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OPTICAL DESIGN AND ANALYSIS OF CARBON DIOXIDE LASER FUSION SYSTEMS
USING INTERFEROMETRY AND PAST FOURIER TRANSFORM TECHNIQUESY

V. K. Viswanathan
University of California
Los Alamos Scientific Laboratory
Los Alamos, NM 87545

Abstract

The optical design and analysis of the LASL carbon dioxide laser fusion gystems
required the use of techniques that are quite different from the currently used method in
conventional optical design problems. The necessity for this is explored and the method
that has been successfully used at Los Alamos to understand these systems is discussed
with examples. This method involves characterization of the various optical compenents
in their mounts by a Zernike pclynomial set! and using fast Fourier transform tech-
niques to propagate the beam, taking diffraction and other nonlinear effects that occur
in these types os syatams into account. The various programs used for analysis are
briefly discussed.

Introduction

The LASL coz laser fusion systens resemble conventional electro-optical systems
that form an aerial {mage in the focal plane and also have a lot in common with typical
laser optical systems. The correspondence with image-forming conventional electro=-
optical systems arises from the fact that there are afocal and focusing subsections in
the CO2 laser fusion systems, and spatial filters are used to clean up the beam in a
fashion gaimilar to those 1., typical laser systams. In most of the conventional optical
systems, the emphasis i3 on optimization of the optical transfer function properties and
the tolerance analysis is based on fairly well-understood departures from the nom.nal
situvation for the optical c¢omponents and the misalignments. In COz laser fusion
3ystems, the focusing properties of an optical 3ystem, like the Strehl ratio, irradiance
and encircled energy distributions are relevant parameters of interest. These systems
invariably are nominally diffraction-limited and the departures in performance from the
ldeal gituation are caused by (1) the large components like the sixteen-inch sodium
chloride windows; the micromachined mirrors, etc., which are not made by the conventicnal
polighing processes and hence exhibit different imperfections £from %he conventional
optical aelements; (2) the possible nonlinear effects which can affect the phase and
intensity of the beanm.

Further, the LASL CO; laser fusion systems prasent 3ome unique problems that
prevent conventional techniques (dependent on ray tracing used in optical design pro-
grams) being used in an effective fashicn. Some of these problems are (1) :ight spatial
filters are used in the CO; laser fusion systems and methods basad on ray *:racing

cannot handle this situation properly. {2) There are large enough geparations between
componentg that diffraction provagation of aberrated beams has to be explicitly taken
into account. f3) State-of-the-art rovel components like diamond-pvoint turned optizal

alaments and gSixteen-inch sudium chloride windows, which contribute %“eavily to the
daterioration Sf the nptical quality of the bHeam, have to be properlvy acecounted [nor.
Representation of -hese gurfaces by aspheric terms or trigonometric functions »or 1 com-
hination of them 2xppezrs inadequate and i+ i3 not obvious how easily one can raepresen*
them in an efficient fashion using 3pline fit surfaces. ‘4) High and low Fresnel numbers
ara eneounterad at Jdifferent parts of the systems. (5) Nonlinear atffects in %“he sSystem
which result {n phase and the intensity of the beam being altered spatially have to be
taken into proper account. (5) Existing programs which are cavable of -andling aome of
the peculiar oproblems of CO3 laser fugion sgsystems are propriatary and prohibitively
expenaive to usa and are not capable nf running in a streamlined fashion.

As 1 consequence, it became necessary to consider an approach (based on 3 combination
of programs), which was custom-tailored %o COa laser €usion svstems. The next section
describes the prncedurn that evnlved and briefly describes the programs. Subsequent
sections Jive examplas of how %his procedure was used to> predict and analvze the parfor-
mance cilaracteristics of thege sysrtems.

*Work performed under the ijuspices of the . S. Cevar“ment of Eaergv.



Description of the Procedure and the Various Programs
Used in the Analysis

It became quite clear that the proper representation and characterization of the
optical components in the system was essential to analyze and understand the optical
per formance of the system. It also became obvious that the diffraction propagation of a
coherent beam had to be taken into account, representation of each =2lement by a method
which enabled a good connection with the well known aberrations in conventional optical
design, engineering and manufacturing is desirable. One practical interface is to deal
with the optical path differences (OPD) introduced by each optical element. However,
just a map of the OPD in many instances is not 2nough to provide the physical insight as
o the role that ccmponent is playing in the overall optical performance of the system.
on the other hand, use of a polynomial set like the Zernike polynomials results in an
understanding of the role played by each component. 3 Congequently, the choice was a2
method which could use either the OPD (which 13 capable of better accuracy) or the
Zernike rolynomial set (which provides better insight).

In practice, tne program FRINGE fits this scheme perfectly. ~rfizeau or Twyman-Green
interferograms at .633 microns waveiength are made of the actual manufactured compo-
nents., These are Adigitized using the program CDPL and serve as input data to FRINGE.
FRINGE uses a global polynomial %o represent the fringe data, which has the general form:

2 = ag + a1 £) (x,y) + azfa(x,y)+.....+apfpxn,y),

where n is the number of terms and f,(x,y) is the Zernike pclynomial in two dimen-
siongs. The maximum number of terms currently used in the program ig 36. The fitting is
done using the method of least squares and the minimiza-ion results in a system of linear
equations. These are solved by the use of a modified Sram=Schmidt method of constructing
orthogonal polynomials.4 Zernike polynomlals at 10.4 microns are computed for each
component and stored in a file called ABR. These serve as input to the diffraction
propagation program LOTS.

LOTS has Dbeen designed to compute the performance of the LASL CO2 laser fusion
gsystems in terms of beam quality and energy. The laser pulse is :reated as a two dimen-
sional complex amplitude distribution. The principal operations performed on this
distribution include: 1) diffraction propagation; 2) propagation through aberrated
optical components, which can be represented by the Zernike polynomial set dJata reduced
from interferograms or in the form of random wavefronts of specifled atatistics; 13)
propagation through spatial filters; 4) propagation through nonlinear amplification and
absorption regiong; 5) propagation through claar apertures of arbitrary shape.

In principle it is similar to the system optical quality code criginally developed by
3legman and Sziklas to deal with the oropagation of high-energy . aser beams. However,
LOTS is custom tailored to the LASL CO; laier fusion systems and the version discussed
here uses a 54 x 64 matrix and runs in about 52,300 octal versus an estimated minimum of
140,000 octal for most 3ystems optical gual ty codes. LOTS runs :=hrough one entire leg
of the Helios system, congisting of approx . mately 100 optical components in about 20
seconrds on the 2DC6A00. This low core and fas: axecution time makes it Juite convenient
o u3e. A larger verszion which allows nigher resolution of diffraction detail by the use
2f verv large matrices s currently ir the process of Leing implemented at Los Alamos.
LOTS pronagates the complex valued wavefront using diffrac*~ion calculations and repra-
sent3s the laser pulse a3 a “wo-dimensicral =omplex array. I% should be 2ointed out that
she finlte <emporal wilth of the pulse i3 nct treated, 3ince only the spatial 7aciations
in che wavefront are of interest in »2ptical design and engineering situations. The wa"e-
front computations prnceed from the oscillator through the various optical components (as
represented by rthelr resgnhective 2Zernike pnlynomial set or as randem wavefronts »f speci-
fied statistics), spatial filters, amplifying media, fgain is compuzed usging the Franz-
Nodvik equations or the <2sults of *:he LASL rate equation codes), =saturable absorbers,
and claar apertures as *=hey sequentially oaccur {n -=he actual svystem, *hus Jdicectly s3imu-
tating the opotical kriin Erom end 0 and. The 3trehl ratio, the a2ncircled energy and
izradiance distributions can be printed out ak any of the sta-ions in the chain. The
intensity Adistribution of =he laser OJeam is digplayed by ‘azcmetric piots or by iray scale
maps. The thase of the wavefront can e 4digplayed in the form of interferngrams or 3hase
maps.

Tn briafly summarize =hea procedure, the opbtical components are characterized [nter-
Sornometrical’y. Fizeau or Twyman-3reen interferograms of the somdonents are made at 533
ar wavel!anath, Thage are digitized us‘ng CDFL. The Zarnike vo'ynomial coefficimnt3 at
10.5 @m are ¢genarated using FRINGE, and “hese a'2 used -0 characterize the notical path
dAlffar-nce introduced at 2ach manufacturad surface. The wavefrnnt {3 prooagated frem =2nd
o 2n? using LOTS, taking diffraction, nonlinear 2f£fects, and OP™ moaificaticns intro-
duced by each component {ate account. The varlous parameters of interest, such as the



Strehl ratio, the irradiance and encircled energy distributions, the amplitude and phase
of the wavefront, etc., are computed and displayed as desired.

Optical Analysis of the Helios CO2 Laser Fusion System

The Helics gsystem, currently operational, haa delivered more than 10 %J in a 0.5
nanosecond pulse. This system has been analyzed from end %o end using the techniques
described earlier in this paper. A few representative examples which illustrate :the ways
in which optical engineering and design decisions can be made are discussed in this
section.

Figure 1 shows the optical schematic of one of the eight beams in the Helios system
(the other seven beams are optically similar). Briefly, a nominal nanosecond pulse is
switched out of a TEA oscillator and undergoes three stages of TEA preamplification and
beam splitting before entering the final amplifiers. Each of the heams is then ampliiied
to nearly 1400 joules from a roughly 100 mJ input. Figure 2 shows the optical schematic
and the beam path through one of the final amplifiers. Optically, the final amplifier is
a triple pass, 17¥ afocal off-axis Grejorian telescope. A 100 mJ, nearly 2 cm collimataed
beam increases i1n energy to nearly ) joules in the first pass, strikes a turning mirror
and is focused at the spatial filter. The beam then diverges and is deflected bv another
£lat turning mirror and its energy in this second diverging pass reaches 300 joules. The
heam diameter increases to roughly 34 2m and after double passing the saturable absorber
cell and its salt window* and being recollimated, the energy is reduced tn abou:z 150
joules. After the third amplification pass, the energy in the collimated beam may reach
nearly 1400 joules. The collimated beam is then brought to focus at the target by a
turning mirror paraboloid combination. Figure 3 shows a plot of the Strehl ratio
throughout :he system. The curve labteled "NORMAL" represents -he nominal case in which
each of the optical components were essentially assumed to conform to the specifications
for each component (a random peak-to-valley surface arror of 0.1 ' at 10.8 microns).
Other factors like the mounts, etc., do not contribute further to :he optical path
difference errors introduced by the elements. Further analysis showed that as long as
the spatial filter 5** after which the large optical elements occur in the s stem is
tight,* the optical elements preceding it have very 1little effect on the optical
quality™™ of the beam after passing through this gspatial filter. The Strehl ratio is
very close to that of a perfect beam ( .98). As a consequence, :he subsequent analysis
shifted to the large optical elements in the chaijn after the last 3spatial filter. Figure
4 shows the system optical degcription of the triple-pass amplifier shown in Figure 2.

An analysis whose aim was to study and locate the critical factors which can contri-
bute to the degradation of the optical gquality of “he beam at -he target (as well as *=o
predict the expectad optical performance of +he system), waz initiated. The results ara
shown in Figure 5.1 The curve (A) represents the optical performance of *+the nominal
case in which the optical components conformed to the specifications (aach component was
allowed an 0.1\ random peak-to-valley surface error at 10.5 microns! and ather possitle
sources of error like those introduced by the mounts, possible misalignments, 2tc., wera
not taken into account. fB) represents an attempt *ro study the affacts of ibarrations
{ntroduced by the mounts, as well as to locate “ha critical 2lements in :“he shain, Jsing
2 rule=of..thumb criterion, i* was agsumed that these factor3 contributed an 2qual amnunt
to the existing aberrationa described in (A). (2 Jescribes an actual sase in whizh all
the alements were rapresented by the Zarnike polvnomial coefficients at 10.5 micr»ns.
These coefficient3s were nbtained by =he Algitization and reduction »f :he interfaraarams
nf the actual manufacturad components in their mounts.

The nominal case (A) rapresents a good system, especially considerina tie omplaxi-
“ies of the gystem. The goal i3 to reach that level, 2Referring =2 Figura 5, and cthe
results for (B), it became clear that the mounta ahould contribute as 1lit+la €urther
aberratinna as possible. A3 a consequence, standard commerciallyv available mounts which
llkely contribute the amounts of aberrations represented in .8) wers naccentable,
Comparing (A) axd 'C), considering elements 3 “hrough 4, the rv35 wvaliues ‘n 2) are *hroaa
“imes larger €for the 45° tyrning mirror and 2.2 kimes larger f2r =<he Sirgt 2as3 “hrongh
“he saturable absorker zell sal: window than thogse in [A), and equa’ f2r %he collimatinag

mirror. Yer, the Strehl ratio for 4“4e two cases just after the enllimatina Mirroar ia
a'most iden=ical! (7,79 for (A) and .7 For '3))., “Zonziderineg %he alspenzs 5 =“rayak
tfrom the collimating mirztar onwards), =he collimating mircoar ‘5), "ha 4537 Eqrainag mi-rav

f17), and the focusi=ag parabola (1': “ave almos* jdentical rmg wavefron® arror viliues.

*Tlament 3 [n Tlqura 2.

**+Which i3 the last -patial <i{lter in the system.

“Nf the order of one Airy 1lie dlammter.

**Even {f they ar2 twize 18 bad as +~re zpecificatinns.



The differences in rms wavefront error values are 3significant only in the case of the
three salts. At the target plane, the Strehl ratio is 0.49 for (A) and 0.2 for (C). The
compelling conclusion is that these three salt windows {ntroduced an unacceptable level
of degradation of the optical performance of the system, dropping the Strehl ratio to 0.2
from an expected 0.5. In conjunction with the vendor, vigorous studies were initiated to
study the problem and impzove the optical quality of the large salt windows in their
mounts.

Another interesting example of an application of this type of anaivysis had to do with
the effects on optical performance due to the double passed salt window to enable the use
of saturable absorbers to prevent parasitic oscillations.5 The conclusions reached can
be stated by examining Figure 6. Considering the diameter at the target plane of 200
microns, the encircled energy is 86 percent (and the Strehl ratio of 0.49) for the case
without the saturable absorber and 67.5 n»er cent (Strehl ratio of 0.16) for the case with
the saturable absorber. This would tend to indicate that the case without the saturable
absorber is the better choice. However, in absolute terms, because of the 1200 joules
attainable with the saturable abgorber as opposed to 600 joules attainable without satur-
ab'e abgorber, the peak irradiance is only slightly lower for the case using the satur-
able absorber* and the actual amount of ugeful energy** is considerably greater. Aalso,
the lower value of Strehl (.15) actually is a distinct advantage hare ir that the energy
density distribution is far more uniform than that for the case without 3aturable absor-
ber usage.

Conclusions

The analysis techniques and methods used to characterize the various opticazl compo-
nents and predict the performance of the LASL CO»> laser fusion svstems appear to be
quite useful in understanding and optimizing the optical performance »f thegs2 complex
systems.

Encircled enerqgy and beam quality measurements have not yet been performed in the
Helios system to the levels of accuracy needed to verify the computations reported in
this paper. However, burn paper measurements made in the Hellins system tend to support
these results., Also, computations of beam 3izes and intensity levels for various experi-
ments near the target Ffocal plane hava been axperimentally verified to work well.
Similar computations for the Gemini COj laser fusion system have been experimentally
verifled. This excellent agreement between the computations and the experiments |is
raported in another paper in these proceedings.?

It appears ‘:‘hat these vrograms, as well as the apprcache., described in this paper,
can be succes3fully used in the analysis, understanding, and optimization of similar
complex, coherent electro-optical systems which defy conventional approaches based on ray
~racing.
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