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ABSTRACT

The Los Alamos eight-beam, ten kilojoule laser fusion system 
presents some unique problems in optical .design, alignment, and analysis. 

This CO^ laser, known as HELIOS, is a high-energy, short pulse system 
operating at a wavelength of 10.6 ym.

The optical analysis procedure developed for the HELIOS optical 

system involves obtaining Twyman-Green interferograms of the manu

factured components of the laser prior to assembly. These interferograms 

are digitized and used as input into custom-tailored computer analysis 

programs. The laser beam wavefront quality can then be predicted 

throughout the optical system on the basis of this input data and proper 

modeling of the nonlinear gain and loss media.
Experimentally obtained Twyman-Green interferograms of various 

laser subsystems and Smartt interferograms at the target plane can be 

compared to computer predictions. The analysis procedure, infrared 

interferometer, and some experimental results will be discussed.

Target alignment for this laser system is accomplished through 

the use of an autoco11imating procedure. A program was developed at the 

Los Alamos Scientific Laboratory to automate the alignment algorithm 

and experiments were performed to test this program. The alignment 

algorithm, computer program, and experiments and calculations in support 

of this automated alignment algorithm will also be discussed.

viii



CHAPTER 1

INTRODUCTION

HELIOS (High Energy Laser In Octagonal Symmetry)3 the Los Alamos 

Scientific Laboratory Vs lOKJ* 24-terawatt carbon dioxide fusion laser, 

is presently operational and involved in target irradiation experiments. 

The two topics to be discussed with regard to this laser system are opti-i
cal design and analysis of the laser optical system and target-alignment.

These experiments clearly involve many researchers and support 

staff. The author's contributions to these experiments.are: (1) design

and construction of an infrared interferometer, (2) implementation of 

interferometric techniques in a high-energy, short-pulse laser system,

(3) hardware development for an experiment to test,an automated target 

alignment algorithm, and (4) participation in the automated alignment 

experiments.
The Infrared Twyman-Green Interferometer is of a design similar 

to that reported by Kwon, Wyant, and Hayslett (1977). The instrument, 

described in Chapter 2, can also be converted to a Smartt Interferometer 

at 10.6 ym wavelength. Design options include capabilities for unequal 

path operation and visible alignment at 0.633 ym. Detection of the 

interferograms is accomplished by the use of a pyroelectric vidicon.

The interferometer is used to provide data to be used as the 

input to the computer programs. The difficulties of obtaining inter

ior ograms in complex laser systems are also elaborated in Chapter 2.

1
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Chapter 3 describes a target alignment algorithm for the Helios 
system. An attempt was made to automate the algorithm using a program 
written by M. Klein (LASL). Hardware was developed to simulate the 

target end of a HELIOS beamline and carry out the experiments required 

to verify the program. The experimental apparatus then had to be prop
erly modeled on the computer. Finally, the data required extensive 

analysis and the program had to be debugged.



CHAPTER 2

OPTICAL ANALYSIS OF A 00% LASER FUSION SYSTEM

Complex high-energy laser systems like the LASL CO^ Laser 

Fusion Systems present some unique problems preventing implementation 

of ray tracing techniques for optical design and analysis normally used 

in conventional optical design and evaluation problems« Some of the 

difficulties encountered are: (1) tight spatial filters which render

techniques based on ray tracing ineffective, (2) the spatial filter 

removes only certain types and orders of aberration, (3) the saturable 

gain and loss media alter intensity distributions in a nonlinear fashion, 

(4) high as well as low Fresnel numbers are encountered at different 

parts of the system, (5) state-of-the-art novel components like diamond- 

point turned optical elements and large NaCl windows (34-cm diameter) 

are used in the laser optical train, and these are difficult to charac

terize optically.
A custom-tailored combination of computer programs and an 

approach utilizing detailed examination of the Zernike polynomial 
set, by which each component is characterized, has been successfully 

developed for use in the optical analysis of the LASL CO^ laser fusion 

systems. The computer programs were:

1. CDFL - ” Computer Determined Fringe Locator, developed by 

W. S. Hall of LASL.

3
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2. FRINGE --the name of a program for interferometric analysis 

developed at the University of Arizona, Optical Sciences Center 

especially by J. S. Loomis»
3. LOTS--a diffraction propagation code developed by G. Lawrence 

of the University of Arizona, Optical Sciences Center, in 
conjunction with the Laser Division of the Los Alamos Scientific 

Laboratory.

These systems are nominally diffraction limited and the degradation in 

performance has been shown.to be mostly due to the manufacturing errors 

in the large NaCl windows and the micromachined components (Viswanathan, 

1978a). Consequently, it is crucial to represent the actual manufactured 

components properly in the optical analysis. Examination of the inter- 

ferograms of the actual components shows that it is possible to represent 

them with a Zernike polynomial set. Zernike polynomials are polynomials 
V^(x,y) in two real variables x,y, which, when expressed in polar coordi

nates (x=psin6, y=pcos9), are of the form

V^(psin0, pcose) = R^ (p) e ^ 9

where £ f 0, and n 2 0 are integers, n 2 £, and n - |£ | is even. Instead 
of the complex polynomials V, one may use the real polynomials

Un = ~  V111 + V m = Rm (p)cos m92 n n n

Un 21



5
To treat the aberrations of a symmetrical optical system* we shall need 

only the polynomials U™ = R\*(p) cos m0 (Born and Wolf, 1975) »

The LASL Gemini (the LASL Two-beam CO2  Laser System, currently 

in operational status) and HELIOS CO^ Laser Fusion Systems have been 
analyzed using this approach and experimental results in the case of the 

Gemini system show reasonable agreement with the computations (Hayden, 

Liberman, and Viswanathan, 1979)«

An infrared interferometer has been built at LASL which is 

capable of producing either Twyman-Green or Smartt interferograms 

(Smartt and Strong, 1972)« Various interf erograms were experimentally 

produced by this interferometer and successfully reconstructed using 

the computer programs.
This implies that, if we can take an interferogram of the final 

wavefront emerging"from each beamline, we can compute the relevant opti

cal parameters for the performance of the system like Strehl ratio, 

irradiance distribution, and encircled energy. Strehl ratio is an impor

tant parameter which describes the maximum intensity in a particular 

plane of observation in the presence of aberrations to the intensity at 

the Gaussian image point. Irradiance distribution is the distribution 

of light in a particular plane of observation, and encircled energy is 

the amount of light passing through a particular diameter aperture at 

the observation plane. Further, if the interferograms at various sub

system levels are obtained along with the individual element interfero

grams, we can optimize the performance of the subsystem by a detailed 

examination of the Zernike polynomial coefficients (Viswanathan, 1978a).
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The computer programs used in this analysis are CDFLS FRINGE, 

and LOTS. CDFL, the computer-determined fringe locator, provides the 

sampled coordinates of the interferogram which become the input data 

for FRINGE. FRINGE outputs the Zernike polynomial coefficients which 

are fed into LOTS.

The computer program, CDFL, also prints the fringe pattern with 

all minima indicated as shown in Fig.,1. Next, the pattern is refined 
further to that shown in Fig. 2, and operator intervention removes the 

discontinuities and ensures the correct ordering of the fringes, as 
shown in Fig. 3. These fringes are automatically digitized by proper 

sampling. The reduction described here is that of a noisy and marginal 

interferogram. The process can be improved by tracing over the nega

tive, and then very little operator intervention is necessary. A second 

method which is more straightforward consists of using a 4953 graphics 
tablet in conjunction with a Tektronix 4015 terminal; the sampled coordi 

nates are directly stored in a file.

The next stage involves an automatic transfer of the data 

obtained using CDFL to the computer program FRINGE. The optical element 

must be properly oriented and the proper sign for the optical path dif

ference (O.P.D.) must be ensured. After subtracting any known reference 

wavefront, the program fits a high-order polynomial to the data using a 

least-squares fit. While FRINGE has a truly varied array of analysis 

outputs, the interest here is to fit the data to Zernike polynomials as 

closely as possible and to get the Zernike coefficients at 10.6 microm

eters.
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Fig. 3. A Fringe Pattern with Correct 
Ordering of the Fringes.
Each number indicates the order 
of a fringe.
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Zernike polynomials were chosen because of their correspondence 

with conventional optical aberrations* The diffraction propagation 

program LOTS (Laser Optical Train Simulation) has been developed to 
enable the calculation of laser.pulse characteristics as the pulse 
passes through various components.

The program is specifically tailored to a CO2  laser fusion sys

tem. It modelss among other things, nonlinear gain and absorption media9 

aberrated components, clear apertures of various shapes, spatial filters, 

tilts, decentrations, and imaging and diffraction propagation of a coher
ent beam. LOTS has been successfully used in tolerancing the HELIOS CO2  

laser fusion system and in studying the impact of system changes'. The 

laser pulse is treated as a pulse of energy without expansion in the 

time domain. The complex amplitude array is a 64 x 64 complex matrix. 

Each point in the array is a complex number. The real part corresponds 

to the amplitude and the imaginary part to the phase of the wave. Dif

fraction propagation is accomplished through the use of transfer func

tions. Nonlinearities in the system, for example, gain media, are 

treated by solving the laser rate equations for each point in the matrix, 

LOTS can either use the Frantz-Nodvik equation (Frantz and Nodvik,

1964), or use a curve fitting technique, for specific cases. In the CO2  

laser amplifiers the gain medium can be modeled using the Frantz-Nodvik 

equation. In collimated space the equation may be solved in closed form.

V 1,e e
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Is = saturation intensity

h . = input intensity •

lo - output intensity

g = gain per unit length

L = length

For a non-collimated beam the differential form of the Frantz-Nodvik ‘ 

equation applies.

S  = 1s x e  1 - expC-I/Xg) -

= intensity 

- gain per cm.

= saturation intensity
D x L 
D T~ D

= input diameter 

= output diameter 

= length of gain medium

For the non-linear absorptive media, data describing transmission versus 

incident light intensity is required for the curve-fitting procedure. 

This program enables the user to create the complex amplitude distribu

tion representing the large pulse of interest. This pulse may then be 

operated on by various functions of LOTS to simulate the phenomena 

encountered in a laser fusion system.

The infrared Twyman-Green interferometer, similar to that 

described by Kwon,. Wyant, and Hayslett (1977) (which can be easily

where I 

G 

Is
B

D
D ?

L
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modified to do Smartt interferometry) built at LASL is shown in Fig. 4. 

Shown in the upper left portion of the figure- is a 3-watt cw CO^ laser 

followed by a chopper with built-in attenuator. a turning mirror,

is followed by a pair of zinc-selenide lenses for expansion and colli
ma ti on of the beam. A ZnSe beamsplitter, properly,antireflection coated, 

is shown splitting the beam into two paths; mirror is the reference 
mirror and NU is the mirror under test. A Twyman-Green Interferometer 

is basically a Michelson Interferometer using collimated light. That 
is, the extended source is replaced by a monochromatic collimated laser 

source. In general, the source is a point at the focus of a well- 

corrected lens (the laser can be thought of as a point source located at 

infinity). The output of the interferometer is an interferogram of the 

actual wavefront. A transparent sample can be tested by positioning it 

in the test beam of the interferometer to perform a transmission test, 

or one of the mirrors can be replaced with a test mirror to perform a 
surface test. A fringe deviation from straightness corresponds to an 

optical path deviation of one X . Therefore, for a surface test situa

tion, a fringe error corresponds to a height variation of X/2.

This instrument has been modified to test large-scale reflection 

and transmission optics in the HELIOS system with minor changes. These 

changes consist of replacement of mirror by a properly chosen 

diverging ZnSe lens whose focus is placed at the center of curvature of 
the mirror under test. If a large flat mirror or N a d  window is to be 

tested in collimated light, then a 15-inch Davidson collimator bench can 

be incorporated in one leg of the interferometer.. Figure .5 is an actual
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Fig. 4. Schematic of Infrared Interferometer.
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pyroelectric vidicon.
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photograph of the interferometer, prior to the modifications. Also shown 

in Fig. 5 are the pyrolectric vidicon (with lens) at left and a video 

monitor for interferogram display in the foreground.

The Smartt interferometer, similar to that reported by 

Koliopoulos et al. (1978), consists of a thin, semi-transparent wafer 

with a tiny pinhole in the center. The interferometer is thus common- 

path and the output is an interferogram of the incident wavefront.
The pinhole uses diffraction to provide a spherical reference wavefront 

while the semi-transparent wafer transmits the aberrated wavefront.

In the author's experiments, the wafer was an 8-13 urn thick silicon sub

strate with a 45 pm hole at the center. The initial portion of the 

test wavefront incident on the region around the hole must be attenuated 

by absorption or reflection of the silicon. Experiments indicated that 

the nominal 30 percent reflectivity of the silicon was inadequate, lead

ing to poor fringe contrast. Thus it was necessary to specify that the 

wafer of silicon be heavily doped with n-type impurities to increase 

both reflectivity and bulk absorption resulting from an increase in the 

number of free carriers. This modification resulted in acceptable fringe 

contrast. Figure 6 shows a schematic of the infrared Smartt interferom

eter. •

Various interferegrams were experimentally produced in this 

interferometer and reduced using FRINGE. The Zernike coefficients thus 
obtained were fed into the program LOTS, which produced a plot of the 

interferogram. The experimentally-produced interferogram and computer 

plot agreed very well.
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Fig. 6. Schematic of the Infrared Smartt 
Interferometer.
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Figure 7 shows a Twyman-Green interferogram taken at 10.6 lam 

on the left and the computer plot on the right. For clarity, here the 

fringes in the plot on the right were sketched in by joining the dots 
produced by the line printer« Figure 8 shows another, example of both 

experimental and computer-generated interfere gram. In this case5 the 

plot obtained from the line printer was photographed slightly out of 

focus to improve its appearance; Figure 9 contains a Smartt interfero

gram produced by the interferometer at left as well as the computer- 

produced plot at the right. There is reasonable agreement between 

experimental and analytical plots,

. An important application of this type of analysis is in the 

determination of optical wavefront quality throughout a large, high- 

energy laser system like the LASL HELIOS system. Figure 10 shows an 

optical layout of one of the eight beams of the HELIOS laser, .Various 

afocal planes exist in the optical system permitting implementation of 

the interferometric technique described. The oscillator produces a 

pulse several hundred nanoseconds long which is then passed through a 

spatial filter. The switchout network consists of three PockelT s cells 

in series and is used to switch out a one nanosecond pulse. Several 

more spatial filters are encountered during the two stages of amplifica

tion following. The beam is then split into four, after the second 

saturable absorber and eventually eight after the third pre-amp; we will 

concern ourselves with only a single beamline, however, Another ampli

fier boosts the beam energy to approximately 300 mJ before another beam

splitter is encountered. The beam just prior to entry into the power
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Fig. 7. Twyman-Green 10.6 ym Interferogram Taken
Using LASL Infrared Interferometer, at left; 
Computer Reconstruction, at right.
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Fig. 8. Twyman-Green 10.6 ym Interferogram Taken Using
LAST Infrared Interferometer, at Left; Computer ' 
Plot Photographed Slightly Out of Focus for 
Clarity, at Right.
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amplifier is a 300 mJ, 2.5 cm diameter Gaussian beam. The power ampli
fier is basically a 17X Gregorian telescope, and the output beam size 

is 34 cm.. The saturation characteristics of the power amplifier result 

in a near plane wave emerging from the amplifier with 1250 joules. The 

amplifier is designed to provide three passes through the gain medium, 

the final pass saturating the gain. Beyond the exit window of the 

amplifier, there is a free space propagation region before reaching the 

target chamber. Inside the target chamber there is a flat turning 
mirror, an off-axis focusing paraboloid, and the target. The F number 

of the system is 2,4.
Interferometry of the HELIOS Laser System is complicated by

high energies and peak powers in the beam (in excess of 1250 joules

and 2 terawatts per beam line). Further difficulties arise from the

fact that the pulses are nanosecond or subnanosecond in length as well ...
as the wavelength being 10.6 ym. Figure 11 depicts an attempt to obtain

a Smartt interferogram of the beam at the target plane. • The beam is

attenuated with a hole grating consisting of a square array of 1.27 mm

holes separated by 11.7 mm. This grating provided an attenuation 
-4factor of 10 and an inter-order separation of 800 ym. The spot size 

of the beams was 150 ym so that aliasing was not a problem. Previous 
experiments (Parker, Liberman and Viswanathan, 1978) performed on the 
LASL Gemini Laser System indicated the system alignment is essentially 

independent of power levels. The hole grating does not introduce any 

aberrations into the zero order beam where the experiments would be 

performed. Thus the initial experiments could be done with just the 

oscillator pulse, eliminating the requirement for high power.
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Due to the good agreement between the interferograms and the 

simulated plots, this scheme is in the process of being implemented for 

the optical'analysis of the HELIOS Laser System. Individual element 
interferograms exist (taken at 633 nm) for all the optical components of 

the HELIOS System, thus providing dajta.on manufacturing errors for the 
optical elements. The optical wavefront is propagated through the 
entire laser optical train by LOTS. An interferogram for the emerging 

wavefront is plotted out. This computer-generated interferogram could 

then be compared with an experimentally obtained interferogram of the 

final emerging wavefront. Discrepancies in the two results might indicate 

various alignment errors caused by improper assembly, rotation, etc.

A study of the Zernike coefficients could provide additional insight.

For example, astigmatism, which often plagues systems of this type, can 

be eliminated or reduced in magnitude by rotation of the various com

ponents responsible . (Viswanathan, 1978b). Finally, the above scheme is 

usable for subsystems as well as the whole system (one beam line).



CHAPTER 3

AUTOMATIC TARGET ALIGNMENT ALGORITHM FOR THE 
HELIOS LASER FUSION SYSTEM ;

The target alignment technique used in the LASL HELIOS CO^

Laser Fusion System is based on an autocollimating procedure 

(Liberman et al., 1977). An infrared, collimated, laser beam is 

propagated to a mask which creates four ray bundles. These four beams 

are sent through the optical system to a spherical surrogate target 

and retroreflooted back onto the mask» Misalignments are observed when 
the retroreflected beams do not pass through the mask. Due to aberrations 

in the beam and misorientations of the optical components, the mask 

patterns can be-complex. The degrees of freedom in this system are: 
two orthogonal rotations of a flat turning mirror, and two orthogonal 

rotations, and' focus of an off-axis parabola. Thus it is difficult for 

the operator to determine the cause of the misalignment and how to use 

the degrees of freedom to correct the error. An algorithm has been 

developed which is implemented in the program KHAP (Klein-Hughes 

Alignment Program) which takes the coordinates of the four return^beam 

centroids, and determines the magnitude of the five mirror motions 

using an optimization technique. This algorithm is the basis for an 

attempt at eventual automation of the entire process in the HELIOS 

Facility. The results obtained so far are discussed.

25
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The target alignment technique described in this chapter uses a 

CO^ laser beam at the 10.6 am wavelength. The requirements for 

detection and viewing are thus intricate and expensive. The term 

"target alignment" incorporates the nominally-collimated laser beam 

emerging from the power amplifier and terminating at the target plane.

At present the laser "beam alignment" algorithm is automatic. "Target 
Alignment," as defined above, is operator assisted. Subsequent 

sections will discuss both an algorithm and an automatic approach to 

this problem. The proposed scheme uses a nonlinear least-squares 

optimization, similar to those used in optical design optimization 

programs. A laboratory mock-up duplicating the HELIOS target chamber 

was assembled and experimental results obtained are discussed.

The optical schematic of the power amplifier and the target area, 

of one of the eight beam lines of HELIOS is shown in Figure 12. The 

other seven beams are identical optically. The collimated Gaussian beam 

from the oscillator enters the power amplifier at left with a diameter 

of 2.4 cm. The beam traverses the amplifier gain region three times 

encountering N a d  (salt) windows, spatial filters, and turning mirrors.

A saturable absorber region used to suppress oscillations appears in 

the region enclosed by collimating mirror #6 and 34 cm salt window #5. 

The final pass through the amplifier saturates the gain. The output 
beam exits the amplifier at the salt window #8 with a diameter of 34 cm. 

Window #9 is the entrance window to the target chamber. The two optical 

elements which figure prominently in this analysis are the flat turn

ing mirror (#10) and the off-axis focusing paraboloid (#11). Both of
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these mirrors are diamond-point micromachined elements. Table 1 shows 

the details of the system optical description.

Table 1. System Optical Description.

No. Description Radius cm.
Clear Aperture 

cms Radius
" Distance cms 

. to: Next 
Element

1 Focusing Mirror 78.0 1.0 0.0
2 Spatial Filter - 0.025 39.0
3 Salt Flat 4.4 97.5
4 Turning Mirror (45°) 5.0 18.3
; 5 Saturable Absorber 

Salt Fiat
20.3 447.2

6 Collimating Mirror 1326.0 19.7 100.0
7 Saturable Absorber 

Salt Flat
20.3 100.0

8 TPA Exit Salt Flat 20.3 488.3
9 Target Chamber Salt 

Flat
20.3 . 198.1

10 Turning Mirror (45°) 20.3 121.9
11 Focussing Parabola 77.26 20.3 103.6

The 34 cm beam exiting the power amplifier is nominally col

limated and parallel to the axis of the off-axis parabola. The F 

number of the focused beam at the target is 2.4 and the chief ray makes 

an angle of approximately 35 degrees with the axis.
The design goals for the HELIOS System require a pointing 

accuracy of 25 pm and a focusing accuracy of 50 pm. The optical quality
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of the beam emerging from the power amplifier and the manufactured 
quality and assembly accuracy of the succeeding components dictate the 
ability to achieve these values.

An experiment in which eight tiny holes were punched in a glass 
microballoon target was performed in HELIOS. The actual figure for 

pointing was found to be 34 pm rms.(Liberman and Benjamin, 1979).

A photograph of the punctured microballoon is shown in Figure 13. In 

this experiment, the oscillator pulses were used and the power amplifiers 

were not pumped. This is justified because of experiments on the LASL 

Gemini Laser Fusion System which show that, by using a properly chosen 

attenuator grating, system alignment was independent of power level 

and the nonlinear effects in the amplifiers can be neglected '(Parker, 

•Liberman, and Viswanathan, '1978).
The basic schematic of the autocollimating procedure used in the 

target alignment of the HELIOS System is shown in Figure 14 (Liberman 

et al* 1978). A mask has four 5 cm diameter holes, and the centers of 

these holes are 12.5 cm from the axis. Two of the holes allow mostly 

tangential rays through, while the other two holes let through mostly 

the sagittal rays. This mask is placed in the collimated space beyond 

the power amplifier and the four infrared beams generated by the mask 

propagate to focus where they are retroreflected by the surrogate 

target. The target is 1.25 cm in diameter and the center corresponds 

to the focal point of the beam. The target diameter variable affects 

both the amount of diffracted radiation seen on the backside of the 

mask and the accuracy of focus determination. The larger the diameter
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ALIGNMENT TEST 
AT HELLOS

THIS 323/u.mDIAMETER GLASS MICROBALLOON,
VIEWED FROM ITS "NORTH POLE", HAS A HOLE __ 
DUE TO EACH OF THE EIGHT BEAMS OF "HELIOS."

Fig. 13. Beam-on-Target Alignment at HELIOS is Measured 
by Glass Microballoon Perforation Test.
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of the surrogate target, the more error there is in the search for a 
proper focus. The surrogate target size had to be chosen such that 
dimensions were larger than the depth of focus. If this were not the 
case, the geometric focus would, not be coincident with the diffraction 

focus. The size of the mask holes and the mask position were chosen 

such that the target position would be in the Fraunhofer region.

Various geometrical and diffraction calculations were made and they 

agreed well with the experiment.

This scheme corrects for the geometrical aberrations in the 

beam and finds a focus close enough to the optimum diffraction focus.

The focus obtained from the retroreflecting scheme falls within ten 
percent of the maximum Strehl Ratio attainable for a given beam, with 

practically no difference in the encircled energy at two Airy disc 

diameters, which is the general requirement in terms of focus for 

this type of system. This is discussed in greater detail in the text 

to follow.
If the alignment is perfect and there are no wavefront distor

tions, the four beams propagate to the surrogate target, retroreflect, 

and retrace their paths back through the generating apertures. In the 

absence of diffraction, they would be undetectable to a vidicon viewing 

the back side of the mask. If the target diameter is properly chosen, 

there will be sufficient diffraction so that the edges of the holes will 

be illuminated. The diffracted radiation is symmetric with respect to 

the central axis of the returning beam for the perfect case. By 

examining the light reflected from the back surface of the mask with a
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pyroelectric vidicon, it is possible to determine whether the returning 
beam is centered in the hole. Of course, for large misalignments, 
the returning beam actually strikes the surface of the mask and is 

easily detected.

Four holes appear to be sufficient to accurately align a 

moderately aberrated beam (1-2A P-V at 10.6 urn) using good optics.

Greater sampling area is obviously preferred but the choice is con

strained because of overlapping of diffraction patterns of two adjacent 

holes. In Figure 15, a schematic diagram of some examples seen on the 

video monitor attached to the infrared vidicon is shown. If the focal 

plane for the beam is either in front of or.behind the center of the 

target, there is a magnification different from one, and this is deter

mined from the average size of the return beam pattern. Pointing 

misalignments are indicated by a net shift of the returning patterns 

relative to the generating holes. If the paraboloid axis is not parallel 

to the incoming beam, the magnification of the returned image.is not 

uniform. This scheme is employed in both the two-beam Gemini and 

eight-beam Helios Laser Systems.

A photograph of experimental apparatus used to duplicate one of 

the Helios beam lines is shown in Figure 16. The.flat turning mirror 

is seen in the foreground and the off-axis parabola is shown opposite 

the mask. The large spherical mirror in the background is used to 
obtain a 34 cm collimated beam. The target is roughly 80 cm to the 

right of the off-axis parabola. The motorized mirror drive units are 
on the turning mirror m ount in the foreground. The parabola has
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Fig. 16. Photograph of Apparatus Used in Autocollimating 
Test Experiments.
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similar drive units. A 10 watt CO^ laser beam is chopped at one hertz 

and expanded to fill the large spherical collimating mirror resulting 

in a 34 cm infrared beam. A helium-neon laser (0.633 um) is also 

shown next to the CO^ laser. Both beams have been made colinear so 
that initial alignment .can be done at a.'.visible wavelength. The pryo- 

electric vidicon is on a tripod in the lower right corner of this 

figure. A microprocessor-based console is used to step the mirrors.

The mirror positioners used in both the experiment and in the 
Helios target chamber are of a novel design. In essence, they consist 

of three screws driven by stepping motors. The screws are on a 13 cm 
radius circle displaced 120 degrees apart (see Figure 15). In general, 
moving.a single screw will not give the motion desired. Consequently, 

the electronics for driving the motors moves them together to give the 

desired motions. To achieve a focus shift, the three motors move 

together at the same, rate in the same direction, whereas to tilt or 

rotate the mirror, the motors are slewed in a more complicated fashion. 

The motor drives are geared so that each step on the control box read

out moves the screw 0.2 um. The total travel is 1 cm or 50,000 steps.

The angular motions of all the mirrors are 3.15 microradians (urad) per 

step in tilt and 1.82 urad per step in rotation. Linear motions along 

the direction of focus (Z-direction) resulting from paraboloid motions 

are 0.2 um per step in Z., 2.67 um per step in tilt, and 1.55 um per step 

in rotate. It should be noted that the Z-direction is that of the mirror 

normal at the paraxial ray (i.e., half way between the paraboloid axis
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and the paraxial ray, approximately 17.5 degrees from either one) En

coders have been installed so that mirror positions are known absolutely 

from a given reference.
The autocollimation technique was modeled using ACCOS V (a 

proprietary program of Scientific Calculations, Inc. of Rochester, NY). 

Using the geometric and diffraction capabilities of ACCOS V, the 

diameter of the mask holes was chosen to be 5 cm, the center of the 

holes being 12.5 cm from the axis in the tangential and sagittal planes. 

The dominant aberrations of the Helios System are astigmatism, spherical, 
tilt, and defocus. Aberrated beams were studied and the'parabola was 

assumed to be perfect. Although modeling of a non-perfect parabola 

would be desirable for completeness, the analysis and conclusions are 

nevertheless valid as a non-perfect parabola would only introduce further 

aberrations in the beam hitting the target. This becomes merely another 

case of aberrated beams. '

Briefly, the analysis procedure consisted of introducing one 

wave of defocus, spherical, astigmatism, or a highly aberrated case in 

a 34 cm beam (the four cases described in Table 2) by the use of two 

confocal paraboloids and a germanium wedge. The.coordinate system used 

is shown in Figure 17. This beam was geometrically propagated through 

the four holes in the mask and reflected from the surrogate target back 

to the mask plane. Four rays at the edge and one. ray at the center of 

each hole were traced. A damped least-squares optimization procedure 
was used to get the rays back to the nominal position.they should reach 

in the case of a perfect beam. The five degrees of freedom were used
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Table 2. Description of Aberrated Beams.

No.

P-V
Tangential 
Plane in 

. Units of A

P-V
Sagittal 
Plane in 
Units of A

P-V
Diagonal 
Plane in 
Units of A ■ Remarks

A + 0.8 + 1.0 + 0.9 The aberration is mostly 
DEFOCUS with 0.1 A of 
COMA present in the tan
gential and diagonal 
planes.

B + 1.0 + 1.0 + 1.0 Pure spherical aberration 
of 1 A.

C + 0.54 - 0.45 + 0.05 The aberration is 1 A of
astigmatism and 0.5 A of 
spherical aberration if 
one wishes to consider 
the pure tangential or 
pure sagittal planes.

D - - 4.9 - '2i2 3.8 "Fouled up" beam, diffi
cult to characterize: 
roughly has 4 A of 
spherical, 2 A of astig
matism and A of coma and 

. these tend to compensate
each other in complex 
ways.
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Fig. 17. Coordinate System Used in Analysis.
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in the following manner: (1) the turning mirror was tilted and rotated

to get the axes of the beam and parabola parallel. (2) The parabola
was allowed to rotate and tilt and the optimum focus position was 

obtained. With the flat and parabola in these positions, the 34 cm beam 

was propagated to this,focus and there image parameters like Strehl 

Ratio, irradiance distribution, etc., were evaluated. Next, a search 

was made for the ideal focus for this beam. While the procedure for 

locating the focus with the mask in position was geometric, the ideal 
focus was located through diffraction techniques for the entire 34 cm 

beam. The image evaluation at both focal planes was a diffraction 

evaluation. The autocollimation test is a geometric or ray trace 

test in accordance with Snell's Law.. However, near focus, fays do not. 

give a good indication of the distribution of light in the image. One 

must instead propagate the wavefront through the system and see where 

it comes to focus. This determination of focus through the use of 

diffraction techniques is good only for well-corrected optical systems.

The results of the above analysis (Table 3). show that the auto

collimation scheme appears to find a focus almost indistinguishable 

from the ideal focus for the four cases studied in Table 2. As the 

four cases represent, in terms of aberrations, the types of beams 
typically encountered in the Helios System, the scheme is valid in 

theory and the limitations are experimental. The relatively small sam

pling area of the mask does not appear to limit the accuracy of the 

autocollimating technique. The above analysis is not valid if wild 

fluctuations in itensity occur in the beam striking the parabola. For



Table 3. .'Strtebl and Encircled Energy Comparisons.

"Ideal" Focus "Geometric" Focus

No. Strehl
% Energy in 
1 Airy Disc 

(u)

Radius for 
85% of 
Energy (y) Strehl

% Energy in 
1 Airy Disc 

(y)

Radius for 
85% of 
Energy (y) Strehl

% Energy in 
1 Airy Disc 

• ( y )

Radius for 
85% of 
Energy (y)

A 0.88 80 40 0 . 9 2 80 40 0.14 20 79
B 0.98 83 29 0,99 83 29 0.10 9 100
C 0.97 83 30 0.98 83 30 0.33 39 62
D 0.24 21 -- 0.29 21 -- --

• ap (yjrad) zp(MMS)

d
°
3
:

ap(yrad)

A
' Db

(y)
AZ§AY

( y )
",(yrad) zp(MMS)

Db
( y )

A 86 ’ - 7 7 3 . 0 1 3 -161 86 - 7 7 3 . 0 1 3 -161 + 1 0 ; + 11 0 -772.668 0
B 56 - 7 7 3 . 1 1 4 - 2 5 1 56 -773,114 -251 - 4; « 1 0 - 7 7 2 . 6 6 8 0
C 758 -773.011 +536 768 -773.011 +536 + 8; + 8 0 - 7 7 2 . 6 6 8 0
0 1377 -773.207 •-1814 1377 - 7 7 3 . 2 0 7 -1814 -S3; -57

Explanations:
oip Rotation of parabola about is vertex (in microradians).
Ap Distance along new Z axis after the rotation of the parabola (in MMS).

Decentration in Y-Z plane along new Y-axis after rotation of the parabola (in microns), 
Distance along principal ray from the "Hartmann" focus position (in microns). .

Ay Distance transverse to principal ray from "Hartmann" focus position (in microns). 
"Geometric" focus is the focus for a plane uniform wave front incident on the parabola.
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complex aberrated beams with low Strehl Ratio, the diffraction focus 

gives a higher Strehl Ratio, but it is only marginally better.

Encircled energy remains essentially the same. This makes sense as 

the diffraction focus represents the minimizing of the variance of the 

wavefront.

It is feasible to align a five parameter target-mirror system 

with the aid of an optimized ray trace procedure and the information 

provided by the fpur retroreflected beam-centrOids. The program KHAP 

was developed at LASL to do this. It is programmed to translate, tilt, 

and rotate the turning mirror and parabola exactly the way their mounts 

operate. Programs like ACCOS V do exist which rotate, tilt, and 

translate about the verticles of optical elements. As the actual 

mirror mounts on the space frame in the target chamber are inclined at 

various angles and the motorized drive screws move the mirrors along 

directions other than the vertex, a custom-tailored program like KHAP 

is required. It combines geometrical ray tracings with a nonlinear 

least-square fitting procedure. A figure of merit function PHI measures 

the sum of the squared deviations of computed spot centroids to those 

input via the experimental procedure.

16
§ = I [(X)2-(XC)2] 

i=l
where X is the coordinate of the ray after optimization and X^ is the 

coordinate of the ray determined by the experimental data. The index 
ranges from unity to 16 because four rays are traced for each of the



43
four holes in the mask. The five variables are then adjusted so as 

to minimize PHI.

The radius of convergence is a 10 milliradian deviation from 

the nominal orientation angles coupled with a 0.5 cm displacement of 

the pivot point. This translates into a mask centroid displacement 
of 140 cm, which is considerably larger than that encountered in the 

HELIOS System. No spurious solutions have been detected so far when 
PHI was minimized below 1 x 10 Convergence limits can undoubtedly 
be improved through the use of educated guesses for mirror parameter . 

values, but such guesses were not made in our experiment.

A factor in favor of a least-squares optimization procedure is 

that additional sampling of the target beam profile will not alter the 

underlying strategy. One simply modifies the scheme to handle more 

centroid deviations. A "best" (in the least-squares sense) alignment 

is thus feasible even for a beam of poor quality.

Test cases were set up to compare KHAP output with ACCOS V 

output. The results are shown in Table 4 for the optical beam with one 

wavelength of spherical, defocus, astigmatism, and a highly aberrated 

beam.
The predictions of KHAP tiere verified in the laboratory using the 

apparatus shown in Fig. 16, Dimensions are identical to the actial 

HELIOS target chamber. A nominally well-aligned beam was achieved and 
then a change was made. The spot centroids from the misaligned pattern 

were experimentally determined and fed into the computer program KHAP.

The KHAP prediction was then given to the operator and the results for



44

Table 4. KHAP Output Compared with ACCOS V Output in Test Cases.

Case. No.
Description 

of Beam
ACCOS V Values 

(degrees)
KHAP Values 

(degrees)

1 Nominal Beam Rotate
Rotate

Flat 0.0143 
Parab. 0.0143

Rotate
Rotate

Flat 0.014324 
Parab;*0.014324

2 One X Defocus Rotate
Rotate

Flat. 0.0143 
Parab. 0.0143

Rotate
Rotate

Flat 0.019882 
Parab. 0.005546

3 One X Spherical Rotate 
Rotate

Flat 0.0143 
Parab. 0.0143

Rotate
Rotate

Flat 0.007922 
Parab. 0.018449

*Parabola values can be slightly different due to different 
coordinate systems used in the two programs. When the decentration 
values predicted by KHAP are taken into account, the predictions by 
both programs are indistinguishable from an image evaluation point of 
view for these cases.

‘ -v.
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a few typical cases appear in the following figures. Figure 18 shows 

the sensitivity of the autocollimating technique. The nominal pattern 

is shown along with three cases of offset. Figures 19 and 20 show 

test cases in which the turning mirror was tilted by 30 steps (95 yrad) 

and rotated by 64 steps (116 yrad) respectively. The results of the 
corrections by the KHAP program are shown in the lower portions of the 

figures. Figures 21 and 22 are test cases in which the off-axis 

parabola was tilted by 30 steps (95 yrad) and rotated by 32 steps 

(58 yrad) respectively, KHAP predictions resulted in the patterns 

seen in the lower portions of the figures. The corrections due to KHAP 

predictions closely resemble the nominal cases.



S E N S IT IV IT Y  OF H ARTM ANN  
AUTOCOLLIMATING TECHNIQUE

o 3 3

NOMINAL -8  STEPS OF TILT ON 
PARABOLA 25 SHIFT

16 STEPS OF TILTON 
PARABOLA 50^m SHIFT

+  8 STEPS OF TILT FROM 
NOMINAL POSITION ; 
25pm SHIFT

Fig. 18. Sensitivity of Autocolliinating Technique.
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O
NOMINAL CASE

>
3 1

1  j
3 0  STEPS OF TILT ON 
FLAT MIRROR

RESULT OF CORRECTION 
BY ALIGNMENT PROGRAM

Fig. 19. Tilt of Flat Mirror by 95 yrad and KHAP Correction.
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NOMINAL ROTATION OF FLAT MIRROR
BY 6 4  STEPS

)

RESULT OF CORRECTION BY 
ALIGNM ENT PROGRAM

Fig. 20. Rotation of Flat Mirror by 116 yrad and KHAP Correction.



NOMINAL CASE 3 0  STEPS TILT OF
PARABOLA

►

RESULTS OF CORRECTION
Fig. 21. Tilt of Parabola by 95 yrad and Correction by KHAP.
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NOMINAL CASE 32 STEPS OF ROTATION
ON PARABOLA

O
© oo

RESULTS OF CORRECTION 
BY ALIGNMENT PROGRAM

Fig. 22. Rotation of Parabola by 58 prad and KHAP Correction.



CHAPTER 4 5

DISCUSSION

Two important experiments in a carbon-dioxi.de laser system 

approach to inertial confinement fusion have been discussed. It has 

become increasingly clear that it is not sufficient to develop a large 

laser capable of depositing enormous energies on target. Energy- 

deposition is art important parameter, but if the wavefront quality of 

the beam is poor or the alignment on target imperfect, the resulting 

implosion will be inefficient. Optical components in both target 
chamber and power amplifier must be judiciously located in an effort to 

eliminate parasitic oscillations. The need for isolation against laser 

pre and post-pulse dictates the use of saturable absorber media. The 

optical wavefront quality is altered by these nonlinear absorbers and 

they must be modelled appropriately in the analysis codes.

This approach of interferometrically defining and characterizing 
the various manufactured optical components appears to be a powerful 

tool in the optical analysis and optimization of the relevant parameters 

in complex high-energy laser systems, especially the LASL laser fusion 

systems. This technique could be used as an optical design and 

analysis approach to these novel and complex systems which appear to 

defy conventional approaches to optical systems, design, optimization, 

and analysis.

SI
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Beam alignment of these complex laser systems, in which each 

beamline contains 100 optical elements, is a difficult, time-consuming 

task. In the HELIOS facility, the control system for automatic beam 
alignment is a three-level minicomputer and microprocessor hierarachy 

which aligns the system in the infrared up to the exit window of the 

power amplifier. The target alignment experiment was undertaken to 

demonstrate the feasibility of a completely automated system. The 

scheme that has evolved appears to work well for the typical cases en

countered in the HELIOS system. The experimental apparatus used 
duplicates the target end of one of the beam lines of HELIOS; the other 

beam lines are essentially similar except for different orientation in 

space. Additional.experimentation and modification is necessary to 

determine the best procedure to implement. Recommendations for 

improvements and alternate schemes include the use of an averaging pro

cedure in acquiring the centroid data for a better signal-to-noise 

ratio. The addition of derivatives to the merit function, PHI, might 

allow detection of 1-2% motion. The problem can be dealt with in a 

strictly analytical fashion, but there are too many unknowns. The 

input wavefront can be added to the program if the mirror surface was 

known; however, there is not enough information from the hole-patterns 

to recreate the wavefront. A combination of the analytical approach 

and an optimizer program on a mini computer is another,'alternative.
This would allow us to tell where a.small correction would take us and 

whether a better correction could be made by slightly varying another 

parameter. Implementing the scheme in the HELIOS laser fusion system
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requires system modifications and analysis in terms of compatibility 

with existing computers, etc., in the HELIOS control system.
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