, for
example. By the arguments of ref. 11, the surface with this pit
should damege more easily than a perfectly smooth surface. But the

] field is enhanced in a region ot only about 105 em® around the

‘ pit. The probability of finding a free electron in this high field

region is small. The extension of this argument is obvious. The

density of defects on the surface must be taken into account if
avalanche is the breakdown mechanism.
Whatever the case, there are two points that are clear from our ex-

periments. First, surface contaminants are often more important than
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scratches and digs in lowering the damage threshold. Second, 1olishing
of laser glass to a degree greater than that readily obtainable by con-
ventional polishing techniques does not raise the damage threshold,
might even lower it through introduction of more surface contaminant:.
In closing this section, we note that the surfaces tested and shown
in the electron micrographs were carefully selected. In general, the
appearance of polished glass surfaces in electron micrographs varies
widely, even when the same glass, polishing compound, and polishing
techniques are used. This is illustrated in Figures I-10 through I-17
which show ID-2 laser glass polished under various conditions. Note the

inclusions readily visible on some of the samples.

I-5. Use of Hot Nitric Acid or Hot Water
to Increase the Surface Threshold

I-5.1. Introduction and previous results

Having concluded that renderinz a glass surface free of scratches
and digs does not generally raise its damage threshold, we have concen-
trated on surface treatment techniques. These treatments have been based
on the premise that surface damage in large beams is due to surface con-
taminants lecit by the polishing process.

Acid treatments to raise the surface threshold are, of course, not
new. Several investigators have tried them with different acids and
varying results. Davit!® used a solution of sulfuric and hydrofluoric
acids and tound an increase in the threshold lasting only a few minutes.
Sometime ago, we tried very weak solutions of hydrofluoric acid on ED-2
laser glass. No increase in threshold was observed. On the other hand,

Yamanaka, et al, have reported a substantial (= 40%) threshold enhancement
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on bariw: crown glass after a 10-minute immersion in 10% hydrofluoric

acid.'* They made no comment on the optical quality of the surtace

after etching. In their work, Olness and Swain s used a very strong
solution ot hydrotfluoric acid on silicate glasses and the surface was
deeply etched. Although they obtained up to a tenfold increase in

the threshold, the surface was optically unacceptable.

When one views superpolishing and acid etching collectively, a
patiern emerges. Continued polishing to achieve smoother surfaces can
lower the threshold. When enough of the surface layer is removed, the
threshold can be increased dramatically. These results imply that pol-
ishing contaminants are of primary importance in damage, and that a
method for removing them without deleterious effects on the optical fin-
ish would lead to an increase in threshold usetul in practical cystems.

I-5.2. Experimental results

We hevse treated barnesite-polished ED-2 laser glass with hot (Jjust
below boiling) 0.4 molar nitric acid. The results have been striking.
The entrance threshold is raised from 150 J/cm2 (50 ns) to as high as 470
J/en®.  Furthermore, the surface is left in good optical condition, al-
though in some cases the acid exposes subsurface scratches left by polishe
ing. Turther yet, the etfect appears to bc permanent. Acid-treated 1D-2
lett in the lab enviromment for almost two months and then cleaned and
subjected to a damage test still exhibited a threshold of 470 J/em”.

On the other hand, the effect of the hot acid treatment varies with

polishing history. The increase in threshold for the ED-2 barnesite-

polished glass given above was 320 J/cma. This was for a set of samples
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all polisned in the same manner in a particular polishing shop. The
increase was consistent from sample to sample in this set. MNowever,

for #D-2 ;olished by different techniques, including bowl-teed and dil-
ferent rolishing compounds, the increase in threshold varied trom alno:.i
zero to £{0 J/em®. The variation in results for ED-2 is indicated in
Table I-1. (The listed thresholds arc accurate to within + 25%.)

These results clearly indicate the importance of the polished sur-
face layer. That this is the case is not surprising vhen one considerc
the complexity of the process we simply label ''polishing.'' The earli-
est discussion of the polishing problem appears to be by Robert Hooke. *°
It has been a subject of speculation by such luminaries as Newton and
Lord Rayleign, yet no satisfactory explanation of the jolishing process
has yet been devised. There is still contention over whether rolishing
is a result of abrasion by ever-finer particles, a melting and resolidi-
fying of the surface with intermediate tlow filling in scratches, or
even a chemical process.

An example of how the surtace is attected by the details ot polish-
ing is found in a2 paper by Bennett and King.® They used ellipsometry
to measure the thickness and refractive index of the surface layer on
fused quartz. After volishing by a given process, they found the modi-
fied surtface layer to be 100-200 K thick with an index 0.005% £ 0.010
above the bulk value of 1l.46. By changing only the amount of water on
the pitch lap, they tound the surtface layer could be several hundred
angstroms thick with the outer part having an index as high as 1.50.

Let us return to the effect of the hot nitric acid bath on polished

glass surfaces. Figures I-18 and I-19 show respectively ''before'! and
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‘'alter'' electron micrographs of a treated surtface. The glass in this
casc¢ is TY-1l, an Cwens-Illinois Faraday rotator glass. ED-2 shows a
similar ertect atter nitric acid treatment. The acid treatment cauc:: .

a siriace graininess. One might expect this to lead to increased su. -
face scattering. /lthough we have not done cuantitative scattering
measurements, visual observation of a He-Ne beam passing through before
and after surfaces Indicates no increased scattering. As is well known,
visial vbservations can be a sensitive test for differences in scattering
prorerties.

When ")-2 is polished with diamond, the increase in threshold after
acic treatment ‘s negligible (see Table I-1). Ilectron micrographs of
acic-trezted surfaces polished with diamond show some tendency toward
gra’niness but not as much as in the barnesite-polished case where there
is & luarg: increase in threshold. This is stili another indication ot
ditizrenc:e 'n the modified surface layer lef't by polishing.

We have subjected glasses other than ED-2 1o hot nitric acid. The
resulte tor parnesite-polished EY-1 were good, with the entrance thresh-
old incr.asing from 120 J/em® to 40O J/em®. The suriace was left in good
optical condition (sce Figure I-19). The acid does not remove seratches.
4 lacge ©-crateh wac visible in the sample of Figure I-19 (not shown in
the tigur. . It 's possible that this scratch was cxposed by the acid
bath. It s known that what appears to be a very smoothly .olished
surface .ten has subsurtface crevices that have been covered over in
the pclisiing process. These crevices can be exposed with mild acid

etches.
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Other glasces treated were fused quartz; E-11, a high index bismuth
glass; and FK-6, a Schott fluorosilicate glass. The barnesite-polished
fused aquartz showed no increase in threshold. The entrance threshold
was 300 J/cmz for the treated and untreated samples. No other polish-
ing process was tried on the fused quartz. The nitric acid badly damaged
the G-11 surtface, leaving myriad cracks. The same was true for FK-6.

The FK-0 surtace could be removed in flakes after acid treatment.

I-5.5. Theory

We turn nov to speculation about why the hot acid bath can be so
effertive in increasing the threshold. The et'fectiveness of the treat-
ment is time-dependent; Figure I-20 shows the entrance threshold vs. time
in the acid bath for barnesite-polished ED-2. The threshold begins at
abour 160 J/cma, rises rapidly for the first flew hours, and then approaches
an a.ymptotic value. The shape of this curve and the times involved sug-
gest that the increase in threshold is related to a diffusion }rocess.

To turther explore this, we examine the mathematics of diftusion.

The diffusion equation is

aC >C

= S (1)
ot T
wherc C is the concentration of the atomic species of interest, t is the
time ot diffusion, x is the diffusion distance, and D the diffusion co-

efficient. As a system, we take our 1 em® glass samples submerged in

nitric acid. This approximates a semiintinite solid in contact with a

semiinfinite liquid, and the appropriate solution ot (1) is




C = Co (1 - erf —= ) (2)
2,/ Dt
where Co is the concentration of the species of interest in the liquid.

Arbitrarily, setting C/Co = 1/2 we obtain

X1/2 =,/ (3)

or

Xl/2 (01 ,\/T

Xl/g is the distance into the glass surface at which the concentration
C is one half C,.

The tfractional change in untreated surtace threshold A(DT)/DT is
plotzed in Figure I-21. We see that indeed the fractional change in
threshold follows 4 very well, except the point at 24 hrs is far off
the ‘*urve. This is not surprising, since one does not expect the thresh-
old .0 increase indefinitely as dif'fusion progresses.

To further check the reasonableness of a ditfusion process, we set
t = 10% sec and x = 1000 & in eq. (3). We choose this value of t be-
caus:: the threshold is approaching a maximum after about % hrs. 1000 ]
1s rcasonable for the modified surface layer left by polishing. Thne
valu: then obtained for D is 10714 cm®/sec. The diffusion coefficient
in water for a glass similar to ED-2 is 10716 cmg/sec. Thus 1074 cm®;
Sec Is reasonable when one considers that D for glasses typically changes
two or three orders of magnitude between 25°C and 100°C. 3

This strong dependence of D on temperature might also explain why :

we heve seen large increases in the threshold through acid treatment at
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98°C while others have not when using acid at room temperature. Tt
also suggests that treatments at higher temperature, say 150°C in a
pressure cocker, might be effective in decreasing the strong derendence
on details of polishing.

A peculiar aspect of acid-treated ED-2 shows up in the damage
morphology. Figure I-22 shows an optical micrograph of an c¢xit damage
site. One can see what appears to be a thin film on the surface. This
film has been partially stripped away by the plasma accompanying the
damage. Interference micrographs show that this film is about 400 A
thick. The film does not occur on untreated ED-2, or on treated or un-
treated LY-1 or fused quartz. Normal cleaning ot the undamaged surface
with lens tissue does not appear to damage the film. Ve will not sjeccu-
late about the naturc of this film other than to say that one might ex-
peet nitric acid to leach Li ions from ED-2, leaving @ silica-rich sur-
face layer. is would be consistent with a dit'fusion proceus.

Boilin:; water is almost as effective as hot nitric acid in increas-

ing the surtace threshold of barnesite-polished ED-2. Twenty-four hours

in boiling water raised the entrancc threchold ot ED-2 to 360 J/en®.

However, no film appears around the damage sites on witer-treated samples.

In all tais discussion of diffusion, we have said nothing about
what is diffusing. This is5 because we don't know. It might be jo0lish-
ing contaminants, but since most atoms of polishing compounds are large,
diffusion would be very slow relative to, say, diffusion of lithium. Ve
leave open the possibility that evidence for a relation betwecen the in-
crease |in threshold and diffusion is misleading. The hot nitric acid

and ho& wvater might simply be very etfective cleaning agents.
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I-5.4., Couclusions and implications

We have found a 2b-hour treatment in hot (98°) nitric acid or
boiling water can greatly increase the surface threshold of laser gloss.
The effectiveness of “he acid treatment is highly dependent on poliche-
L3 ing history of the surface. These rcsults are consistent with the view
that surface contaminants left by polishing are of rrimary importance
for surface damage. The results are also consistent with those of Sec-
tion I-3 where it was shown that longer polishing to achieve a smoother
surtace can lowcr the damage threshold.

We dn not completely understand vhy a hot acid or watcr treatment
is so effective, but the data suggest diffusion plays a role. Because
of this, and because acid at room temperature is not effective, vwc sug-
gest that treatments at still higher temperature may remove the depend-
ence on polishing history.

We have dealt mostly with laser glass in these studies, since that
was ouwr charter under the contract guiding the wori. Surfacc damage oun
laser glasc can be a practical problem unless care is taken to avoid
rouge polish. However, we have determined that ED-2 laser plass produccd in
an optical production shop normally has an exit thrcshold of well over
100 J/cm2 for large beams (30 ns). In most glass systems, sclt'-focusing
leads to damage before the surtace threshold is reached. TFor most yur-
poses, therefore, a surface treatment to raise the threshold is not re-
quired. (This may not apply to some systems, such as rangef'inder os-

cillators where surface damage can be important.)



Perhaps the greatest potential use for the results presentcd here
is for other fypes oif' laser materials where surface damage is still a
problem. Much effort is being expended, for example, on 10.6 pm window
materials. Many of these materials cannot be subjected to boiling water
or hot nitric acid without deleterious et'fects. However, other hot
liquid agents might prove effective.

Another area of' concern is damage to glass surfaces by flashlamp
light. This is particularly important in some of the large disk lasers

being used or constructed for fusion studies. We have tound that thor-

ough cleaning can greatly decrease susceptibility of laser glass to
flashlamp damage. \le are not sure that this damage is due to remnants
of polishing compound, but it it is, the treatments discussed here might

be etf'fective.

I-6. Analysis of Laser Pulse Cutoff by Damage Site

In studies of laser-induced damage to dielectrics, a commonly ob-
served phenomenon is cutoff of the laser pulse as it passes through the
damage site. The shape of the pulse transmitted through the damage site
- that is, the wave form seen on the photodetector - takes many forms.
Sometimes the pulse is attenuated in less than the response time of
the detector (usually less than one nanosecond); sometimes it is gradual,
taking place over 15 ns of a %0 ns pulse, for example; and often there
is no perceptible attenuation at all, even when damage has occurred.

The transmitted pulse shape has been used to infer the mechanism
of damage in some studies.?»7 It the cutoff is sharp, the mechanism

was inferred to be electron avalanche. Inclusion damage was inferred
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from a gradual attenuation. It is difficult to understand how an inclu-
sion can lead to significant attenuation under the conditions described
in ref. 17. In that work, a 20 un diameter beam was used. Inclusions
that lead to damage in a Q-switched pulse are often much less than a
micron in diameter. Such an inclusion would intercept much less than
one pércent of the power in the 20 pm beam, an amount too small to be
detected on a photodiode-oscilloscope arrangement.

One might argue that it is not the inclusion but the damaged area
resulting from the inclusion explosion that intercepts a significant
part of the beam. This is feasible, since sound, and therefore mechani-
cal damage, can traverse a 20 um beam during a Q-switched pulse. How-
ever, it has been shown that inclusions can lead to craters as small as
one micron in diameter.?'® Again the cross-sectional area of such a
crater does not intercept enough energy from the beam to cause significant
attenuation.

It was also shown in ref. 18 that inclusion damage can occur without
an accompanying plasma. Thus, one cannot argue that an inclusion initi-
ated plasme is responsible for pulse cutoff.

Because so much emphasis has been placed on interpretation of attenu-
ated pulses, we present an analysis of the phenomenon. To begin, we as-
sume that the plasma that often accompanies surface damage is responsible
for any signitficant interception of the damaging pulse. That is, we take
inclusion attenuation to be physically unreasonable. The damaging beam
is taken to be of Gaussian cross section. The temporal dependence of

the pulse is approximated by a half sine wave. A plasma is born at a point
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at R on the surface sometime during the pulse. (A cylindrica) coordi-
nate system with origin at the Gaussian beam center is used.) The plasia
electron density is greater than the critical value for the laser fre-
quency, which renders the plasma opaque to the laser beam. The plasma
spreads from its point of origin with a speed Vv, intercepting ar in-
creasing fraction of the instantaneous beam power passing through the
surface. The problem is to calculate for this system the total power

as seen by the photodiode, placed beyond the damaging surface, at time t.

The power density at any point r on the surface is given by

p(r,t) = p(0,t = 1/2w)(sin wt) exp (~ E;) (5)

(o]

Integrating eq. (5) in space, we obtain the total power at time t.

2T 4@

p = p(0,n/2w)(sin wt)J' J. exp <- ?—) r drdf (6)
o %o

no® p(0,T/2w) sin wt

d
|

Now we calculate the power PI intercepted by the spreading plasma
at time t and subtract this from eq. (6) to obtain the power incident
on the photodetector. To calculate PI, we translate the coordinate

system center to R where the plasma originates. The new coordinates

are taken as r/ and 0/, and

r=R+r’ (7)
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= Thus the power density at r’ is given by

_ _ _(R+ 112
: p(r’/,t) = p(- R, t = nfow)(sin wt) e e (&)
(R+r'?P=R¥+2r'Rcos 0+ r” (¢)
vt/ . 2n
PI(t) = p(- R,n/2w)(sin wt) f J (10)
o o
) - (R + 2 r'R cos 0 + r’@) r! ar’ daf

0.2

The limit vt’ is the radius to which the plasma has expanded at time t.
(We have assumed that breakdown [plasma initiation] occurs at the pulse
peak; that is, at t’/ = t + n/2w. That this is not always the case does
not concern our analysis here.) Note that integration over 8 is equiva-
lent to integration over H’.

Subtracting eq. (10) from eq. (6), we have the power P(t) incident

on the diode.

d
!

= p(0,n/2w) sin wt [no2 - exp (- %Z-)I(t)] , (11)

where

H
ot
S
]

vt! ,2n
1?2 o~ F
J J exp _(r +2¢£'R 228 o)r'dr'dO (12)
e
o o

From eq. (11) s We see that the deviation of the photodetector pulse

R g T

trom a half sine wave depends on v, R, and o; that is, upon the plasma
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expansion rate, the distance from the beam center at which breakdown
occurs, and the beam size,

It is possible that eq. (12) can be integrated over r’ and/or 0
in closed form to obtain a more tractable expression, but we do not cce
the solution. Certainly eq. (11) can be evaluated nunerically for sev-
eral cases of interest, but we leave this to anyone else that might be
interested. Instead, we will discuss semiquantitatively the wave torms
that could be generated.

Fi.st, we ask what are reasonable values of the plasma expansion
rate v. This has been measured in two experiments.®'2° In both of
these, rates of approximately 10° cm/sec were found for Q-switched pulses.
However, these measurements were generally made well above the breakdown
threshold. This leads us to take 10° cm/sec as an upper limit on v for
two reasons. First, v can be expected to depend on the rate at which
the laser pulse deposits energy into the plasma. Second, although we
have assumed in our analysis that breakdown occurs at a single point,
this is decrcasingly likely to be true at power levels above the break-
down threshold. The result would be an apparently greater expansion rate
in the experiments of 19 and 20. As a lower value of v, we somewhat
arbitrarily choose 10% cm/sec.

With these values of v we can consider what wave torm might be ob-~
tained when a 20 pn diameter Gaussian beam is used, as in the work ot
ref'. 17. First, suppose that breakdown occurs at beam center and that
v = 108 cm/sec (10 Lmﬂns). The result would be an almost total cutoff
of the pulse in less than one nanosecond, the pulse form attributed to

intrinsic breakdown in ref. 17 (see Figure I-23).

-29-

b e B a2 Sl b e

o g MY el

S T B, e




hte Lo

e

R A S )

B e My o - -

Suppose that v = 10°5 cm/sec (1 pm/ns) and breakdown occurs at beam
center. Then the pulse attenuation will be as shown in Figure I-24,

A fairly fast cutoff occurs at first because the Plasma is interceptiug
the most intense part of the beam. This is tollowed by a more (radui
attenuation as the plasma intercepts the less intense beam edges. This
pulse form might be attributed to inclusion produced damage.l? (It is
worthy of note that, in the work of reft. 17, plasmas assumed to be asso-
ciated with inclusions were usually less intense. One could infer trom
this that these plasmas were not as hot as those attributed to intrinsic
breakdown, and therefore v would be smaller. )

It is obvious from these examples that, by choosing appropriate
values of v, R, and 0, one can generate a wide variety of attenuated
pulses. Thus with large beams in which the pover density is near thresh-
old, one expects to see almost no attenuation, and in fact in our studies
with a 1.6 mm beam this is the case. At the other extreme, with a small
beam of power density well above the threshold, where breakdown would
occur at several places in the beam, one expects to invariably see a
very rapid attenuation.

In this section, we have aitempted to analyze the myriad pulse
forms seen in damage work. The ma jor points we have made are:

1. Pulse attenuation is almost certainly due to a plasma;
2. The myriad forms of attenuation observed can be easily explained

by considering the plasma expansion rate in conjunction with beam

size and power; and
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3. It is not generally appropriatc to relate pulse forms to the Lasic
damage rmechanism, especially when the mechanism is inclusion dsrmare

vhicre a plasma is often not prescnt.

I-7. Damage Morphology - Comments on
Ring Structure ~n ED-2

Damage morphology takes many forms, depending on material, pu
width, etc. We discuss only onc aspect of damage morphology here; the
frequent appearance of a ring structure around damage sites on ED-2.
A typical ring that can appear on either the entrance or exit surfacc
is shown in Figure I-25. The ring consists of material deposited on the
surfacc. This deposit cannot be removed by hand rubbing with acetone or
isopropyl alcohol. The form of the structurc varies; sometimes it con-
sists of a single ring, sometimes of multiplc noncircular rings (Figure
1-26) and sometimes of multiple concentric rings (Figure I-27). The ring
diameter can range from approximately the diameter of the damaging bean,
about 1.6 mm in our studies, to several times that size. Generally, the
diameter increases with the energy of the beam. Although the effecet ic
not easily discernible in the micrographs, the surface inside the rings
always exhibits a rippling or ''orange peel'' effect. Occasionally, some
cracking of the surface is secn.

Since the rings can be much larger than the damaging beam, it can
be concluded that they are causcd by the plasma accompanying damage and
not by the laser bcam. This is supported by thc absence of rimngs when
damage occurs without a plasma.

Rings are especially prominent on ED-2 laser glass, but are not

manitcsted on some other materials. On fused quartz, for cxample, we
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never observe them. They are fairly easily scen on FK-6, a Schott
tluorosilicate glass.
WJe have offercd the tollowing cxplanations of these rings in

! fThe initial plasma is formed in the region of the

another place.®
damaging veanm. Its temperature is greater than 10° K as it begins to
expand over the surface, and it heats the surface as it comes into con-
tact with it. It is this heating that causes the ripple effect. The
plasma is cooled by cxpansion and by contact with the cooler surtface.

As the plasma cools to an appropriate temperature, one or more of its
components condense onto the surtface, forming a ring of material.

We s5till think this explanation of the ring formation 1s valid.
However, in ref. 21, we attempted to explain the multiple ring structure
by attributing each ring to a different plasma component that condensed
at a different temperature, and theretore at a differcnt radius. We
now believe the mlltiple rings are associated with mode beating on the
damaging pulse. Thus the pulse shown in Figure I-28 led to a single
ring, while the pulse in Figure I-29 led to a multiple structure similar
to that of Figurc I-27.

By this theory, the plasma is '‘'driven'! by the laser pulse. The

plasma temperature easily follows the power peaks on the pulse. The

radius of a particular ring depends on the temperature of the plasma in

;e

its inchoate stage. The temperature in this stage is in tuwrn a function
of the laser beam power intercepted (absorbed) by the plasma.
This explanation of the ring structure is supported by the number

of rings and peaks on the laser pulse. In Figure I-27, for example,
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seven rings can be seen. In Figure I-28, there are nine peaks on the
laser pulse. These two observations are consistent if we assume that
breakdown occurred near the third peak, leaving one ring for each suc
ceeding peak after the third. From this we infer that the outer rin
is associated with a peak near the middle of the rulse and the inner
rings with the following lower power peaks.

Further support of our interpretation of the rings is found in the
distance between adjacent rings. In Figure I-27, the distance between
adjacent inner rings is approximately 0.05 mm. The time between peaks
on the laser pulse is 6 ns. 'The Plasma expansion rate inferred from
this is approximately 108 cm/sec. Since the rings in Figure I-27 are
about the same size as the damaging beam, this is in good agreement
with measured expansion rates. If the rings vere much larger in diam-
eter, this relation between initial plasma expansion rate and distance
between rings would not hold, since the plasma cools rapidly as it ex-
pands.

As shown in Figure I-26, the ring structure is not always circular.
We attribute thic to breakdown in two well-separated regions of the
laser beam so that two plasmas are rresent.  This noncircularity would
not occur it a very small beam were used.

Finally, we point out a characteristic of somé rings for which we
have no explanation. This is the sawtooth structure seen in Figure I-30.
Perhaps this is due to temperature differences along the periphery of

the expanding plasma, but this is strictly conjecture.
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Figure I-4. Bowl-feed polished ED-2 laser glass
- long polishing time - rouge polish
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Figure I-5. Bowl-feed polished ED-2 laser glass
- short polishing time - rouze polish i
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Figure I-6. Conventionally
& polished fused cuartz

Figure I-7. Conventionally
polished fused quartz
after acid etch
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Figure I-6. Coaventionally polished ED-2 laser glass
barnesite polish

Figure I-9. Bowl-fzed
polished ED-2 laser glass
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Figure I-10. ED-2 bowl-feed - rouge polished - long polishing time
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Figure I-1l. ED-2 bowl-feed - rouge polished - short polishing time
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Figure I-12. ED-2 conventional polish with rouge

Figure I-13.

ED-2 conventional polish with barnesite
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Figure I-14. ED-2 conventional polish with barnesite
- crystalline structures may be platinum
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Figure I-15. ED-2 bowl-feed - barnesite polished
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Figure I-16. ED-2 bowl-feed - Cerox polished
3 - £
3 Figure I1-17. ED-2 bowl-
k feed - Cerox polished :
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Figure I-18. Polished glass
(EY-1) surface before
hot acid treatment

Figure I-19. Polished glass
(EY-1) surface after
hot acid treatment
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Figure I-22.

Damage on acid-treated ED-2
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Figure I-25. Ring of material deposited around damage site
on ED=2. Ring diameter is about 3 mm.

Figure I-26. Noncircular damage ring on ED-2.
Diameter is 2.5 mm.
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Fgure I-27. Multiple ring structure on ED-2. Distance between
adjacent inner rings is approximately 0.05 mm.

Figure I-28. Pulse form asso-
ciated with a single damage
ring. 20 ns/division.

Figure I-29. Pulse form asso-
clated with multiple rings.
20 ns/division.
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Figure I-30.

Sawtooth structure on damage ring distance
between rings in approximately 0.1 mm
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Table I-1

Effect of Hot Acid Treatment on ED-2
Polished by Several Processes

Entrance Entrance
Threshold before Threshold after
Polishing Technique Acid Treatment Acid Treatment
Barnesite with 150 J/em? 470 J/cm?
pitch lap - Shop 1
Cerox and pitch 180 525
Shop 1
Cerox and pitch 180 250
Shop 2
Cerox - Bowl-feed 140 375
Shop 3
Diamond - Shop 2 200 210
Rouge (iron oxide) 60 270
Shop 1
Rouge (bowl-feed) hs 150

Shop 4
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II. HIGH ENERGY DENSITY LASER SYSTIM

IT-1. Summary

1.

Using TiMgo narrow bandwidth 15 ns pulses, we achieved output irraui-
ances ot more than 4.4 GW/em® (70 J/em®) with no damage. In ter us
of irradiance, this is 1407 of the contract goal of .1 GW/em® or
100 J/em® in a 30 ns pulse.

Using multimode broad bandwidth 30 ns pulses, we achieved output ir-
radiances of 2.2 GW/em® (70 J/em®) with no damage to the amplifiers
but with damage to a collimating lens. We achieved 1.9 GW/em® (59
J/em®) with no damage at all, but the highest repeatable multimode
output irradiance without any damage was approximately 1.4 GW/cmg

(45 ¢/em?).

In both cases, higher irradiances could only be achieved by sharper
focusing otf' the beam which led to self-focusing damage. With shorter
amplifier rods anc greater preamplification, even greater output ir-
radiances should be possible.

In no case was an amplifier rod surface damaged, unless self-focusing
damage occurred also. OSurfaces of' passive components nearly normal
to the beam were trequently damaged and limited the extent of the
experimental part ot this study. This damage could be eliminated but
was not,due to delays in the delivery of certain items and a shortage
of time. Irn nigh-power nanosecond lasers, surface damage is a prob-
lem, but a solvable problem. Self-tocusing is the current limit to

the performance of such lasers.
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II-2. Introduction

At 70 J/em®, it did not seem to matter whether the 15 ns pulse enve-
lope was temporally smooth or spiky (displaying irregular subnano-
second substructure).

At least in the case of nanosecond pulses of irradiance gre:..er 1han
the amplifier saturation irradiance there seems to be no great need

to use single spatial mode or narrow bandwidth pulses to prevent
damage.

Amplifier spontaneous emission kept us from using as much preamplifi-
cation as we had originally planned on in the single-mode experiments.
Greater isolation should have been provided.

A Faraday isolator should have been used to prevent damage due to
backward traveling veflections.

All positive lenses of focal length f form a tertiary (twice-reflected)
focus located approximately 0.15 f from the lens. This twice-reflected
focus can be intense enough to cause damage.

The concept of total internal reflection apodizers appears worthy éf
further research. Other areas considered worthy of further research

are outlined in Section II-5.3.

definitions, assumptions, and conventior. used in this section ot the

contract report.

values. For purposes of calculating peak vowers (P), we assume all

pulses are Gaussian in time. This meeas that

11-2.1. Preliminary remarks

In order to minimize contusion, we begin by stating several of the

Pulse lengths in time (tp) are full width at half maximum (FWHM)

=55«




P = 0.9 & (1)
Y
where E is the energy in the pulse.

The symbol ''p'’ is used to indicate J/em® which we call ''energy
irradiance.'' Irradiance refers to W/em®. The word intensity is usecd
only loosely. 1If we say a pulse is more intense, that may refer to
power (W), irradiance (W/cm®), energy (J), energy irradiance (d/cm®),
or other parameters that would apply in that part:cular context.

We also wish to acknowledge the technical assistance of D. Wahl and

T. Phillips.

II-2.2. Goals

The goal of this phase of the contract was to demonstrate a Nd:glass
laser that operated at an energy irradiance of 100 J/cm2 in a 30 ns pulse.
The feeling was that we had already shown that the surface damage thresh-
old of typical laser glasses was at least 100 J/cm®, so one should be
able to operate actual lasers at these irradiances (3.1 Gw/cme). All the
previous experiments, however, were done with small, isolated, passive
glass samples at the focus of a 1.5 meter lens.® The goal of this por-
tion of the contract was to show that the same damage thresholds could
be expected in actual laser systems using large pieces of active (opti-
cally pumped) Nd laser glasses. Thus we hoped to show actual laser op-
eration at 100 J/em®, not just passive resistance to damage at 100 J/cm?.
Recent studies by Bliss, et al, have shown that there is indeed a dif-
ference in damage resistance between pumped and unpumped samples and that

this difference is consistent with current thenries of smsll-scale self-

focusing.®
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Given a goal of 100 J/cme, one still has not specitied the total
energy in the laser output. Originally we hoped for a 100 Jd, but fin-
ancial and technical constraints made us decide to concentrate on 100
J/cm2 and treat the total energy as a secondary concern. Our vhilosophy
also was to not do anything that couldn't be readily applied to existing
Nd:glass lasers. The 100 J/cm2 would be attempted under conditions as
near as practical to those found in operating lasers. For example,

100 J/er® in a highly focused or detocused beam would not be in the
spirit ot this contract. We wanted 100 J/cmp at the output of a prac-
tical laser system.

Frankly, we experienced some indecisiveness in starting this work
because we felt that the limiting tactor in 30 ns lasers was self-focusing
damage, not surtace damage - and this contract was to focus specifically
on surface damage. One could also question the wisdom in seeking 100
J/cm2 in a laser material that saturates at approximately 6 J/cm2. At
energy irradiances several times the saturation level, the extraction of
energy from the laser amplit'ier becomes very nearly complete and further
increases in energy irradiance become counterproductive due to the in-
evitable losses of scattering and absorption. Consider a laser pulse of
total energy E5 that is to be amplitied to Eg + 3 Wg, where Wo 1s the
energy stored in an amplifier of crosse-sectional area A and length 4.

Four cases will be considered (see Figure II-1). We further assume that
the incident energy irradiance in cases a and b is 100 J/cme, thus in
cases ¢ and d the energy irradiance is 33.3 J/cme. If we neglect all

losses and assume that at both 53.3 and 100 J/cme complete energy
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extraction takes place, the output in all four cases is Eg + 3 Wg. Now
let us consider the losses. Let each surface have a loss of ''s'' 7
and let the laser material have a loss coefficient of y. The output
in each case is listed in Table II-1. We calculated some numerical

values using: (Eg + 3 VWo) = 109 J/cm?

L= 3cnm
s = 0.1 = 0.001
v = 0.002 em™*

(The 5.33 exponent in Table II-1 arises in case c becaune one beam sees
four surfaces, vhile two beams see six.)

Tre advantage of large apertures and lower irradiances is clear,
although more rigorous calculations would be necessary to accurately
evaluate the trade-off's involved. Because of these losses and pulse-
shaping effects, it is seldom advisable to operate at energy irradiances
more than five times the saturation energy irradiance.® For ED-2 laser
glass, the saturation energy irradiance (ps) is approximately 6 J/cm?,
so the contract goal of 100 J/cm2 is more than sixteen times ps.

Nonetheless, there is a variety ot valid reasons why one might want
to operate at 100 J/cw®. The maximum aperture size may be limited by
technical or financial constraints. Also the pumping (storage etficiency
of small aperture Nd:glass amplifiers is higher than the pumping effi-
ciency of large aperture disk amplitfiers.?,»® Pumping or storage effi-
ciency is the ratio of the energy stored in the (Nd) amplifier to the

energy stored in the pumping capacitor banks. 5o even if high irradiance
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ovcration leads to less efficient energy extraction, the total system
etficiency and/or cost effectiveness could be higher due to the increused
pumping etficiency. Attempts at 100 J/cm2 operation may also lead to
further improvements applicable to other laser systems and/or other op-
tical components. All things considered, there are indeed valid reasons

for seeking a 100 J/cm® laser.

II1-5. Theory

IT-3.1. Measurements

An important question in this study was: ''what is the best way to
measure irradiances of 100 J/cme in 30 ns pulses?'' These measurements
require careful attention to both temporal and spatial effects. We con-
sider temporal effects first. Figure II-2 illustrates the possible prob-
lems. IT the pulse has low irradiance wings in time (or space), the total
energy in these wings may be large enough to give misleading measurements.
For example, the tflashlamp and Nd:fluorescent lifetime assure that the
amplifiers will be in a condition of rather high gain for about 1 ms.
During this time, amplified spontaneous emission (ASE) will be emitted
along the optic axis. It will be divergent, but if the energy detector
is close to the amplifiers and has a large area, it will measure this
energy. The temporal resolution of the calorimeters used in this study,
and many other energy detectors cannot indicate whether the energy was
deposit=d in 1 ms or 30 ns. Also, the dynamic range of photodiodes or
other pulse length measuring devices is nowhere near large enough to
indicate the presence of low-intensity wings. For example, let us as-

sume that the ASE is only 107> the irradiance of the 30 ns pulse peak
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(Iw/Ip = 107°). The total energy then will be (30 ns) x (3 GW) plus
(1ms) x (3 x 107® GW). No photodiode will detect wings of 10~5 and
yet 25 of the total energy would be in these wings.

Several things can be done to minimize these temporal ditficulties.
One step is to fire the amplifiers without a laser pulse and see if any
ASE is detected. A few complications arise though when one asks what
is the fair thing to do with the oscillator during these tests. If it
is simply blocked off tfrom the amplifiers, the ASE is likely to be af-
fected by the oscillator output mirror (which in standing wave oscillators
must be perpendicular to the optic axis) and by the tluorescence of the
oscillator rod. The technique used in this work was to block of'f the
light between the oscillator rod and the nonoutput mirror. Even this
affects the ACE because we purposely used a leaky Pockels cell to Q-
switch the oscillator. Another solution is to temporally gate the de-
tector and/or the transmission through the amplitiers. Integrating
Photodetectors are another possibility, but linearity and dynamic range
can still be a problem. Faraday isolators can help by insuring that
the oscillator output mirror does not increase the ASE. Another ap-
proach (used in this work) is to make the 30 ns pulse smaller in area
than the area of the ASE. In our case, we sampled a 1 mm diameter.
The ASE was emitted (rather uniformly we assume) over 2.65 em®. This
is 363 times the area of the 1 mm hole. So less than 0.3" of the ASE
enters the detector. It the ASE is 10 J, it would make less than a 4%
error in a 100 J/cme measurement. Note also that these temporal com-

plications are much worse in the case of subnanosecond pulses.®

-O0=




Next, we turn to the spatial problems involved in measurings 100
5/em¥, The problem is the same except that now the wings refer to space i
instead of time. One obvious solution is cimply to use an aperture.
But, if an aperture 'rere simply placed in a 100 J/cm2 30 ns laser bean,
two serious problems would arise. First, ihe aperture and/or the plasma

caused by the laser-induced damage to the aperture would reflect part

1" the beam back towards the oscillator. In a system such as ours,

Wwith no isoiu%ion, this could be disasterous. Second, if a plasma de-
velops, it may limit the transmission of the later parts of the pulse
through the aperture. One solution is to use filters and/or beam split-
ters to reduce the irradiance before it strikes the aperture. We used
bzam splitters in our work to limit the energy irradiance on the aperture
to less than 3 J/cme. We looked for a plasma-limiting-transmission et-
fect and saw none. With a beam splitter retlectance of about 4%, less
than 1.6 x 1073 of the energy retlected by the aperture is returned to
the amplifiers.

Use of' the 1 mm aperture still does not insure the correct temporal
interpretation of irradiance measurements. We had hoped to calibrate a
fast photodiode so that the photodiode could measure the peak power of
the pulse that passed through the 1 mm aperture. In attempting to es-
tablish the responsivity of our photodiode, we found that the spread in
our measurements was x 20%. We considered this too large a spread and
abandoned the idea of measuring irradiance or energy irradiance with a
rhotodiode. We decided it would be best to use a 1 mm aperture, beam

splitter, and a calorimeter to measure energy irradiances. The photodiode

-6]-




would be used to establish the pulse length and check for double pulsing
or spurious signals.

Before settling on a beam splitter-aperture-calorimeter detection
system, we had to estimate the size aperturc ve would need. Our calorim-
eters had responsivities ot about 200 uv/J and we figured that a 10 v
sipgnal would be easily and accurately recorded. So at least 5 x 1= F
had to pass through the aperture. At 100 J/cm2 and with a reflectivity
(R) of 4%, this implies an area of 1.25 x 1072 cm® or a diameter of 1.26
mm.  We used apertures of 1.5 and 1.0 mm diameter during this work. We
used quartz (R 2 3.%%) and ED-2 (R = 4.7%) beam splitters.

laving tixed the minimum aperture size needed to make measurements,
we next asked what effect the beam size will have on these measurements.
Clearly, it the beam size is smaller than the aperture, the measurements

will be in error. Consider a Gaussian irradiance pattern

o(r) = po & (F/F0) (2)

where fnp is in J/cme. The energy passing through an aperture of radius

a is given by

E + "Por02 [l - e-(a/ro)e] (%)

Tf one divides this by the aperture area, one gets an average energy

irradiance 5 given by

2

p= o (%Q) [1 - e'(a/r")e] (1)




Fi ure II-3 shows the error in energy irradiance (1 - P/po) as a func-
tion of rofa. In order to keep the error less than 5%, ro/a should be
> 5. If the aperture diameter is 1 mm, then the 1/3 (irradiance) diam-
eter of the beam should be at least 3 mm.

Another constraint on the beam diameter (b) is that the beam must

be large enouzh to avoid whole beam self-focusing. To first order the

self-focusing length (Z) of a beam is given by?

2ap [ (5)
where n is the refractive index (1.55) and On = n2E2 is the change in
index caused by the intense light beam. n, for our laser glass is about
2 x 10733 in esu units. At an irradiance ot 5 GW/em®, &n ~ 2 x 1077, 1In
yrder to insure 7 > 4O cm, the length of our last amplifier rod, we tf'ind
that we must have a beam diameter greater than 0.6 mm. Thus whole beam
self-focusing should not be a problem in these experiments in which the
beam diameter is greater than 1 mm. We note also that all our experiments
were done with beams containing at least onc hundred times the (selt-
focusing} eritical power for ED-2 laser glass.” In the self-focusing
sense, our experiments were both large beam and high power. (Recent ex-
periments by Bliss, et al, have indicated that, under conditions similar
to ours, there may be whole-beam self-focusing. )®

Another eftfect we considered was that of slight misalignments of

the aperture of diameter a and thickness t (Figure II-4). It can be

shown that




a’ =a cos 0 - g ein 0 cos O (6)

Approximating the area of the transmitted beam as maa’ (elliptical),
Figure II-5 gives the error in irradiance (area) due to various mis-
alignments in degrees in one and both planes for one of our apertures
which had + = 1.1 mm and a = 1.0 mm. Also shown is the error for an
aperture of zero thickness. We note that it should be easy to keep the
errors less than 5%, but that thin (tapered) apertures reduce any error
even iurther.

The final amplifier rods used in this research all had Brewster
angle ends. We define the output irradiance to be measured in an imagi-
nary plane called the exit plane. This plane is perpendicular to the
laser beam, located in air and as close to the laser rod as possible
(Figure II-6).

At the beginning of this study, it was widely held that self-focusing
thresholds could be raised appreciably if a diverging beam were passed
through the amplifiers.® We therefore tried to design our experiments
so a diverging beam propagated through the last amplifier. Ve wish to
roint out, however, that a slight divergence can have a« drastic etffect
of irradiance. For simplicity, we consider a top-hat irradiance pattern
propagating with half-angle divergence « (Figure II-7). The area of the
beam Ap at a distance L from the plane where the beam has area A; is

given by
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where r; is the radius of area A; (A, = mr;®).

Let us now calculate the change in irradiance of a beam with ir-
radiance « through our final amplifier. The minimum distance betwec:
the negative lens on the input side of the final amplifier and the e .
Tlane of the amplifier is 45 cm. Due to mechanical restraints (protru-

sion of the amplifier base), the distance in practice was 60 cm. It we

assume

o = 0.001 (1 mR)

L = 60 cm

r; = 0.15 cm (ro = 0.21 cm)
we have

Ap = Ay (1.96)

S50 if the exit plane is to experience 100 chma, the negative lens must
experience more than 166 J/em®. (With 30 cm of pumped amplifier length,
the amplifier can add no more than 30 J/em® to the beam irradiance.) It
may well be possible to make lenses capable of withstanding 166 J/cma,
but most lences available today will not withstand this high level of
irradiance (> 5 GW/cma). In retrospect, we did not become aware of this
problem as early in the study as we might have liked. However, some of
our experimental results, and recent theoretical work of others, indi-
cate that divergence of the beam is not an important parameter for avoid-
ing small-scale selt'-focusing.®

Note that, because of the strong effect & (divergence) has on the

irradiance of small-diameter beams, it is all the more important to
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measure the irradiance at the plane of interest. In our case, the plane
of' interest is the exit plane of the final amplifier. We had previously
decided that the measurements must be made through a small aperture in
order to be accurate. We also had previously described why this uperture
cowld not te located in the exit plane. The scemingly conflicting re-

virements o1 placing the aperture in the exit plane but not in the exit
beam were solved by using a beam splitter and a lens to form an image of
the oxit planc on the aperture (Figure II-86). Unit magnification was

used throughout this work.

II-3%.2. Design considerations

In the course of this work, we were forced to alter our experimental
program for two reasons. One had to do with unanticipated damage to
passive components and the other with unanticipated gain limitations.
Because of this, we'll spend a few paragraphs considering general limi-
tations and restraints in the design of high-power laser systems.

II-3.2.1. Gain and energy irradiance limitations

First we'll consider some gain limitations. We ask the question,
besides damage, what limits are npluced on the gain and/or irradiance of
amplifier systems. Geveral possibilities present themselves. At some
zain value, the amplifier system will turn into an oscillator “due to
refleetions f'rom targets, oscillator output mirrors, or other compo-
nents. At some gain value, the single-pass amplification of spontaneous
emission will deteat any attempts to store energy in the amplifiers. At
some ‘rradiance value, the losses of the amplifier will make further in-

creases in energy irradiance impossible. At some gain value, the
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inevitable backscattering of amplified spontaneous emission will turn
the amplitier into a bulk~feedback oscillator - even without any re-
tlecting surtfaces. Other practical limitations may arise from the
backscattering of the amplifier laser pulsec.

Frankly, we initially thought of this amplifier system as a rathcr
é cmall amplifier system. It only had three 5/&" diameter laser rods.
The total volume of pumped glass was 256 cm®, less than 5% of the pumped
mlass volume in the large glass lasers used in tusion research. In
terms of small signal gain, however, our system is quite equivalent to
the larger systems. Our small signal gain could be more than 8 x 108.

Consider the gain necessary to turn the amplifiiers into an oscil.-
lator. At one end of the system, the reflector is the output mirror
(etalon) of the oscillator. At the other end, retlections could come
from walls, targets, apertures, or lenses. The gain (Go) and reflect-

ances inust be such that
Go“RiRs < 1 (8)

where R, is the reflectance of the oscillator output etalon (~ 357%) and
R, is the retlectance at the output end of the amplifier. If we assume

Go =2 x 10%, we must have

Ro < 7 x 10711

If the laser target vere a perfectly diffusing reflecting wall, the dis-
tance from the wall to the laser would have to be > 700 meters to insure

R < 7 % 107! back into the laser. 1In any case, it would be difficult
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to insure R < 7 x 1071+, So gains of > 10° may not be feasible in un-

isolated lasers only 300 cm long. A Faraday isolator will stop any

P R T o gy, - WX

oscillations and any amplified pulse reflections from damaging the os- 3

Ty

cillator, but it will not stop amplified spontaneous emission (ASE,
Saturable absorbers will help on all counts but they arc ineifficient

and may distort the beum.

e chlatis

Next , consider the spontancous emission emitted at vne end of a

laser system. Spontaneous emission is emitted into by steradians, and

R T Py e

only a small fraction of this will be along the axis of the system.
However, this portion of the energy will experience high gain. To a

good approximation, this fraction can be given by the area of the last

amplifier (or cquivalent limiting aperture) divided by U4n times the :
square of the length of the umplifier chain. This gives the solid angle
(¢1) ot the spontaneously emitted light that gets amplified. In other
words, 1t gives the fraction of the emitted light that will experience
high gain along the axis of the laser amplificr chain.

It seems reasonable then to expect amplified spontaneous emission
(ASE) problems whenever the system small signal gain times (i cxceeds
one. This condition means that there is enough gain tuat the light
leaving the amplificr at ihe output end consists mostly of ASE, rather
than simply spontaneocus emission. As an example, ve'll consider our
system of threec amplifiers; all of equal size. In this case, A = 2.85

em® and L ~ %68 cm

1 Q~1.67 x 1076




The small signal gain (Go) near the edges of our three amplifiers

is more than 1 x 107, so
Go =19 > 1

(Experfﬂentally, we tfound that ASE was indeed a problem.) We h:ve applied
this Gei. rule to other high-gain laser systems known to not have an ASE
broblem, and found that in these cases Gole < 1. In Figure II-9, we have
attempted to show how increasing the aperture of the final amplitier
3 makes i: larger but that this increase can be reduced by using Leam-
expanding lenses. In any contiguration, increasing the distance between
amplifiers will decrease ).

Next, we note the effect of losses in the amplifiers. Consider, as
before, a section of amplifier of area A and length 4. Let the stored
energy in the amplifier be Wo. The stored energy density (S) then is
Wo/Ag; in most glass laser systems 0.2 < S < 1.0 J/em®.  As before, we
let the amplifier material have a loss coetficient of v em™ . In most
glass lasers, 0.00L < ¥ < 0.005 em™, For the moment, we neglect any
surface losses. If the incident energy is Eo, the energy lost (El) will

be given by

El ~ (l - e-)’.@) Eo (9)

The energy added (Ea) can never be more than the total stored energy
Wo. At a certain incident energy (Ec), the energy lost will equal tre
maximun possible energy that could be added and further gain will be

impossible. This will occur when
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= T _ Y4
El = Ec (l e ) =

or in terms ot cnergy irradiance

P =P, (1 - e'”') = 5S4 (1)
; Because ¥y << 1, we can approximate
S
: i . .
e %] - Y4 for £ < 50 em (12)
Then we hav
720c = 54 (13)
or
p. = 8ly

]

Using the range of ¥ and S values mentioned previously, we have
Lo < P, < 1000 J/em?

Even at 40 J/cm2, the energy extraction from an amplifier should be
nearly complete, thus it is reasonable to treat the energy added as
equal to the total stored energy.

Next, ve consider surtace losses. It each surtace transmits (1l-g),

thien the encrgy lost bhecomes
E, = EoY4 + Ep2q (14)

The expression for P becomes
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Pg F ;‘:%';7; (15)

Next we calculate pc for two cases, a typical small-diameter rod ampli-
tfier and a typical large-diameter disk amplifier. The values of the
parameters used and the resulting p, are listed in Table II-2. One
point is that the large disk lasers used in fusion research are not
well suited for attempting operation at 100 J/cmz. Other points are
that the losses must be small and the stored energy high if one is to
achieve 100 J/cmE operation. Note that, since we assumed complete ex-
traction, these Pe vaelues are upper limits. As we mentioned in the in-
troduction, operation at 100 J/cm2 probably will not maxinize gains,
but other constraints such as overall efficiency or limited sperture
sizes may make 100 J/em® operation desirable.

Nexi, we consider the backscattering of an amplified laser pulse.

For high-gain systems, one can approximate the backscattered signal (Eg)
W\,

by
1
2g4 2
B Egre - EoYGo (16)
b ™ 2g 2g

where Egp is the input pulse energy, Y is the backscattering coefficient
(in em™), g is the small signal gain coefficient and ¢ is the pumped
length of the amplifier. All transparent materials scatter light and
some of this light is backscattered into a narrow enough cone that it
does not escape from the amplifier.

In our case, ve have g ~ 0.16 cm™* and £ = 30 cm per amplifier,

thus

Gt g




L
EE- =7 4.6 x 10% (one amplifier)

}.J-E =7y 1.0 x 1033 (three amplifiers)

=3

MNow the value of ¥ is affected by the solid angle (1) that can be ac-
cepted. 1In the case of three amplifiers, we have Q~ 1.6 x 10”%. For
one amplitier, Q= 3 x 1073,

Scattering loss coefficients in ED-2 laser glasses!® are about 1.6

x 1076 em™ Q7. For a first approximation, then

¥s = (1.6 x 1078)(1.6 x 1078)

2.56 x 107'% em™  (three amplifiers)
¥1 %~ (1.6 x 10™)(3.1 x 10™3) ~ 5 x 10™° en™? (one amplifier)

So for three amplifiers

=

B
b ~
L}
-" ? and for one amplifier
£y
— 2,3 x 1074
Eo

Here again it appears that gains of 10° (three amplifiers) will require

isolation, since few oscillators would benetfit from a return signal 25
times its output. These calculations are only tirst-order approxima-
tions, but they do indicate that one should expect difficulties when

the small signal ain approaches 1C7.
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Scattering from surfaces can increase the magnitude of this back-
scatter problem. Total backward scattering (not including specular c-
flection) from ED-2/air interfaces is R = 1075, 11

In this case

E
b o[ Q

—= ~ RG S

Eo ° (en) (17)

For one amplifier

0

) 3 x 1073

~ -5 4
~ (107°)(10 =8

. 4.7 x 1078
oA ~ 4.7 x 10

For three amplifie s

~ (1075)(10%2) &-6%3‘-2-;_0:3 < 2.54

t’ill?i
o }lc

Here again, gains of 10° could, it appears, cause trouble.

Reflections from amplifier rod surfaces must also be considered.
The Fresnel reflection of 100 J/ecm? for ED-2/air interfaces will be more
than % J/em®. If the beam is converging and the surface is nearly normal
to the beam, this 4 J/cn® light could be amplified and focused to a point
inside an amplifier. Even if the beam is diverging and the surface is
not normal to the beam, the total internal reflections from the rod bar-
rel may form caustic foci that could cause damage. Note also that, even
if these causties do not directly cause damage, the refractive index
prerturbations at the caustic may cause self-focusing damage turther down-

streem. At 100 J/cma, it is clear one does not want backward traveling
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reflections. Faraday isolators will help but they cannot protect an
amplifier from its own retflections. Anti-reflection coatings would h I ;
it damage-resistant coatings can be produced. Making the final ampli
fier exit surface a Brewster angle surface should also help - but no.
completely eliminate the problem. Because of surface scattering and
imperfect polarization of the beam, there will always be some reflection
at the Brewster angle surtface. Because Brewsters angle is > 45° - this
reflected light will not immediately be traveling in a backward direction.

It will hovever be traveling backward atf.er tive reflections (R =~ 6 x

1078) and experience total internal reflection at the rod barrel/water :

intertaces. The off axis and diffuse (rod barrels are fine ground) nature

of this light should make it not a major problem unless a focused caustic
causes damage. Note that the first retflection from the barrel makes a

line focus that intercepts the Brewster angle surface. It may be wise

S g -

to spoil the reflection of the barrel near the output end of Brewster

angle rods.

— ey i anion

One way to eliminate or greatly reduce the problems created by the

e 24

reflections from amplitfier rod ends is to use a clad laser rod and cut
the ends of the rod a few degrees tfrom normal. The cladding material

index matches and makes optical contact with the laser rod to eliminate

e

retflections. The cladding also absgrbs the laser light to prevent it
from reentering the laser rod atter retflection from the cladding/air

interface. The primary purpose of the cladding generally is to eliminate

parasitic oscillations and increase pumping eftficiencies. However, the -
cladding can also serve a valuable purpose by absorbing the laser light }
=Th=
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reflected from the amplifier exit face - thus preventing damage trom
caustics, as well as increasing the efficiency. Solid cladding by
samarium-doped glass has been used, but it is difficult to maintain
optical contact without stressing the laser rod. The author has been
developing liquid claddings for both rods and disks.'® With liquid:
no stresses can develop and the same liquid can cool the laser rod.
McMahon'? has recently demonstrated significant increases in gain by
using a liquid cladding on laser rods.

Finally, we ¢k at what gain value the laser will become a bulk-
teedback oscillator. The ASE starting in the middle of a rod will reach
a certain intensity by the time it reaches the end of the rod. Some ot
this ASE will be backscattered and amplified as it returns toward the
center ot the rod. The condition for oscillation is that, at the center
of the rod, the returning (backscattered) ASE be more intense than the
original ASE. We have seen that backscattering is on the order of 10-12,
so gains of at least 10'® will be required. This gain limit is much
higher than the other gain limits already treated. Thus, bulk teedback
oscillations are probably unobservable in Nd:glass lasers.

II-5.2.2. Damage resistance of Brewster
angle surfaces

It is well 2stablished that a surface at Brewsters angle (OB) will
have a higher surface damage threshold than the same surface at normal
incidence. This is not surprising since the same beam energy is spread
over a larger surface area in the Brewster angle case. The increase in

arca is given by
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1/cos OB = 1.64

Since the irradiance decreases by (1.8k)™1, one might expect the damag:

threshold to increase by 1.04k. lowever, this may be a naive view.

The vork of Crisp, et al,14 strongly supggests that it is thce value
of' the oscillating electric field on the surface that determines dan -e
thresholds. Application of Fresnel's equations show thut, on a Brewster
ingle surface, the p polarized electric vector is reduced to l/n ot its
in-air value. At normal incidence, the electric vector on the exit face
(neglecting gain) is 4n/(n+1)® times its in-air value. The increase in
damage threshold ot Brewster surfaces over normal surfaces should then

be given by

4n® .
[(?If)—e-] = 2.18 £OF i = W55 (18)

This is appreciably different from the 1.84 factor in surface area.
Note, however, that there are qualitative difterences between the Brewster
angle case and the normal incidence case. Only tangential electric t'ields
are present in the normal incidence casc. For p polarized light in the
Brewster angle case, normal and tangential fields are present. There
does not appear to be enough experimental evidence to establish whether
normal and tangential fields have the same effect on surface damage. The
author believes that it would be fruitful to conduct such experiments.

Nonetheless, it is well established that Brewster angle surfaces
are more damage resistant than normal surfaces. (Our experiments made

this painfully obvious.) We have already discussed how problems due to
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reflections trom the amplifier faces also suggest that Brewster ungle

k| faces be used. So it seemed quite reasonable to make the final ampli-

fier a Brewster angle configuration. Both final amplifiers used in

our experiments had Brewster angle (parallel) ends.

Recently, Bloembergen (Appl. Opt., 12, 661 [1973]) showed that

theoretically scratches should enhance surface electric flelds and thus

lower damapge thresholds by as much as l/ne. In theory, this applies

only for scratches perpendicular to the electric vield. For scratches

parallel to the electric field, no effect should exist. In all our ex-

periments, linearly polarized light was used with its electric fields

horizontal. In order to minimize any effects of scratches, all clean-

ing of rod surfaces was done using only horizontal motions. Thus, any

scratches caused by the cleaning process would be parallel to the elec-

tric field and thus should not lower the damage threshold of the surface.
In order to check the necessity of taking this extra precaution, we pur-
vosely scratched two glass samples with straight scratches and tried to

i é show that the damage threshold was lower for electric fields perpendicu-
lar to the scratches. No such effect was found, within our experimental

error. Admittedly, only two samples were tested, but this failure to

T R TN

demonstrate the effect of the scratches 1s consistent with the conclu-

sions reached in Section I; namely, that in practice scratches do not

&3 appreciably lower the damage thresholds of glass surfaces. Possible
reasons for this are given in Section I.

II-5.2.5. Maintaining a smooth irradiance profile

The importance of creating a ''clean'' beam and keeping 1t clean

as it propagates through an amplifier chain was recognized long ago.
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thatever the damage mechanism is, hot spots in the beam will cause
damage at lower average irradiances. Practical lasers must be con-
cerned with total efficiencies and therefore it is normally desirab =
to uniformly fill the entire clear aperture of the laser with ar ir-
radiance that is just below the damage level.

Historically, the first problem was how to create a beam without
hot spots. Most techniques for creating a clean beam had the practical
disadvantage of reducing the total energy or power in the beam. Q-
switched oscillators restricted to the TEMgo mode were generally lim-
ited to outputs of 0.1 J or less. Without mode control, much higher
total outputs were available, but one could never be sure that hot spots
vere eliminated. OSimilarly, pinhole spatial filters could be used to
clean up a beam outside of the oscillator, but again the total power
or energy was reduced. Later on, there was some interest in maximizing
the efficiency and total output of TEMgo oscillators by careful cavity
design. OGometimes a nice side effect is that such cavities are highly
stable. That is, the cpot size is relatively insensitive to changes
in cavity parameters due to flashlamp-induced stress, temperature ef-
fects, n, effects, etc.

There are ways of producing smooth irradiance distribution, and
once this is done, one must concentrate on increasing the total power
of the beam. A common attitude is that one need not worry about the
energy that was wasted in cleaning up the beam because one can simply
add more amplifiers to make up the energy. At a certain amplifier gain

value, however, isolation will become necessary, so there is good reason

to want a large oscillator output.
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A top-hat irradiance distribution of diameter equal to the laser

amplifier's clear aperture and height (irradiance) Just below the dr -
k| age threshold would maximize the extraction ot energy from the laser ?
amplifiers. The smooth irradiance patterns referred to earlier, how-
'?, ever, are bell-shaped. There are several ways to transform a bell-
shaped irradiance pattern into a top-hat irradiance pattern. Two pas-
sive ways are: (1) to simply use a small aperture to pass only the
central peak, and (2) to pass the bell-shaped pattern through a ftilter
f! that transmits less in the center than at the edges. Both of these
| technicues,; of' course, cause further reductions in total energy. A

third way is to pass the bell-shaped pattern through an amplifier that f

has higher nsain near its edges than along its axis. Almost all Nd:glass
rod amplifiers meet this criterion. Even if the amplifier has uniform
small signal gain, the center of a bell-shaped patiern will saturate
sooner than the edges and barring damage, the pattern will become more
top-hat-like as it propagates through the amplitiers.

This point seems worth elaborating a bit. If one can avoid damage
the saturation of an amplifier may smooth over any irregularities in
the beam irradiance. Ve ecmphasize this because at 100 J/cm? in a 30 ns
pulse, we are well over the saturation energy irradiance for ED-2 {gen-

erally considered to be ~ 6 J/em®). This is in contrast to the 0.1 ns

Nd:glass lasers which must operate at < 1 J/cm2 to avoid seltf'-focusing
3* damage.
Unfortunately, the abrupt truncation of the top-hat distribution

leads to undesirable diffraction ettects. The apertures used to truncate
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the beam create diffraction patterns downstream that make the irradi-

ance not uniform. The depth of modulation in these diffraction  'ngs
can be reduced by making the truncation less severe, that is, by v

turning to a bell-shaped irradiance pattern. In many practical lase; ]
systems then there is a trade-off between the top-hat distribution wiiich
maximizes energy extraction and a bell-shaped distribution that mini- f

mizes diffraction rings. If damage and output radiance are of no con-

cern, the top-hat distribution would seem to be the best choice. How-
ever, the largest interest in Nd:glass lasers is in the subnanosecond
region where selt'-focusing-type damage is a problem and diffraction
rings should be avoided.

If one asks the question, what spatial irradiance distribution
propagates to its tar field such that no ditf'fraction rings torm, the
answer 1s, a Gaussian irradiance distribution. Unfortunately, any dis-
tribution available to us in the lab can at best be a truncated Gaussian.
Several retferences have considered the dii'fraction rings formed by vary-
ing degrees of truncation.!® As a rule or thumb, diffraction effects
are minimal it the aperture is at least tour times the 1l/e (intensity)
size of the Gaussian beam.

So, it appears that no ideal solution to the diffraction problem
exists. We must then ask, what's the best practical solution? This
problem is similar to the apodization problem in image-torming optics.
We would like, however, to point out two important ditterences. These
Jifferences should make one think twice before one simply borrows re-

sults known from apodization theory. The first difterence is that the
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auplifier chain has gain, and this gain is not uniform across the ampli-
fier aperture. Even it a uniformly pumped amplifier is used, saturation

of the gain will alter the final intensity distribution, in both am}’1i-

i S e T i

tude and phase. The second difference is that in image-forming apc '
sation one is concerned with reducing or eliminating the diffractio
rings with the additioral constraint that the central lobe not be sig-
nificantly broadened. This apparently means that only real (uniphase)

transmission tilters are of use in image-forming apodization.16 Phase

plate tilters have one valuable feature in that their transmission is
100", It might be worthwhile to study theoretically phase plate apodi-

zation for high-power laser beam propagation. Such a study was consid- 1

ered beyond the scope ot this contract.

Nor.etheless, it seems reasonable to borrov several conclusions from
the avodization literature. One such conclusion is that any transmission
distribution, T(r), that smoothly drops otff towards the edge of the (cir-
cular) aperture reduces the relative intensity of the diffraction rings
ir. the far field. Further conclusions seem to be that the more derivi-
tives of T(r) that go to zero at the edge, the better. One method of
making ''elcan’' beams involves making the intensity go to zero in a
ring of some diameter and then placing another aperture of this diameter

at that spot. The most common of these techniques is to use an Airy

disk spatial tilter (Figure II-10). In this device, the first positive
lens serves as a tocusing lens and limiting aperture that forms at its
focus an Airy disk pattern. Strictly speaking, this is true only if it 1

i3 illuminated with a uniform plane wave. In practice, the pattern at
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the focus is very similar to an Airy disk. More than 607 of the total
energy is contained in the central lobe, making this device highly cf'-
ficient. 4 (pinhole) aperture just big cnough Lo pass only the central
1nbe is then placed at the focus. At this plane then there is ~u in
tensity distiribution which drops smoothly to zero al the edges of' the
pinhole aperture. Another positive lens then recollimates (or focuses)
this light. Recall, however, that cven in theory, the far field dif-
fraction pattern of the light is not fringeless. Note also that lenses
can be eliminated by placing the second aperture in the far field of
the first aperture.

During the coursc of this contract, there was a great deal of in-
terest in the laser community in designing and producing apodizers or
soft apertures for use in high-power laser systems, especially Nd:glass
lasers. Again, the goal is to achieve a high total transmission while
still eliminating difraction rings downstream. As a result of this
work at Livermore, Los Alamos, the University of  chester and else-
vhere, some mor: specitic criteria have evolved. 1In order to maximize
the total trunsmission, the transmission of the apodizer should be 1.0 {from
its center out to perhaps 5/& of its clear aperture. ¥rom there, its
transmission should decrease smoothly to < 10™% at the edges. Computer
calculations have indicated that such an apodizer should work very well.
Appendix B is a copy of a letter we prepared on the subject of such
apodizers. Many types of apodizers have been considered and late in
this work we thought of what may be a new type of apodizer suitable for

use with high-power lasers; we call it the total internal reflection (TIR)

apodizer (sce Appendix B).
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Early in this work, we considered many ways of creating and keep-

ing a clecan beam. In the next several pages, we will briefly discuss
a few of what we think are new contributions arising from this work.

To start, we mention an obvious fact, but one that is seldom put
to advantage. A spatially incoherent beam does not create ditffraction
patterns. Thus, one way to avoid diffraction rings is to use a spatially
incoherent beam. We will say more about this later.

We also considered trying to use two or more complimentary dif-
fraction patterns such that the peaks of onc fell on the valleys of the
other - resulting in a more uniform irradiance. We considered splitting
the beam in two, exposing each beam to a ditf'ferent aperture, and then
recombining the two beams (the two diffraction patterns). We considered
designing stepped semitransparent apertures so the resultant diffraction
patterns would be complimentary. None of the above approaches seemed
attractive cnough to continue investigating. The complimentary diftrac-
tion patterns only seemed to help for a narrovw range of distances from
the aperture(s) and seemed to ofter no advantage over continuous (smooth)
apodizers.

Nonplanar (concave) dye cells can also be used to apodize a beam.
In unrelated work, the author has developed a class of liquids that
strongly absorb (absorntion coefficients up to 10 em™) 1.06 m light
and index match typical glasses.® TFigure II-11 shows one design con-
sidered during this work. TFigure JI-12 shows the transmission as a
function of distance from the optic axis for two values of absorption

coefficients. Without going to highly aspheric surfaces, it is difficult
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to achieve both a high average transmission and complete attenuation
at the edges. No such apodizer was used in our experiments.

Another method we consicered for eliminating dittraction r - .
to use a limiting aperture of irreguwlar (random) shape. The idea .
that the ditfraction pattern from such an aperture would be blurrcd (L
s0 that no steer intensity gradients would result. We made several ir-
regularly s:apad apertures (Figure II-13) by hand and used a He-Ne laser
to produce ditftraction patt.. ¢ which were observed visually. Our con-
clusion was that, while the diffraction pattern was more irregular, it
£11ll contained steep intensity gradients.

nistor.cally, the tirst self'-focusing to be considered was the
wnole-beam .ollapse type. More recently, small-scale or instability
mode self-rocusing has been recognized and studied. This cvclution is
gquite understandable since early lasers had modest total outputs, ir-
radiances necessary tor nonlinear effects like self'-focusing reguired
small beam diameters. ns total outputs iicreased, the same irradiance
¢ould B« produced in larger beams naking it easier to observe the small-
scale (angel hair) type of self-tfocusing in damage. The instability
theory warns that small-scale (< 1 mm) perturbations of the irradiance
patterns +'11 grow rapidly and quickly lead to damage. Even without
intentionay perturbations, a beam propagating through any material
will develop its own perturbations due to the inevitable random dis-~

ordering on a local scale. Nonetheless, it seems entirely reasonable
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to avoid perturbing the beam whenever possible. Thus, we carefully
selected our laser rods to be as free as possible ot any scatterii.-
centers (see p. 101).

fnother possibility for keeping a clean beam is to eliminat : t
nonlinear reiractive index of the Ild:glass. The possibility of aci . e -
ing such a glass is in doubt. A zero or nezative n, has not been demon-
strated. Detocusing has been demonstrated but only at near resonance
where saturated anomalous dispersion can lead to time-integrated inten-
sity dependent self'-defocusing. Such a technique might 1#'ind use even
it a laser glass with positive np, is inevitabic. By placing a self-
defocusing naterial between stages of selt'-focusing materials, the de-
leterious effects ol sclf'=focusing might be reduced. No such material
was available to us so this technique could not be pursued.

Another possibility for cleaning up a beam would be a pseudo-
saturable absorber. This device would off'er low transmission to hot
spots and high transmission to weaker irradiances (the opposite ot a
saturable absorber). lossibly a two-step absorption process with the
middle lcvel lifetime longer than the pulce width weuld result in a
pseudosaturabls absorber. lHere again no suitable material was Known
to us and at 1% or 50 it was not clear that we vould need such a de-

vice.
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Another technique we considered we called lensless spatial filter-
ing. This technique relies on the Fresnel diffraction pattern of a
lensless aperture rather than the Fraunhof'fer diffraction of a lens.

As in the Airy disk spatial filter, the first element makes a diffrac-
tion pattern with a dark (zero irradiance) ring of diameter F, the sec-
ond element is an aperture with diameter F. In both types of spatial
rilters, the irradiance in the plane of the second element (aperture)

is bell-shaped with zcro irradiance at the edges. As already mentioned,
this irradiance distribution (if uniphase) will rropagate with reduced
d.ffraction ring effects.

Figure II-14 shows the distances needed to estimate the Fresnel
diffraction effects used in lensless spatial filtering. Given any a
and b ‘a may be negative for converging incident light), the plane of
the aperture will contain a certain number of Fresnel zones. The radius

ol' these zones is given by

5 = /“.-._.Eﬁ" (19)

In the plane of' b, the irradiance can be estimated at any point
(on or off axis) by placing the center of the aperture over the Fresnel
zone pattern referred to above. Each Fresnel zone carries an equal
amount of energy (given uniform incident irradiance) and is out of
phase with itc neighboring zones. So if the imaging aperture passes
an odd number of' zones, the spot at the center of the aperture will be
bright; if' the imaging aperture passes an even number of zones or equal

areas of two adjacent zones, the spot will be dark.
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If we want to pick b and/or 8 in order to insure a dark ring in

the plane of B, ve st have

Sp = 53y =86 = ——— (20)

If the incident irradiance is bell-shaped, s must be smaller. In the

limit of zero irradiance at the edges of s, the conditions become

s=%—/£—i~% (21)

This corresponds to an imaginary aperture that, when placed a distance
s) + 32/2 ot axis, passes only a portion of the second Fresnel zone.
Any aperturc smaller in radius than 1/2 J—m should produce a dark
ring with radius aprroximately equal to s;.
Let us acsume
A =1.06 x 107* cm

a - ®

beam size < 2 mm (typical oscillator output) and solve

for b, we find

1 Aab b
5‘/a—fﬁ'<“2’sl</§5 (22)
or

%‘A/ XS<52 - 53 < A A,b
or

3.77 meters < b < 15.1 meter
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With a table length of about 4 meters, the use of a lensless spatial

J {ilter appeared marginal in our case. Nonetheless, we pursued its
proverties a bit more because we feel that there may be cases where its
use would be warranted.

The advantages of a lensless spatial filter are: (1) no lenses

are required, (2) because there is no focusing, the chances of damage

to apertures or air sparking are low, and (3) the overall transmission
can be high. The disadvaentages are: (l) in many cases, it requires
large separations of apertures, and (2) it is probably less successtiul
at cleaning up a bad beam than a pinhole spatial filter - it requires
a reasonably good beam to start with.

We note that, for an aperture of radius s, the far field is gen-

i erally given by

ns®
g <1 (23)
or

w2
b X -
A

Ir the cas¢ discussed above, nsa/x is 11.8 meters, so the b necessary
to insure a dark ring is 221 equivalent to going to the far fleld of
the aperture. Ve hasten to point out that the Fresnel zone approXima-
tion is only an approximation. Our experiments with He-Ne lasers indi-
cate that the Fresnel-zone approach gives good qualitative agreement
(number of dark rings, etc. ) but that more detailed calculations must
be used to get good quantitative agreement. For example, our simple
approach does not allow for the general spreading of the light as it

propagates.
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One can shorten the distance between the two apertures by using a

] converging beam. For example, if a = -1.16, we have
I 0.34 meters < b < 1.37 meters

a much more workahle distance. However, now one must use two lenses to
focus and recollimate the beam and the possibility of air sparking ex-

ists. One would, however, keep the advantage of minimizing the chance

T R

of damage to either aperture. Figure II-15 shows an irradiation (dif-

fraction) pattern produced by lensless spatial Tiltering of a collimated

He-Ne beam. In this case, a = », b = 847 cm, s ®1.0 mm, and s, - s; =~
0.96 nm,
In conclusion, we felt that lensless spatial filtering was a tech-
nique with some merit, but that it was not suitable for our experiments.
t/henever a lens is used as an optical element in a high-power laser

system, one must be careful that focused reflections from the lens sur-

faces do not cause optical damage or otherwise perturb the beam. This
seems rather obvious, but we believe we have discovered at least one
case where these precautions are not generally taken.

Perhaps the most obvious thing to avoid is reflections from a con-

cave surtace (Figure II-16). If the first surface is concave, a source

at a distance xp from the apex will be imaged at x,, where




then r<|x3|<rs

If the second surface 1s concave, the position of x; will of course de=-
pend on the first surface reflection as well as the second surface re-
flection.

Returning for the moment to the concave ftirst surface, we estimate
the irradiance at x; given an incident irradiance I5. The image at x;
will, of course, suffer from spherical aberration. In order to calcu-
late an upper limit, we assume a diffraction limited focus in which 807
of the total energy is contained in a circle of radius 1.2 Axl/D where D
is the len: or beam diameter, whichever is lesser. The irradiance at x;

is then approximated by

n
= = 0.8Io 1 D°R _ 0.8IoD"R (25)
%1 n(L-_g_Az_;)‘? 5. 76X,

where R ic the reflectivity of the surface tor \ = 1.06 x 10”4 cm.

I 4
f’& = (i_ll:) 1.23 x 107 all distances in cm (26)
o 1

For example, consider a Y-meter iocal length negative lens of 3 cm
diameter such as might be used to add divergence to a laser beam in
order to fill up larger succeeding amplifiers. In thi. case, r @ f
if the lens is biconvex. It the incident light is collimated, x; ™2

meters and

Ix
—& = R 2.48 x 104
Io
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It the lens is uncoated, R ~ 0.04 and

I

=L =1.0x 103
)

Even as an upper limit, this is a large number. If the leas is AR

coated so R = 1073, we have

Iy
f;l = 24.8
still a large number. Note also that permanent damage at x; is not the
only danger. The local high intensities at x; can cause refractive in-
dex perturbations that will perturb the laser pulse if the pulse is longer
in space than 2x;. For the case considered above, this would mean a pulse
length of greater than 130 ns. If the coherence length is greater than
2x, (B <2.75 x 1073 &), an interference pattern will be formed at x;.
This should turther perturb the material (air or whatever) at X3. The
current emphasis on small-scale self-focusing should make these secondary
foci important considerations.

One nice teature of these single reflection toci is that a slight
tilt of the lens can of'ten move x; away from damageable elements with-
out adding troublesore aberrations to the btcam. The properties of these
foci are well known, our main purpose in detailing these properties is
to compare them with the foci to be discussed next.

Next we'll consider a less obvious but potent! .ly more trouble-
some focus formed on the downstream side of any positive lens, regard-

less of its shape factor. This focus is due to light twice-reflected
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1 inside a positive lens. For simplicity, we cons’der a p.ano-convex

[ lens (Figure IT 17). We have shcwn that
f ~ f(n-1) xo
E | *3 = Xo(3n-1) - f(n-1) (27)

where f is the focal length of the plano-convex lens, xo is the object

1 distance, n is the refraclive index of the lens, and xa is the image

distance.

If the incident light is collimated

t(n-l)

%3 " 5tne1) e
tor n = 1.5, this becomes
X3 2 0.14

One common use for positive lenses is as the second element of a

beam-expanding afocal telescope. In this case, xo = f and

f(n-<l
] X3 = (21'1 ) (29)
]
for n = 1.5, this becomes
Xq 2 0.17 ¢

We see then that x3 is not a strong function of xp for practical cases.
We have experimentally verified eq. 27 for plano-convex lenses. The
focus and interference patterns near the focus are easily visible using

a He-Ne laser. No theoretical work was done on more complicated lenses,
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but our experinents on plano-convex, meniscus, and biconvex lences in-

dicate that for %xg = =
X3
0.12 < < 0.15

Betore calculating the upper limit to the irradiance at these toci,
we wish to point out several important qualitative differences between
these two reflection foci. First, one cannot move the focus out of the
beam by tilting the lens. Second, in order to have interference eftfects
at xa, the coherence length (or lengths) of the laser pulse need only be
twice the optical thickness of the lens. If n = 1.5 and the lens is 1 cm
thick, this correspond:, to AX < 0.37 A. This makes it more likely that
intertference patterns will turther aggravate any small-scale self-focusing
problems.

As betore, we estimate the irradiance at x5 to be

0.8I, E-DQRZ(l-R)Q
I, = - (30)
) n(l.2)‘x§)

D

_ 0.157 D*R®(1-R)? I

Xxa®

if A = 1.06 x 1074

I (1-r)2R2D4
=3 - 1,23 » 107 Llllllﬁil_
Io X3<

assuming xa =~ 0.14 t




I

7. 2na2n4
%ﬁ. = 62.75 x 107 S——?———R) 22 (31)

We'll consider two cases numerically, one lens typically used in

a beam expander, and one typically used to recollimate the beam. 1In

the tirst casc, we take

f =15 cm

D=3cm
X3 in the sccond case we take

t = 700 cm

D =10 cm

In both cases, we consider R = 0.04, and 0.001. Thc results are listed
in Table II-3.

These are upper limits, but they clearly show that this twice-
retlected foci can cause problems. Note also that, if an interference
pattern occurs at %3, the peak intensity will be four times higher than
in the casc of incoherent addition of intensities at x3. The authors do
not know of a particular case where damage could be attributed to this
twice-retlceted focus, but we would not be surprised to t'ind such a case.

Another technique for keeping a fringe-frce or clean beam is to
start with a clean bcam and simply keep the beam small compared to any
apertures (amplifiers) it must pass through. The price paid of course
is that only the central portion ot the amplifiers is used, resulting
in inefticient operation. Since total energy and efficiency were not
parameters to necessarily be optimized in our experiments, the small

beam approach could be used. To a certain extent, it was.
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In summary, our work on getting and keeping a clean beam turned
up three new techniques or tindings, lensless (Fresnel) spatial filter-
ing, TIR ajodizers, and the twice-reflected foci of positive lenses.
Next we »utline the two basic experiments performed under this portion

of the contract.

IT-3.3. Planned experiments

Two basic types of experiments were planned. One sought a single
longitudinal mode and single spatial mode oscillator and clean beam
propagation through the amplifiers. The goal for the other experiment
was no-spatial mode control but single longitudinal mode. However, we
could onl; do no-spatial mode control with no longitudinal mode con-
trol. The ideas behind the no-spatial mode control experiment were
basically that spatially incoherent beams would not make (stationary)
diffraction rings and that the random superposition of hundreds or
thousands of spatial modes, coupled with the saturation of the ampli -
fiers, would result in a smooth irradiance (no hot spots).

The idea behind the TEMgo experiment was also to use a no-hot -spot
irradiance, but the method of achieving this was different. 1In this
experiment, a TiMpe oscillator would be used and special care would be
taken to keep the beam clean (free of hot spots) as it propagated
through the amplifiers. The narrow bandwidth assured that there would
be no temporal hot spots (intense subnanosecond spikes).

A check of the commercial literature showed that no one offered a
single longitudinal mode Q-switched Nd Laser. One firm offered a nar-

row bandwidth (< 0.01 A) Q-switched Nd:YAG oscillator. This bandwidth
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contains at most only a few longitudinal modes - so it appeared that
one mignt achieve single-mode operation. The energy output is only
20 mJ which means that considerable amplification would be necessar.

Our choices then were to either buy the oscillator mentioned ::.ove,
or design and build our own oscillator for reliable high-energy sin e-
rmode operation. Consistency and reliability are definite requirements
in any system designed to be operated just unier the damage threshold.
We gave some thought to building a unidirectional tiaveling wave oscile
lator because we felt that such an oscillator could achieve high-energy
single-mode operation. Damage to components would be minimized because
steep angles of incidence could be used and standing wave anti-nodes
would be avoided. Also the traveling wave feature should enhance energy
extraction and single longitudinal mode operation. We decided, however,
that designing, building, and optimizing such a device was simply too
large an undertaking.

Unfortunately, we could not study only the effect of spatial mode
differences. In order to avoid temporal hot spots (subnanosecond struc-
ture on the 15-30 ns pulse envelope), we wanted to use a single longi-
tudinal mode oscillator with a bandwidth limited pulse length. The os-
cillator used for the no-spatial mode control experiments was a Nd:glass
oscillator and had neither spatial nor longitudinal mode control. Con-
sequently, its output contained thousands of longitudinal modes.

In the chart below, we studied cases (A) and (D). With the equip-

ment we have at hand, we could also study cases (B) and (C). For case

(B), we could remove the 1.8 mm mode selecting aperture from our YAG
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oscillat,r and if' necessary add further frequency narrowing components.
For case ,C), we could use our original TEMg, glass oscillator ani/or
use our YAG :.aser with the output etalon replaced by a dielectric mirror.
In principle then we could use our Nd:YAG oscillator to study all to -
mode conditions.

Spatial Longitudinal

Modes Modes
(A) iy
(B) >> 1
1€) 1 >> 1
(D) > 1 > 1

We felt that this would be a very worthwhile study in both nanosecond
and the picosecond pulse lengths. If multimode beams experience the
same damage thresholds and limitations as single-mode beams, consider-
able savings could result due to the higher total outputs, higher ef-

ficiencies, and lower costs available in the multimode case.

II-4. Lxperiments

We describe the clean beam (single mode) experiments first and
begin by describing the properties of the components used in this por-

tion of our research.

I1-4.1l. Single-mode experiments

II-4.1.1. Oscillator characterization

A commercially available Pockels cell Q-switched Nd:YAG laser os-
cillator was purchased (with company money) for use in this phase of
the contract. It is a Holobeam Mod~l No. 356. It is advertised to

teature TEMpo and single longitudinal mode (or very close to it)
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operatiorn v th a pulse energy of 30 mJ. A temperature-controllel two-
piece air-spaced etalon ic used as the output mirror to narrow the
spectral ~ontent of the output. A bias-closed Pockels cell is used

t0 «-switen the laser and a 1.8 mm diameter aperture is used to limi'.

the output to the TEMgpo mode.

R R

n great deal of time was spent on the optimization and character-
izing of tris oscillator. To study its transverse mode pattern, we
used zap marks on black Polaroid film, TV viewers, and shearing inter-
terometers. To study its longitudinal mode structure, we used fast
(< 1 ns) detoctors and a l-meter grating spectrograph. Once optimized,

the oscillator pertformed very reliably for several months except for a

e e Tl o B g o adaie onboiiege

tew electrical malfunctions in the cooling system controls.
We found that only by purposely making the Pockels cell ''leaky'! ;
could we obtain narrow bandwidth emission. Figure IT-18 shows the
temporal profile of the pulse as a function of Pockels cell voltage.
The half-wave voltage was measured to be 4.9 kV. At lower voltages,
the energy is lower but the pulse is smooth. We believe that the leaky
Pockels cell operates like a slowly opened Q-switch in helping to nar-
row the spectral output.® We made no direct measurements that would
establish single longitudinal mode operation, but the temporal profiles
were consistently smooth once the oscillator was optimized. In hundreds
ot shots, only a tew shots were not temporally smooth and all of these
shots showed a temporal profile that could be explained as the beating
of two adjacent modes. By detuning the temperature of the temperature-

controlled etalon, we could demonstrate nonsingle mode operation. We
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could make the output spectrum so broad that a spectrometer of = 1/2 K
resolution could display the difference. In this experiment, we used
a l-meter grating spectrograph with a ground glass in the film plane.
The infrared sensitive TV system was then focused on the ground glass
and displayed the spectrum. As described in earlier reports,' one
line of the TV scan could be displayed on an oscilloscope and photo-
graphed. Figure II-19 shows an obviously broad spectrum and what we
believed to be a single-mode spectrum.

The output of the oscillator was nearly linearly pola:fzed. The
ratio of the intensity of light polarized with its E vector horizontal
to the intensity of light polarized with its E vector vertical was
16.6:1. The lack of complete polarization is probably due to bire-
tringence in the YAG rod and the temperature-tuned etalon.

In summary, a reliable TEMpo narrow bandwidth (probably single
longitudinal mode) oscillator was used. Its output pulse contained
approximately 25 mJ in 15-20 ns. The energy repeatability was approxi-
mately = 15°. This oscillator was quite reliable for several months,
but its dependability and consistency dropped toward the end of this
work. We have not pursued the causes of this reduced consistency. Be-
cause the oscillator was not isolated from the amplifiers, multiple
longitudinal mode (spiky) outputs were more likely when the amplitiers
were pumped intensely.

II-4.1.2. Characterization of the amplifiers
and related equipment

Three identical amplifier heads were purchased from Apollo Lasers

Inc. Each held a S/M" diameter rod and pumped approximately 30 cm of
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the rod. #ach head had two helical flashlamps and could discharge up

to 10,620 J total. Mounts were designed arnd built to hold the ampli-

tiers, oscillator, and numerous other components. These mounts vere
designed 1o seep the beam 15 cm above the table top. Fifteen cm was
felt to be t-e minimuwn practical value. Shorter heights were not com-
ratible with the oscillator and amplifier construction and higher dis-
tances would exagrerate any vibration problems. All components were
placed n a 4356 x 116 x 1.9 em stainless-steel sheet. This sheet was
not vibration-isnlated, but did make a convenient workirng surtuce.
Figures I1-20 to II-22 show various components of the systerm.

Figure II-25 shows the FWHM and zero-to-peak times of' the ampli-
fier flashlamps at various voltages. Fipgure II-24 shows the central
small signal gain for both a Brewster/Brewster angle rod and a u°/h
rod. We believe the Brewster angle rod shows higher gain becauce of
parasitic oscillations inside the rods. Fipgure II-2%5 shows the energy
storage and simall signal gain across the aperture of an amplitfier pumped
at 9 kV. The srall signal gain through the edges of all three ampli-
tiers is twelve times as great as the small signal gain through the
center of all three amplitiers. We will comment later on how this
complicates icolation and beuam propagation.

Figure II-26 shows the experimental arrangement used to determine
the lens ef'tect of a pumped amplitier on the laser pulse. An etalon
element was used as a shearing plate interterometer'® to produce fringes
that were viewed with a TV-videotape system. Figure II-27 shows a

photograph of the TV display and the oscilloscope display tor a typical
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experinent. Irom the 1ringe spacing, we calculated the ettective

iecal lensth off an amplifier for the laser pulse. We estimated that
tae amplitier acts like a negative lens with a focal length of 1k
moters. Figurc IT1-28 shows how the fringe spacing changed as a func-
<+ on ot time. Ve found that a few seconds after the tlashlamp pulse,
tae rod behaved as a positive lens. Figure I1-29 shows the fringe
spacing as a function of flashlamp voltage. As expected, the lens
eff'ect becomes more intense with increased pumping intensity. We
relt these studies were important because we would be dealing with
weakly focuscd beams and a slight lensing in an amplifier might be
significant. In retrospect, it would have been interesting to study
the lens cri'cet at various positions in the aperture of the amylifier
and at higher pumping voltages.

In order to minimize any damage or small-scale seli-f'ocusing
caused by inclusions or inhomogeneities in the rods, we tried to find
rods free of any scattering centers or inhomogeneities. A 15 mw He-lle
laser bean (.= 2 ran diameter) was passed along the rod axis and scanned
manually so as to cover the entire area o1 the rod. The barrel of the
rod was coated with index-matching oil so that any scattering centers
could be nore casily seen through the side (barrel) of the rod. About

six rods werc examined and three were found to be scattering center-tree.

The other rods had two to tfive scattering centers. One of the scattering

center-free rods wasc damaged beyond repair during finishing. The other
two scattering center-iree rods were used in the first and last ampli-
fiers of the mode-controlled 'clean beam) experiments. The last (high

irradiance) amplifier had
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Brewster angle surfaces. The other two rods used in the mode-controlled
experiments had 4° surfaces (4° off the normal). All rods were Owens-
Illinois ED-2.2 (2 weight percent Nd) rods. All demonstrated surfacec
flat to A/10 homogeneity or better than )\/8.

In sammary, each amplifier hecad could give small signal gains of
rore than 100 and behaved as a lb-meter negative lens. The lens eftfect
remained rather constant during the peak gain of the amplitier. Neutral
density r'ilters would be used to reduce the gain at the amplifiers, while
keeping the pumping intensity constant at 9 kV. Total pumped volume was
256 em® and storage efticiency was about 1.17.

The beam is expanded before it enters the first amplifier to maxi-
mize the gain of the first amplitier. In order to achieve 100 J/cm2 in
the third amplifier, the beam must be contracted. We decided to do this
by tocusin;; the beam-expanding telescope and using one negative lens
between the second and third amplifiers (Figure II-30). Another way
would have been to use another afocal beam-contracting telescope between
the second and third amplifiers. We felt that the tewer lenies the bet-
ter due to the problems of unwanted reflections. We tested a tew home-
made beam cxpanders and tfound that we could keep aberrations down to a
few A. However, the vibrations ot our table became quite apparent dur-
ing these tests and this convinced us that a one-piece mounting for the
twWo lenses would be necessary. Thus, we purchased a commercially avail-
able 6:1 beam expander (General Photonics).

It is perhaps worth noting that one rust be careful in applying

simple lens design formulas to such a system. Fipgure II-31 illustrates
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one potentiul pitfall. The Gaussian optics formulas mzasure focal
lengih tfeom the principal plane. In an utfocal ‘~r nearly atocal) sys-
tem, the principal plane can be far removed from either of the lenses.
For exampiec, if £ = 5 em, then a magnitication (m) of 6 means that d
the sepiration of the lenses) must be 25 em. If we ask for a foeal
length ot 500 cm, we have

N .
1 ——--l»-r’f‘---—i.2 oy or s = 29.5

But the physical location of this focus will be £’ - mf = 1600 cm from
the lens.

Jur early experimental efforts were aimed at learning how to ob-
serve the spatial protfile of the beam and atter that learning how to
keep the beam clean and smooth as i1t propagates through the beam ex-
pander, amplifiers, and negative lens.

we used zap marks and the TV videotape system to record beam pro-
files. We found that the TV nmonitoring system could detect diffraction
rings and that we could keep the beam relatively free of ditffraction
rings be carefully aligning the telescope and the first amplifier. Ex-
cept in the first an-lificr, the beam was smaller than the limiting
apertures and alignment was not critieal. 1In all cases, the beam wag
intercepted by a ground glass screen and the TV camera was focused on
the screen from the back side (Figure II-32). This is in contrast to
the previous method of using the TV system in whict the beam was inter-
cepted by the active surface of' the TV camera (no lens or screen was

used).@! We felt that the screen system was more versatile in that
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any size beam could be studied at any desired magnification. Figure
II-3% shows a pnotograph of a burn pattern taken atter ithe first 21 i-
fier. Figure II-34 shows a TV display of the beam taken after the
third amplitier. This photograph is included to show that dift'racti.n
rings could be detected and displayed, it is not typieal.

We found that a 2.5 mnm diameter aperture placed between the oscil-
lator and the telescope prevented extranecus light in the outer regions
of the bear. The aperture did rot seem to attect the central part of
the beam. With the TV system, we also could observe that the position
of the beam waist (or the size of the beam at any particular point) was
a function of the jumping intensity of the amplitfiers. The simple lens
tormula indicated that the two ampiifiers, each acting like a ll-meter
negative lens, could shif't the focus of the beam by almost one meter.

We also used the TV system to carefully align the first amplitier.
This wes done by placing a tissue-paper screen over the ends otf the am-
plifier rod. A white light shown through the rod illuminated the clear
aperture ot the amplifier. When the laser pulse irradiated the screen,
we could display (single frame still) the laser pulse and the rod aper-
ture on the TV monitor. This allowed for very accurate alignment.

We could also observe that small signal and large signal diffraction
patterns were different and that a beam that guve fringes in one plane
sometimes did not show fringes in a plane tarther or closer tc the os-
cillator.

The flashlamp light created a lot ot noise on the TV pictures.

Normal shielding did not help much because the TV system is more sensi-

tive to visible light than infrared light. A thin film band pass filter




did not work well because it introduced lines or iringes in the picture.
In order to block the visible light and still keep the picture quality,
ve prepared a water solution of KI-_,22 and placed a 5 cm cell of this
solution between the TV and the screen (or in front of the screen).
This solution was opaque to visible 1l!ght but transmitted about 30" of
the 1.06 ;m light.

One of our early studies involved purposely damaging a (passive)
rod placed vnere the third ampiifier would be. We hoped to see a beam
break-up rrior to catastrophic damage and to study what etfect cata-
strophic damage might have on the rest ot the systern. We did not see
any predamage break-up of the beam - but only a few experiments were
run; we studied unly the near tield, and the energy density was increased
in large steps. e did, however, discover that there was significant
scattering of the laser pulse from the damage sites. The backward scat-
tered light was amplitfied, focused by the positive lens of the telescope,
and damnged tne negative lens of the telescope. A Faraday isolator would
have prevented this damage. In pursuing the torward scattering, we tound
that, even iw the absence of damage, there was signiiicant forward scat-
tering. Tr ¢ scattering caused us at one point to think that we were
observing julce broadening in the final amplitier, We tfinally determined
that our detector was picking up torward scattered light trom both the
third and tie second amplifiers (Figure II-55). 1In later experiments,
tlie deiector was shielded from all amplifiers.

We have no direct reason to believe that this torward scattered

light could be used as a precursor to damage, but it would be interesting
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to investigate this possibility. The light seems "o be more intense

than passive scattering calculations would suggest - perhaps a plot

of relative scattered intensity versus beam irradiance would demon-

strate 2 kink or bend at an irradiance level below the damage level.

It is certainly true that significant scaitering will occur for frec

] electron densities below the free electron density necessary for dam-
age. The growth of free electron densities (electron avalanche) is

a very nonlinear process, but it ctill seems possible that, by monitor-

ing the tforward scattered light, one might be able to tell when one was

A B —

approachin~ damage threshold irradiance. It is often observed in large

glass lasers that the beam spreads appreciably at high irradiances.®3

o In the past, it has not been clear whether this spreading occurred be-
cause of damage or before damage. A careful study of forward scatter- i
ing might reveal a precursor to damage. If so, this would be a sig-
nificant finding whose benefits would not be restricted to Nd:glass
lasers.
Figure II-36 shows oscilloscope displays of a damaging pulse. Note
the reflected pulses of high intensity. éy measuring the temporal spac-
ing of these pulsec, we determined that they were indeed retlected from

the damage sitec and the oscillator. A Faraday isolator would elimi-

nate the intense pulses and prevent them from causing further damage.

In all nur experiments, visual observations by tuo observers using

a bright microscope light were used to search for damage. In only two

cases out of twenty did the two observers not agree on whether or not

there was damage.




After damaging the expendable rod, we noted that the AR coatings
on the second amplifier rod were damaged in several areas. We had |ad
only one rod /R coated because we wanted to see how the coatings held
up and how they atfected the other properties of the rod. Intertero-
grams ol' the rod before and after coating showed obvious dif'ferences -
perhaps indicating that the rod became very hot during the coating
process. Coupled with the facts that the coating damaged and the gain
(energy storage) did not seem to improve (we had hoped that the AR
coating would increase energy storage by reducing the parasitic oscil-
lation problem), we decided to not AR coat any of the amplifier rods.
Thus, because ot retlections, the tinal amplifier exit surface would
almost have to be a Brevwster angle surface. It a nearly normal surtface
were used, an intense pulse would be backscattered and focused inside
the ampliticr.

II-4.1.3. Single-mode experimental results

We replaced the second amplifier rod and the negative lens in the
telescope and proceeded to the setup shown in Figure 1I-37. The exit
rlane was imagec on the ground glass and the area o: the beam at the
FWHM points was determined from oscilloscope display of the TV picture.
P was determined by dividing the total output energy by the area cal-
culated above. Readings as high as 157 J/cm® were recorded, which made
us suspicious ot our measurement technique. We decided that a 1 mm
aperture should be used at least to calibrate the TV system and perhaps
even to replace the TV system.

When the 1 mm aperture was placed some 62 cm beyond the exit rlane,

we registered ~ 45 J/cm® (never more than 50 J/cm?). p at the exit
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plane can nnly be estimated because the divergence of the beam wac

nct accurately known. In any case, this was still not a direct meas-
urement of' P at the exit plane. Our plan was to increase L by simply
using . stronger negative lens placed closer to the third amplifier.
Also the measurement scheme would use a simple positive (f = 31 cm)
lens to focus the exit plane of the amplifier on the plane of the 1 mm
aperture. The calorimeter would be placed directly behind the 1 mm
aperture. In order to obtain some sort of visual display of the beam
quality, darkened Polaroid tilm (pap»r) was placed over the 1 mm aper-
ture witn a hole in it slightly greater than 1 mm in diameter to let
the 1 mm vortion (center) of the beam pass through the aperture. The
beam patterns on the film showed whether or not the beam was centered
on the 1 rm aperture and also indicated (approximately) the diameter
of the beam. Roughly 0.2 J/cm2 1s required to burn this film so when
a quartz beam splitter is used, the full diameter of the burn pattern
indicates the beam diameter at the 6.1 J/cm2 level. No TV monitoring

was done when the above measurement scheme was in use.

Our first round of experiments had gone so smoothly that we relaxed

our concerns over damage to the final negative lens. No damage occurred

in the first experiments, so we thought it would be rather straightfor-
ward to increase p at the lens. We found, however, that every attempt

to increase p at the lens resulted in damage, mostly surface damage to

the lens. We tried several different types of readily available lenses
and also tried using the hot nitric acid treatment on some of these

lenses. This hot nitric acid treatment developed under this contract

-108-




(see Section I) had been very successful in raising the damage thresh-
old of some glass surtaces. All our efforts were to no avail, we coi-
tinued to damage the negative lens. We ordered some custom-made fuced
quartz lenses, but the nanufacturer lost these lenses and by the time
they were remade and shipped, time had run out.

On two shots with the (damaged or damaging) negative lens in place,
we did achieve more than 60 J/cm2 with no damage to anything except the
negative lens.

Finally we removed the negative lens and pumped only the tirst and
third amplifiers. If all three amplifiers were pumped, we encountered
air sparking in front of the third amplifier and several joules of
amplified spontaneous emission. Using only two amps, we obtained > 70
J/em? on several (~ 6) shots with no apparent damage. At 75 J/em2, there
was some doubt as to whether there was self-focusing damage or not and,
at 94 J/er® (5.9 GW/em?), there was definitely self-focusing damage.
Unfortunately, we could only achieve these irradiances by pumping the
amplifiers at more than 9 kV. This meant that the divergence and size
ot the beam in the third amplifier may have changed slightly because
we had not characterized the beam properties under these conditions.
Thus we cannot be sure that the beam was diverging - it may have been
focused inside the amplifier or beyond the amplifier due to the unknown
lensing etffect of the tirst amplifier. OSo again, it may be possible to
do better than 70 J/em® (4.4 GW/cm?) when more preampiification is pro-
vided. We could not achieve more preamplitication because of isolation

problems. Figure II-38 shows oscilloscope traces and burn patterns for
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two > 70 J/cm® shots that did not cause damage. Figure II-39 shows
two damaging slLots - note again the intense reflected pulses propagat-
ing back and torth through the entire system.

The spot size in these final clean beam experiments was estimated
(on the basis of the burn patterns in “he plane of the 1 mm aperture)
to be about rg = 1.55 mm. So, if the beam irradiance was Gaussian,
the actual peak irradiance given by Figure II-5 would be 74 J/em? in-
ctead of 70 J/cme.

Since we don't know how Gaussian the beam was, we'll claim only
R 70 J/em® in & 15 ns pulse (4.4 GW/em®). In terms of irradiance
(W/em?), this is 142% of the contract goal. In terms of energy irradi-
ance, this is 70% of the ccntract goal, but in a pulse half the length
of the contract goal (100 J/cm? in a 30 ns pulse or 3.1 GW/em2). In
Section II-5.1, we will compare these results with the prior state of
the art.

It is interesting to note that 2 70 J/cm® operation was achiev.d
with pulses that had smooth temporal profiles and with pulses that had
irregular substructure on the 15 ns pulse envelope (Figure II-38).

When the amplifiers were pumped intensely, the oscillator output was
more likely to be temporally irregular. One should be careful in try-
ing to draw conclusions from such limited experiments, but it does
appear that subnanosecond spikes do not appreciably lower the damage
threshold.

Wit.. the diagnostics used in these experiments, we cannot say whe-

ther the self-focusing was whole-beam or smallescale in nature. Bliss?




has reported whole-beam self-focusing in similar rods at similar ir-
radiances and beam diameters, but with picosecond pulse lengths.

It is also interesting to note that the Polaroid burn patterns in-
dicate tringes near the periphery of the beam (Figure II-38). Recall
that this burn pattern periphery corresponds roughly to the 6 J/cm2 energy
irradiance level. This may be an indication that, at higher energy irra-
diances, the saturation of the amplifiers smooths out the irradiance pat-
tern. 0f course, it could also indicate that fringes can only be detected
by the t'ilm when the irradiance is near the film burn threshold.

IT-4.1.4. Final examination of amplifier rods

Upon the termination of these experiments, the three laser rods used
in the mode-controlled experiment were reexamined for scattering centers,
optical homogeneity (Mark-Zender interferometer and polarimeter) and flat-
ness ot surfaces.

The first amplifier rod showed no scattering centers betore or after
the experiments. The rod experienced approximately 1500 shots with a
marimum irradiance (exclusive of pulses reflected from damage sites) of
approximately 60 Mw/cm®. The second amplifier rod had two scattering cen-
ters before the experiments and four scattering centers at‘ter the experi-
ments (the original two plus two more). No size or shape could be at-
tributed to these scattering centers because they are so small. All we
can say is that, under intense illumination and carsful observation, they
scatter 1light. The maxirmm irradiance through this amplitier (exclusive
of irradiation from light reflected off damage sites) was approximately
700 Mw/cme. It is possible that two scattering centers were missed dur-
ing our tirst examination, but it also is possible that two scattering

centers were below our detection thresholds before the experiments and
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grew as a result of the intense laser irradietion. The third amplifier
received tracking damage in several areas. This tracking damage con-
sisted of large damage sites several millimeters apart and sometimet,
but not always, connected by thin filaments. It is possible that those
sites connected by filaments resulted from temporally smooth pulses,
while those sites not so connected resulted frcm the intense spikes on
irregular pulses. We cannot say for sure because no detailed examina -
tion was mede af'ter or during each damaging shot.

Mark-Zender interferograms of all three rods before the experiments
showed < )\/b distortions. After the experiments, all three rods had de-
veloped about a A/2 sphericity. Figure II-4LO shows interferograms of
the first amplitier rod before and after the experiments. The other
two rode gave similar results. The sphericity is such that the emerg-
ing wavetront diverges. By testing all six surfaces for tlatness, we
have ascertained that the sphericity is not due to any changes in sur-
tace figures. The sphericity corresponds to a change in refractive in-
dex of' approximately 1 x 107® at the edge of the rod compared to the
center of the rod.

Since the passive sphericity of the rods changed with use, it would
be interesting to again determine how the sphericity is affected by the
pumping of the rods. The change in passive sphericity is small compared
to the measured change in sphericity induced by the pumping - but the
pump-induced sphericity may change with use also.

Polarimeter studies of the first two amplifier rods showed a com-
pression of about 80 mm. An accurate measurement of the stress was not

made before the experiments.
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In conclusion, the optical properties (sphericity) of all three
rods changed in a similar manner. This similarity leads us to believe
that the changes were due to the pumping and/or wvater cooling of the
rods rather than eny action of the laser light. There is some indi-
cation that the action of the laser light did create or enlarge two

isolated scattering centers in one of the laser rods.

II-4.2, Multimode experiments

II-4.2.1. Description of experiments

In this portion of the contract, we tried to determine the prac-
tical damage threshold tor a laser pulse with little or no spatial or
longitudinal mode control. The idea was that the (hopetully) random
superpisition of' a great number of spatial and longitudinal modes woulg
add up and average out to a very uniform irradiance pattern. In the
case of longitudinal modes, the addition of many modes does not gen-
erall; result in a unitform temporal envelope. Irregular spikes are
detected even with 1 ns response time detectors. Faster detectors
would, we feel certain, show irregular picosecond and even subpicosec-
ond spikes. Without a better understanding of the exact damage mech-
anisms, it is difficult to say what effect a given temporal substruc-
ture will have on damage thresholds. It would be interesting to study
damage with a laser pulse of narrow bandwidth (ideally one longitudinal
mode) but many spatial modes. This could be approximated by removing
the aperture from the YAG oscillator used in this project. This same
YAG laser could be used to study damage thresholds of' single and mul -

tiple longitudinal mode pulses, both TEMgo. This too would be inter-

esting.
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In the case of spatial modes, the superposition of many modec also
does not result in a pertectly uniform irradiance. However, the spatial
incoherence of such a beam should make diftraction rings less of a ;rob-
lem. Time-integrated measurements (zap marks) indicatc that a tairly
smooth profile can be obtained by using a large aperture oscillator.
4150 in this time region (30 ns), passage through the saturated ampli-
fiers may smooth out certain spatial irregularities - making the output
more uniform than the input.

II1-4.2.2. Description of equipmert

The laser system used in this portion of the project was the same
one used in previous ARPA work done here at 0-I.“% All rods were ED-2.7%
Brewster angle rods 3/4'' in diameter. The pumped length of all rods
was 20 cm and there were three amplifiers and a Pockels cell (-switched
oscillator (Figure II-hl).

The oscillator was moditied by replacing the 2 mm mode selecting
aperture with a 7.5 mm aperture. Prcvious experience with this oscil-
lator had shown that the 2 nm aperture was the largest aperture which
would allow TIMpo mode outputs. Outside of the oscillator a 4.5 mm
aperturc was used to transmit the most uniform portion of the oscillator
output. Various lenses were used to try to get a nonconverging small
diameter beam through the last amplifier (Figure II-4l.)

At first, we intended to use a Pockels cell beam chopper to reduce
the 50 ns pulse to a 15 ns pulse so we could compare our results dir-
ectly with the 15 ns pulses used in the YAG oscillator experiments.

We found, however, that reflections from the spark inside the spark-gap

(used to trigger the Pockels cell) induced a ~ 3 ns modulation of the
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beam chopper output. Due to saturation of the amplitiers, the tinal
output pulse contained most of the energy in the first 3 ns. This was
unsuitable so we used the 30 ns oscillator pulse. This of course was
the original contract goal, but did not allow for direct comparison
with the 15 ns YAG pulses.

II-4.2.3. Multimode experimental results

No neutral density filters were used in the multimode experiments,
irraiiances were controlled by the positioning of the lenses and the
pumping intensity of the amplifiers. We did achieve output energy ir-
radiances of 70 J/em® (Figure II-42) with no damage to the amplifiers,
but damage to the second lens. This is helt the maximum irradiance
achieved in the single-mode narrow bandwidth experiments.

The length of the final multimode amplitier was 38 cm vice 42 cm
for the single-mode final amplifier. Apparently we can conclude that
using single-mode narrow bandwidth pulse does not improve selt’-focusing
damage thresholds by more than a factor of two. Considering the greater
energies and efficiencies available in the multimode case, a factor of
two might favor multimode operation in many lasers.

More intense pumping of the amplifiers did not increase the irradi-
ance, although it did of course increase the total outpul energy (ur to
20 J). With such a '*sloppy'' beam, it is difficult to be precise about
characterizing the beam. Using burn patterns in the plane of the 1 mm
aperture, we estimate the beam radius to be r- = 2.3 mm. We determined
by two methods that the beam had a half-angle convergence of about 2 nR.
One method used two beam splitters some 80 cm apart to compare burn pat-

terns. The other method measured average irradiances in the exit plane
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and 55 cm after the exit plane, where enersy irradiances of up to 118
J/cm® were measured. We were rather surprised to find that a converg-
ing beam of more than 1 Gw/cm2 did not self-focus, but recent self-
focusing theory indicates that the convergence or divergence otf the
beam is not a critical parameter.

It is significant to note that, in over a hundred experiment shots
in this system, the final amplifier was damaged about seven times. We
never saw surface damage on the Brewster angle exit face of the ampli-
fier except where it was at the end of a track of internal damage. The
normal surfaces of beam splitters and lenses were extensively damaged
| and caused a premature end to these experiments. One must conclude

that, in systems of this type, surface damage is the weak link in the
system. One must also conclude that there is indeed a terrific advan-
tage in going to Brewster angle surfaces.

II-4.2.4., Advantages of multimode operation

Although the multimode experiments were not as decisive as we would
have liked, they did indicate that multimode nanosecond yulses may rropa-
gate through amplifiers nearly as well as TEMpe narrow bundwidth julses.
If the damage thresholds of materials is identical for both types of
pulses, there is a great practical advantage to using the multimode ap-

’ proach. That advantage is, of course, that more total energy is avail-
able in the multimode case. The laser used in our multimode experiments
had a total output of about 15 J largely because we purposely cpertured
the beam to minimize alignment problems. This same system with a dif-
tferent multimode oscillator has produced 140 J in a 60 ns pulse when its

full aperture was used.
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In comparison, our clean beam system used 80% more pumped volume
! of laser glass, pumped harder, and still produced only about 12 J
i total. The simplicity and efficiency of the multimode technique are
quite attractive. Of course, it must truly be multimode, the super-
: position ot just a few modes will not result in uniform iriradiances.
Also the time-dependence of multimode hot spots and damage mechanisms
should be better understood before one states that multimode damage

} thresholds are equivalent to TEMpo mode damage thresholds.

II-5. Discussion

t[- II-5.1. Comparison with prior state of the art
Most of the recent work on Nd:glass lasers has concentrated on

subnanosecond (or at least less than 3 ns) pulses currently of interest

5 in tusion research. In the late sixties and early seventies, there was
[‘ a good deal of work on 30 ns Nd:glass lasers and it is interesting to
[‘ compare our work with this earlier work. Table II-4 lists the p and
. pulse length values repcrted by various labs. The last column estimates
[‘ the peak irradiance. Direct comparison of these data with our wnrk is
[T unfair in many cases because the central p may have been higher than

: the average values used in the table. However, most of the work at
\

that time was aimed at achieving top-hat irradiance distributions that

'l filled the amplitier, so we still feel that the comparison has meaning.
r For instance, the peak irradiance of this work is 60% higher in one
r S

case and 42% higher in the other case than the earlier work done in

our own lab.




In any case, we have shown that long (42 em) rod Nd:glass ampli-
tiers can produce output irradiances of more than L Gw/cm2 in a nesarly
collimated beam without damage. There is every reason to believe that
even higher irradiances could be produced by shorter rods and/or larger
diameter beams (greater preamplification).

Recent work with picosecond Nd:glass rod amplifier systems has
also established irradiances of several GW/cm® as the threshold irradi-
ance for self'-focusing effects.® Our findings agree with these and
show that, in these types of systems, surtface damage need not ke the
weak link in the system. Surface damage thresholds > 5 GW/cm? (see
Section I) have been demonstrated at normal incidence. By going to
Brewsters angle, one can expect even higher thresholds. 1In the case
of Brewster angle disk amplifiers, it is not quite so clear whether
self-focusing effects or surface damage is the limiting effect. At
the risk of oversimplifying, it seems that self-focusing thresholds
are functions only of irradiance while surface damage thresholds are
(yet unspecified) functions of irradiance and pulse length. Surtace
damage thresholds greater than 30 Gw/cm2 have been reported for pico-
second pulses.? 1In picosecond systems, self-tocusing is the most
limiting factor.

II-5.2. Conclusions and discussion

This research did not establish exactly what effect longitudinal
or spatial mode control had on practical damage thresholds. Indica-
tions were, however, that single-mode operation is not necessary to

avoid damage in laser amplifiers for 1078 second pulses. Using 15 ns
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TEoo mode pulses, we obtained Z 7O J/cm? operation with both temporally

smooth (single longitudinal mode) pulses and temporally irregular (many
longitudinal modes). We also obtained 70 J/cm?® operation using 30 ns
pulses with no mode control (many spatial and longitudinal modes). Due
to limited preamplification, we could not attempt energy irradiances
higher than these (70 and 59 J/cmz) except by tocusing the beam more
sharply. This always led to self-focusing damage. The preamplification
was limited either by the total gain available (multimode experiments)

or by the onset of amplified spontaneous emission (single-mode experi-

L il S

ments). Given more equipment, higher preamplification could be achieved.

{ This would allow larger beam diameters which would make it easier to note
| whether the self-focusing was whole-beam or small scale.

We tound that large errors resulted from estimating energy irradi-
ances by dividing total energies by areas calculated from the FWHM of
the beam profile. We developed & method for accurately measuring high
energy irradiances in any plane. We found an infrared sensitive TV/
videotepe system to be very useful for studying the qualitative spatial
and spectral characteristics of the beam in near real time.

The lens used after the preamplifier to recollimate the beam
through the final amplifier was the weak link in all our experiments.
In the onc case in which no such lens was used, self-focusing occurred

In the final amplifier - but this self-focusing damage may have been

aggravated by the focusing of the beam into the final amplifier. We

believe that damage-resistant lenses can be made, but we did not address

ourselves to this problem soon enough due to the lack of such damage

in our early experiments.




Our attempts at eliminating diffraction rings led to the inven-
tion of the total internal reflection (TIR) apodizer. This invention

did not occur soon enough to be used in this research, but we think

the concept is worth pursuing. We also pointed out the problem of the
twice-retlected focus of any positive lens.
The question as to the effect of normal electric tields on surtace

damage thresholds is still not settled. Once this issue is settled,

one can consider the design of damage-resistant components, oscillators

and systems.

It has been demonstrated that the gain and efficiency of rod ampli-
fiers can be increased by the use of claddings. Claddings also reduce
the danger of damage from pulses reflected from the amplitier exit face
and focused by reflection from the barrel of the rod. We believe that

| further improvements in the cladding of Nd:glass lasers will be demon-

I strated, and that this will aid in the development of all kinds of
laser amplitiers by increasing our understanding of the effects of
parasitic oscillations.

In general, we t'cel that more research is warranted on Nd:glass
lasers because Nd:glass lasers are the most studied, most versatile,
and highest peak power lasers. As such, continued research on Nd:glass
lasers is most likely to lead to new understandings and improvements

that will aid other laser and optical systems, as well as further im-

prove Nd:glass lasers.




II-5.3. Suggestions for future research

Listed below are several areas we tf'eel warrant further investiga-

tion. We note that none of these subjects is restricted to Nd:glasc

lasers - all have a wide range of applicability.

1.

Investigate whether normal and tangential surface electric tields
have the same effects on surface damage. This knowledge would al-
low the more intelligent design of high damage threshold optical
components, oscillators, and amplifiers.

Investigate the effect of longitudinal and spatial mode control

of' self'-focusing and surface damage for both picosecond and nano-
second pulses. If multimode beams can be used for damage studies,
a signiticant savings would result.

Pursue the design, development, and testing ot total internal re-
flection (TIR) apodizers. Such high darage threshold apodizers

may be of use in a wide variety of laser systems.

Investigate the forward scattering of laser pulses by the amplitfiers
with a view to understanding its cause, measuring its magnitude, and
possibly using it as an indicator or precursor of damage.
Investigate the eftfects of parasitic oscillations in rod amplitfiers
and the design of rod amplifiers that will have higher efficiencies
and be less prone to damage.

Continue the search tor a precursor of optical damage.
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OSCILLOGRAMS AND BURN
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Table TI-1

Output of Four Amplifier
Configurations of Equal Volume

Case
(&) (Bo + 3Wo)(1 -5)2 e % = 106.84 3fem?
(b) (Eo + 3 Wo)(1 - 5)8 e ¥4 . 106,41 g/em?
(e) (Bo + 3 Wo)(1 - 8)5:32 ¢4 = 107.77 3/en?
(d) (Bo + 3 Wo)(1 - 8)8:° e = 107.70 J/eu?

Table II-2

Limits of Energy Irradiance for Rods and Disks

Rods Disks
S 1.07 J/cem® 0.3 J/em®
£ 30 cm 3.0 cm
qQ 0.0005 0. 0005
y 0.002 cm™t 0.002 cm™?
P, 491.6 J/em? 128.6 J/cm?
y 0.005 0.005
{ P, 198.7 56.2
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Table II-3

Intensity of Twice-Reflected Foci

f=15c¢cm f = 700 em

D=3%cnm D=10cm
R = 0.04 3.3 x 10° 1.88 x 10%*
R = 0.001 225.4 12.78

I,
131 for four lenses

Table IT-k

Output Irradiances of Various Lasers

ewdfem®)  ty(ns) GW/cm?
A.0.25 < 13 10-30 < 1.2-0.L
0-I (1969)3° 60 55 1.03
Hadron®S 15 30 0.47
NRLSS 16 30 0. 50
AFWRL2S 20 40 0.47
LRLZS 20 2 ?
Sandia®S 18 30 0. &
IpPr-'S & 25 0. 5¢
Quantel (1973)26 5,7 10 0.43
4 b 0. 94
3 2 1.4
0-I (multimode) s 30 1. b
50a 50 1.65
o 70b 30 8.0
0-I (TiMoo) 70 15 b.b

(a) One shot only

(b) One shot only - damage to passive elements
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APPENDIX A

NON-LINwAR INDEX STUDIES

This avpendir is a paper submitted
for publication to the Journal of
(uantum Electronics. The final

form will be somewhat modified.

Al




R S T

AN EMPIRICAL RELATIOMSHIP FOR PREDICTING
NONLINEAR REFRACTIVE INNEX CHANGES IN NPTICAL SOLIDS
N. L. Boling,”

Owens-I11inois Technical Center, Toledo, Ohio 436N1

Alexander J. Glass*
Lawrence Livermore Laboratory, Livermore, falifornia 94550
and

Adelbert Owyounq*

Sandia Laboratories, Albuquerque, New Mexico R7115

ABSTRACT

It is shown that the electronic contribution to the third order
nonlinear susceptibility of an isotropic material can be obtained
directly from the refractive index dispersion data for the material.
The phenomenon of index nonlinearity is shown to be intimately re-
lated to the optically induced quadratic Stark shift. Data obtained
by ellipse rotation measurement on several glasses and crystals are

seen to be in good agreement with the expression obtained.

w
This work was performed under the auspices of the U. S. Atomic Fnerqy

{ smmission
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This work was nartially supported by the Advanced Research Projects
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1 In this paper we propose a simple relationship for the electronic

contribution to the nonlinear susceptibility in transparent dielectrics,

{ based on parameters obtained solely from the magnitude and dispersion of
the refractive index n(w). The model employed relates the index non-
linearity to the optically induced, quadratic Stark shift of the uv
absorption edge of the material, and includes the local field corrections.
This model gives good agreement for a variety of materials, including
laser glasses, cubic crystals, and optical glasses of refractive index
from 1.4 to 1.9, using data obtained by the ellipse rotation technique.

| The third order nonlinear susceptibility is shown to be given by the

{ expression

A A
(8) i vty et} 3 1_<n(m) : 2) (n(w) - 1> 1 ()
X321\ “WawsWsmW) T g 3 4 e

where the parameters N and w, are obtained from the dispersion data for

the material. ng%1 is the component of the third order susceptibility

tensor relevant to ellipse rotation l.
As is discussed in [1], for isotropic media, the susceptibility

(3)

component relevant to self focusing is 1N which is related to the

nonlinear refractive index by the expression n, = 12nx§?%]/n.

In arriving at (1), we assume that the transparent dielectric is
adequately described as a molecular solid made up of several constituent
types. Each constituent exhibits a unique linear polarizability ai, and

i a mean second hyperpolarizability Y1 [2]. Under the influence of a local
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harmonic field of frequency w, given by EQ cos wt, the microscopic polari-

th

zation induced in the i~ constituent is given by

io_ i 1 i 3
P = a'E, cos wt + g7 (EQ cos wt)

(2)

We can define an average polarizability @, and hyperpolarizability

R

1

= ; YN 2N (4)
1

=<1

where N' is the concentration of the ith constituent. Then the macroscopic

induced dipole moment takes the form

©
|

Z: Nipi
j

= Yy 3
N JoE, cos wt + %3-E2(3cos wt + cos 3wt) (5)

where N = Z:Ni. Applying the local field correction factor
i

f=(n% +2)/3 (6)

we can write3

P = fNGE cos ut + N f4E2(3cos wt + cos 3ut) (7)
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where E cos wt is the macroscopic field in the medfum. From the customary
definition of the nonlinear susceptibility [1], for a relation of the form

given by (7) we would write

Pw) = x{1 (w,0) E@) + 363, (o, -0) E3w)

and

P(3w) = x%??l(-3w,w.w,w) E3(w) (8)
where

(1) (00) = G = Plw) = ] X

Xy {rew) = o= === 9)
and

4
x%?%](-msw,w,-«u\ & ;71 Ny. (10)

It is well establi.ied from perturbation theoretic arguments [41,15]

that the hyperpolarizability y and the 1inear polarizability  are related

for a polarizable electronic system by a relation of the form

Y=qa (1)
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where q is a parameter to be decermined. Accordingly, we write (10)

in the form

(3), AT q\._1 n® + 2\(n? - 1 f q
X, -w) = 57 (Na) (N)" a\" 3 )\ (N)'m)

Thus, the explicit dependence of the third order susceptibility on the

refractive index is expected to follow (12) for all nominally trans-
parent dielectrics in which the Lorentz-Lorenz local field corrections
are expected to apply, i.e., isotropic and cubic materials.

The ratio q defined in (11)l has been defined in terms of pertur-
bation theoretic quantities in [4] and [5]. We choose to give a
semiclassical derivation of this parameter, first, to represent the
problem in terms of quantities of more immediate physical significance
than those accessible via perturbation theory; and second, to show ex-
plicity the connection with the optical Stark shift. We take as a model

the classical nonlinear oscillator described by the aquation

2
d-§ + wg(x - Ax

dt

3) =g %E-cos wt, (13)
where s is the effective oscillator strength, and ) represents the non-
Tinear coupling. The model indicated in (13) has been used previously
to represent the nonlinear response of ionic motion. It is the simplest
model which represents motion in a symmetric, non-parabslic potential.

To zero order in ) the solution of (13) is given by
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X = X, €os wt +s ———%E———7—-cos wt (14)
! mwo-w)

where X, is the amplitude of the free oscillation, and the second term
represents the forced oscillation. The first term cannot be ignored, even
though we assume that the free oscillations add up with random phase and
make no contribution to the refractive index. This can be seen if we go
to the first order in A. It is well known that the naive iteration of

the solution (14), in (13), will give rise to secular terms.

Instead, we employ the method of Linstedt [6] tn eliminate secular terms.

In this method we introduce a "stretch2d" time variable in the form

t =61+ + xzaz P (15)

The differential equation is then written as

2
X

Q.

+ )\2a

|

+ (1 + 2a + ...)2 wg(x - Ax3) -5 %E-cos w ] =0 (16)

~n

1 2

de

Here the effective driving frequency w is given by

w=w(l+ ray + xzaz +...).

The zero order solution to (16) is given by

X = XO cos woe +s —%E——_'_?-COS wh*
m(w0 - w)

Thus we see that although the driven oscillation is identical to that
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obtained above, the free oscillation occurs at a frequency shifted from

the natural resonance, mo/(l + a]A + a2A2 +...).

Solving (16) in first order and eliminating secular terms, we

determine the coefficient a] to be
2.2
.3 2 e"E
N TS T I (19)
m(wo-m)

Thus the free oscillation of the system occurs at the Stark shifted frequency

2 2.2
3 s e E
O R S Py (20)
m(wo-w)

while the induced dipole moment is given by

e2E 0s wt , 1 s3e4E3w§
p =g SELO8 WL o 1, _— 0 13C0s wl ., cos 3ut. . (21
2 2 4 87 2 2,3 2 2 2 2
m(wo-m) m(wo-w) wy - (mo-9m)

The third harmonic term is identical to that obtained by Armstrong, Bloemberqgen,
Ducuina, and Pershan [3]. The linear polarizability of the system

is then given by

and, from (2), the hyperpolarizability is given by

342
" E g B (23)
(uz)

3, 2
m (wo -
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The parameter q, defined in (11), 1is thus given by

e 2
A A Sw
_ 0 __ . bis
Q =*==5 2.2 W << W 2 (24)
m(u0 -w) o my

The significance of these results is clear. The effect of the applied
field is to distort the charge distribution of the polarizable atom or
ion so as to extend it further into the region of nonlinearity. If the
nonlinearity is characterized by A > 0, then the effective force constant
is reduced by the nonlinearity, Towering the resonant frequency and in-
creasing the polarizability. On the other hand, focr X < 0 the nonlinearity
leads to a stiffer force constant, raising the resonant frequency and leading
to a lower polarizability. Both the Stark shift and the nonlinear sus-
ceptibility x(a) arise as a direct consequence of the nonlinearity in the
potential.

I't remains to evaluate the nonlinear parameter A. Let us consider a
potential well which is parabolic near the center, but which has a finite

ionization energy, or well depth, Vo‘ Two potential furctions which satisfy

this criterion are the quartic well

2 4 mZ
=l (% - g = = (25)
v mw0<2 )\04 >, )\Q Vo
and the Gaussian well,
muz
0
V = Vo[l - exp (-xze)], R (26)
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These represent the simplest forms of potential well which are parabolic near
the center and exhibit a finite well depth. The nonlinear parameter » > 0

in each case. Ue see that the relation of the nonlinearity parameter to the
well depth and the resonant frequency is not qreatly dependent on the model
assumed, and exhibits the same functional form. For the Gaussian well we

can write the factor

h Aswz q(u4s m3
9 =gy =g b p5 ). (27)
m(wo-w) 2(w -w)VO ‘K(w -w)

where the coefficient g = sKwO/ZVO for the Gaussian well and §£w0/4vo for

the quartic well. For the Gaussian well, the Stark shift is then written

in the form
2
M _ 3 _aF
o STV (%)
0 0

Substitution of (27) in  (12) in the limit as w << wys leads

2 2
(nz v 2><n2 - 1) 1 (28]
3 4n Nﬂw ’

This expression corresponds to the perturbation theoretic expressions

to the result

(3)

X”” (-w,w,w,—w) =

ska

obtained in [4] and [5] with the local field corrections
stated explicitly. We find that a value g = 3 Teads to the best agreement
with experimental data.

The parameters N and w, are obtained from fitting available refractive

index data to the Lorentz-Lorenz equation,
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2 2
n~ -1 3 Me
< 4n ><n2 + 2> m(wg - u)z) 180}

assuming an oscillator strength of unity. This differs from the procedure
followed by Wemple and DeDomenico [JJwho fit refractive index data without
considering the local field corrections. This accounts for the discrepancy
between results obtain:d here and those obtained from Wang's equation (2).

The experimentil apparatus used to perform the ellipse rotation measure-
ments for this work has been described in detail in previous papers [8],[9].
These measurements were facilitated with the use of a TEMooq near-Gaussian mode
ruby laser system. The values reported in [8] were determined to #7%. Subsequent
measurements have been carried out to a precision of +10%. In Table I the results of
these measurements have been tabulated for a number ¢ silicate glasses of
widely varying comrosition. The result which was obtained for the symmetric
combination 1/6(x§$%] + xfg%] # 2x§$%2) for crystalline YAG has also been
included for comparison since it is the only crystalline material on which
ellipse rotation data is presently available. Also in Table I are the values
of ng%] computed from (1)  using available refractive index data. For
further comparison, computed values for CC]4 and ruby are included, along
with experimental values obtained from ellipse rotation 107 and self-focusina [111
measurements .

These data are presented graphically in Fig. 1. We see that, although
as a qeneral trend x(3) increases with increasing index, no simple scaling

law would suffice to predict the variation. With the exception of the twe

heavy flint glasses, SF-7 and | 3SF-7, the aqgreement between theory and
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experiment is quite satisfactory. It should be emphasized that a value of
g = 3 was used in all the calculations, and that no other free parameters
were involved in fitting the data.

The value of q used in the calculation is somewhat larger than expec-
ted. Vang [5]pointed out that a value of 1.2 would he expected from calcu-
lations performed on the hydrogen atom, a case which can be solved exactly.

On the basis of the model potentials introduced in (25 and (26), we

would expect a value of g less than unity, assuming the strongest uv transi-
tion (unit oscillator strength) 1ies not far below the ionization level for
the material.

In every case except ruby and LaSF-7, the computed value is
equal to or less than the measured value. The measured value can contain
contributions from "nuclear" effects [9]as well as electronic effects, whereas
the computed value is purely electronic.

The greatest source of uncertainty for the computed values is the fit
of the refractive index data to a single oscillator. In each case, using pub-
1ished values of refractive index [12], the quantity (41r/3)(n2 + 2)/(n2 -1)

was fit to a linear function of the form (w%

- mz)/N(ez/m), using least-squares
fitting over the frequ~ncy range corresponding to 0.365 um < X < 1.014 um.

In all cases the fit reproduced the index value to one or two parts per
thousand over the range of the fit yielding a 1% uncertainty in the fitted
parameters.

As a further check on the theory, the cluster of parameters measured

9
at a single frequency, (n2 - 1)2(n2 + 2)“/4(]2n)2x§$%], was plotted versus

the paramete s obtained from refractive index data, Nﬁ@o for each of the
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materials measured. The results are shown in Fig. 2. A1l materials wnich
satisfy (1) are expected to fall on the 45° 1ine on such a plot. It is

seen that over ¢ variation of a factor of four, the data for several crystal-
line ard amorphous solids, and a 1iquid, all fall very near the theoretical
line. (The data for ruby are included, for comparison, divided by a factor
of 2 on each axis, to provide a m:»* compact plot.)

It is noteworthy that these siaple considerations yield a result which
is so broadly applicable. In glasses, we expect contributions to the index
nonlinearity from a variety of ions, and the averaging process by which (11)
is obtained may not be valid. For (11) to apply, either all the fons must
make similar contributions to o and Yy, or one species dominates entirely.

It is unlikely that the latter is the case, since the indices vary so greatly
for the glasses measured. This implies that the parameter q is essentially
the same for all the contributing species.

In conclusion, it is seen that (1) yields good agreement with accurate
experimentai results on the third order, electronic hyperpolarizability for
a large class of glasses and crystals. The intimate relation between the
optical Stark effect and the index nonlinearity has been shown, by appeal
to a classical model. There is satisfactory agreement with perturbation
theory results. The expression (1) provides a useful scaling relation to
allow the accurate estimation of index nonlinearities of electronic origin
in transparent dielectrics, assuming that refractive index data are known.
Although there is a general trend for materials of lower index to exhibit

lower values of X(3). the details of the dispersion curve must be included

to obtain an accurate value for the nonlinearity.
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: TABLE I

|

| U 10'5 X%g%] (esu)
Material n Measured Calculated
FK-6 1.446 1.45 + 0.15 1.15
FS (Fused Silica) 1.456 1.28 + 0.09 1.17
BK-7 1.517 1.96 + 0.20(2) 1.58
LSO 1.519 1.92 + 0.13 1.95
FN-4 1.567 2.39 + 0.16 2.42
EY-1 1.635 2.93 + 0.21 3.40
SF-7 1.640 8.45 + 0.85(3) 6.32
LaK-3 1.694 3.85 + 0.39 3.86 |
YAG 1.829 6.62 + 0.46 6.60 l
LaSF-7 1.914 0.5 +1.0 14.2 ;'
ccl, 1.460 3.2 +0.30@) 2.R2 i
Ruby 1.75-1.76 2.1 £0.2 3.26

(a)The values of X(37 taken from [9] and [10] have been reduced

by 15% to compensate for the calibration error alluded to in [8].
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o- Calculated

O- Experimental

Fig. 1. 10]5 X%i%] vs refractive index (n) for several transparent
dielectrics. For Comparison, the electronic contribution
to the nonlinear susceptibility for CC]4 is included M10].
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3 Fig. 2. Measured parameters vs fitted parameters, corresponding to
L (1). (The data for ruby have been divided by 2 on each
' axis for comparison with the other materials measured.)




TOTAL INTERNAL REFLECTION APODIZERS




ABSTRACT

- A novel type of apodizer using total internal reflecticn ic suggested

for use in high-power laser systems.
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Recently, there has been a great deal of interest in developing
apodizers or sot't apertures for use in high-power laser amplifier sys-
tems.1™® The vurpose of the apodizer is to reduce the depta of modulation
in diftraction vatterns associated with the truncation or aperturing of
the laser beam. By eliminating or reducing the diffraction rings, the
et'fects of nonlinear laser light-amplitier interactions can be reduced,
alloving the propagation of more powerful laser beams.

A suitable apodizer should be capable of handling high-power laser
beams without being damaged. To efficiently extract energy from the laser
ampliriers, the transmission of the apodizer should be near one from its
center to perhaps 3/4 of the tull aperture. The rotationally symmetric
transmission should then decrease smoothly to less than 1074 at the edge
(fvll aperture).® The apodizer should not introduce any irregular phase
changes (as stepped dielectric coatings do) because the diftraction pattern
will be at'fected by both phase and amplitude (transmission) variations.
The real requireuent, ot course, is that the transmission ot the incident
laser beam through the apodizer produce a spike-tree diffraction pattern
in propagating through the amplitier chain.”

Many types of apodizers have been considered by various researchers.
Radial variations in transmission have been deronstrated or contemplated
in devices utilizing photographic film,!s* nonrlanar dye cells,® pinhole
spatial tilters,” dielectric coatings,® metallic coatings,® electrooptical
effects,®,® and ragnetooptical ettects.® The purpose of this letter is
to su_prest another type of apodizer that seems worthy of further investi-

gution.
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r The apodizers described here utilize internal reflection to apodize
] ! ! and truncate the beam. Consider the plano-concave (negative) and plano-
! convex (positive) elements shown in Figure 1. The first elements (Lenses)

have diameter D, retfractive index n, and second surtace radius R. Ve

l { consider the incident light to be collimated and parallel to the optic

F | axis. Any ray in this beam can be identified by its distance from the

{ f axis r and its angle from the vertical © (eylindrical coordinates ir a
plane perpendicular to the optic axis). It the incident light is linearly

| polarized, we arbitrarily consider the E vector to be horizontal (azimuth

angle =~ = & 90°). With this convention, the linearly polarized light will
have zero reflection only at the two points given by O=+4+90° and r =

R sin (arctan l/n). All rays with r > R/n will experience total internal
reflection (TIR) and thus have zero transmission. Figure 2 shows the pre-
dicted transmission T(r) as a tunction of r of linearly polarized light
through the second surface tor ¢ = 0 (Tg) and ¥ = 90° (Tp). These trans-
missions were calculated from Fresnel's equations'© and assured a retractive
index of 1.5. It linearly polarized light is used, the greater than zero
transmission is not independent of' . We will return to this problem later.
We notice, however, that the (average) transmission of unpolarized or
ecircularly polarized light (Tav) is independent of ¢ (rotationally sym-
metric) and seems qualitatively to be as desired tor an apodizer. We have
not calculated the diffraction patterns produced by any of these apodizers,

but we feel thal the possible advantages ot TIR apodizers wvarrant further

investigzation.
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Among their advantages are the tfollowing. Because there is no ab-

sorvtion, the TIR apodizer should be able to handle high-power laser beamns.
The attenuation at full aperture is complete (T < 107%) and no irregular
vhase changes are introduced. TIR apodizers are scalable to beams of almost
any diameter, thc only limits being iuposed by the difficulty of tfabricating
very small or very large optical elements. Being passive elements, TIR
apodizers do nol require any additional power supplies and there is no
danger of malfunctioning due to electrical failures. TIR apodizers do not
require lincarly polerized light as electrooptical and iragnetooptical de-
vices do. /ith electrooptical and wmagnetooptical devices, the transmission
is a minimum only for one particular r value and increases for r greater
than this value, unless additional apertures on apodizers are used. The
transmission ot' TIR apodizers stays at zero for any r greater than R/n.
Also, the T(r) tunction seems well suited for reducing diffraction etffects
vhile efficiently utilizing most of the clear aperture of the laser ampli-
tiers. The chiel dicadvantages ot the TIR apodizer would seem to be its
gensitivity to (and effect on) the polarization of the incident light, and
the severe soherical aberration of the second surface of the first element
it used as a conventional lens.

The TIR apodizers arc also lenses and normally the beom rust be recol-
linated for rojagsation through an amplitier chain. One way to recollirate
the bear would be to use the TIR element as the {irst lens in an afocal
telescope. Houvever, the steep angles of incidence requircd'ror TIR cause
the TIR surtface 1o intrcduce severe s:iherical aberration into the trans-

mitted veveiront. Constructing a second lens to eliminate lhis g herical

aberration vrobobly vwill be impractical. The aberration can be reduced
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by placing an a.nroximately complimental lens near to, but not in contact
with, the TIR elenent (Figure 1). The distance between the two elements
(d) should be siull to reduce the beam expansion and aberration, but at
least a few wavelengths so the TIR is not frustrated. (This distance is
shown greatly enlarged in Figure 1.) The figure of the first, third, and
tourth surfaces could be used to reduce the aberrations (and curvature)
introduced by the second :urface. Note that the second element need not
have the swee retfractive index as the i'irst element. Anti-reflection coat-
in; of the secon? and/or third surface(s) would eliminate any Newton's

rin; tyv2 interterence patterns in the transmitted beam.

If the incident light is linearly polarized, the greater than zero
trancmission is not rotationally symmetric and the azimuth angle of the
plane of polarization (V) is altered by an amount that depends on both
r and .. Transrission through the second (TIR) surface changes ' less than
8°. The third surface has a similar effect, so the cos® (A%) loss through
a later polurizer would never be more than U%. This maximum loss occurs
only tor large r where T is already low. An exact and complete calculation
of T(r, ) tor a TIR apodizcr would require knowledge of all suriace iires,
coatings, speein;s, refractive indices, and the polarization of the incident
bzam. Therce chiould be no TIR at the other surfaces, but near the edge
there 1ay be steey ungles of incidence tnat result in luarge (polarization
devendent ) retlection losses. A computer program could calculate the posi-
tion nnd direct:on of the beam (ray trace), transnission, and rtute of
v larization tor 2ll r and .. Once the transmission is known, a corputer
could caleulate the diffraction pattern for any specitftied incident beam of

the sane polarization.
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lie have not calcvlated the exact details oi' the asymmetry in the
transriission ot linearly polarized light, nor the ettect of this asyrmetry
on the ditrraction patterns. It the asymmetry is objectionable, it could
be reduced or eliminated in three ways. One way uses two similar TIR
apodizers and places between them a device that rotates the plane of
polarization by 90°. Such a system would have a rotationally symmetric
transmission and no effect on the state of polarization for incident light
of any polarization. The transmission would be given by TsTp and is prob-
ably the most suitable of the T(r) functions shown in Figure 2. Using one
concave (Figure 1b) and one convex (Figure la) TIR apodizer might also re=-
duce any aberralions inherent in one TIR apodizer. A second vay that might
reduce the asymmetry in the transmission of linearly polarized light through
one TIR apodizer would be to apply a special dielectric coating to the secc-
ond and/or third surfaces. This coating wouid be designed to have a polari-
zation sensitive transmission that would eliminate the polarization sensi-
tivity of the curplete TIR opodizer. A third way would be to use a spe-
cially nade photographic film (or other tyve of apodizer) also designed
to result in a rotationally symmetric transmission when used with one TIR
apodizer. Because no portion of the film would have to be strongly (> 307%)
absorbing, it should be possible to maintain a high damage threshold. Note
that although the transmission ot circular and/or unpolarized light through
one TIR apodizer is rotationally symmetric, the polerization of the trans-
nitted beam is altered in a way that is no” rotationally symmetric.

With the concave TIR apodizer (Figure lb), the diameter D would have
to be careftully chosen so the extreme edge rays (u’ ~ 90°) escape without

intersecting the TIR surtace at rore outward points. Iio such problem exists
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with the convex TIR avodizer. In this case D can be any value large enouwzh
to insure TIR (I)>2R/n). It mod:st changes in the T{r) tunction are de-
sired, on2 c¢ould consider using aspheric TIR surfaces, curving the three
other surtacc. approvriately, or using special dielectric coatings. It
diffraction calculations show that the truncation produced by TIR apodizers
is still too severe, it may be advantageous to use TIR apodizers in conjunc-
tion with other apodizers so as to take advantage of the best tfeatures ot
both apodizers.

In summary, ve have suggested a new type of apodizer that, with further
developuent, may prove useful. in high-power laser systems. This develop-
ment should include the calculation of minimum aberration contigurations,
detailed calculation of the transmission and state of polarization, and
calculation of tue diffraction patterns produced by the apodizer. By ad-
justing the curvatures, coatings, spacings, and refractive indices of the
elenents, it should be v»ossible to make high camage threshold TIR apodizers

for uce in hi M-rower laser systems.

The author appreciates helpiul discussions witir J. Ringlien ot Owens-

Illinois, Inc., and J. Forsyth of the University of Rochester, Rochester,

Newv Yorsk.
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FIGURE CAPTIONS

Figure 1. TIR apodizers, (a) convex, (b) concave. The separation of

the two elements (d) is shown greatly exaggerated.

Figure 2. Transmission as & function of normalized radius (r/R) through

the second surface of a TIR apodizer with refractive index 1.5.
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