Copyright 2006 Society of Photo-Optical Instrumenta  tion Engineers.
This paper was published in proceedings 6290 and is made available as an electronic reprint with permission of SPIE. One print or
electronic copy may be made for personal use only. Systematic or multiple reproduction, distribution to multiple locations via
electronic or other means, duplication of any material in this paper for a fee or for commercial purposes, or madification of the
content of the paper are prohibited.

Beam Shaping for Relay Mirrors

Justin D. Mansell
MZA Associates Corporation, 2021 Girard Ste 150, Albuquerque, NM 87106

ABSTRACT

Relay mirrors offer a method of extending the raagd efficacy of laser weapons systems by providimdatform
that can relay the high power beam from the sotoca target at a lower cost than building morerlaseapons.
Most laser weapons’ platforms use a Cassegraintuapetelescope to project the high-power beam target.
Diffraction causes power in the projected beam twenout beyond the edge of the receiving apertnckirto the
central obscuration of the receiving Cassegraiestelpe. This paper presents a method of incredgisengower
coupling between a projected beam and a receigiegtope by warping the phase of the projected laemhshows
that the spatial frequency and amplitude of thesptaberration is consistent with being integratét the adaptive
optics control loop on the source beam projector.
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1. INTRODUCTION

Beam shaping using spatial phase control has tisdied and demonstrated for many yeaipplications have
included everything from particle trapping to ndayéaser pointer beam shaping. Researchers hadcaiwide
variety of devices to achieve beam shaping, indgdhiolographic optical elements (HOES), deformaiigors,

and binary optics. In all of these cases, the Wawueof a beam of light is modified and then alkdvto propagate a
distance (often to the far-field) to enact the msigy profile change.

In this paper the use of beam shaping for optirgizhe power coupling between two telescopes aaatstance is
explored. The first section describes the probdémelaying light between two telescopes and thdieations for
such arelay. The next section describes theithgoused to find a phase profile for beam shapiing limitations
imposed to make the solution enabling, the resmiltieam shaping profile, and the results of the wptecs
modeling of the beam shaping. The final sectigttrass the effect of the beam shaping on the bemfityjand
conclude.

2. RELAY MIRRORS

The military has been developing directed enerdy)(@eapons for several decades. The cost of éedbig
weapon is expected to prohibit mass fabricatioor this reason, researchers developed the contepetay
mirror extending the range of a single DE weapaom latwver cost. Figure 1 is a schematic of a gémelay-mirror
engagement. Light from a source is transmitteduh the optical train and through the atmospletké relay.
The source can be a stationary ground-based piatfor example, the Theater High Energy Laser (THBDQ
oceanic platform such as a ship or a submarinenan aerial platform such as the Airborne Las&L(A The
optical train will typically contain wavefront canl elements, such as steering mirrors and defdemabrors, and
diagnostic sensors, such as wavefront sensorsasitiop sensitive detectors. These beam contsiksys are used
to compensate for aberrations inherent to the soamd for aberrations induced by the atmosphehe fifal optics
in the beam train on the platform are typicallya@s&egrain telescope for beam expansion and lovddpeaes
control. The relay platform contains a Cassegelgscope for receiving the beam. After the beamlieen
reduced in size it can be conditioned by anothamnbeontrol system before being transmitted outtarget.

A team lead by Ball Aerospace demonstrated they reiaror concept with an orbiting satellite relayrrar about 15
years ag@. It is currently being investigated by the Air Eerin a project called the Aerospace Relay Mirrgst&m
(ARMS) with the end goal of using a high-altitudeship (HAA) instead of an orbiting satellite. Atiugh this
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paper was written to address the DE relay mirrobjgm, uses of this technique can be found in apetications
such as both free-space optical communicationsiaeg-space optical communications.
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Figure 1 - Schematic of a typical relay mirror enggement.

Unfortunately, in a typical relay mirror engagemaperture diffraction and atmospheric turbulencea beduce the
amount of light that is received by the relay tetgse. In this first set of simulations, a vacuwopagation was
performed between the platform and relay apertiarésolate the effect of aperture diffraction.

In a Cassegrain telescope, the secondary mirrorsfar central obscuration (CO) for the light enigion leaving the
telescope. As light propagates from a Cassegpartare, it tends to diffract into the central alostion. If a
Cassegrain aperture is used on the receiver (rsidg) light diffracted into the central obscuratisill be lost.
Wave-optics simulations were executed to deteritiiaenagnitude of the effect of the central obséomadn the
receiver telescope. In each of these experimarieam being transmitted from a 1.5-m diameter étmam
telescope was propagated to a 1.5-meter diamédscogpe on the receiver. In the first set of expents, a central
obscuration was used on both sides. In the sesetnd was only used on the transmitter side. déveral
obscuration was varied in diameter from 0.3 to Grigders. When a central obscuration was usederetieiver
telescope, it was the same size as the one orathentitter telescope. A wavelength of 118 and a telescope
diameter of 1.5 m were used throughout these stionla The wave-optics propagation parameters were
determined for each case using the theory preséyt€by?

Figure 2 shows the results of the simulations waitd without a central obscuration on the receiralay) telescope
for a set of ranges from 50 km to 400 km (the ramfgelay propagation distance throughout this wtudror short
distances where the effects of diffraction arestaing, the power coupling is quite high for bo#ises. As the
propagation distances get longer, the central ahton blocks more of the transmitted light. e fbngest
propagation case of 400 km when using the largasral obscuration, the receiver telescope withrdrel
obscuration only receives 29% of the light. Withawcentral obscuration it receives 59% of thedmaitted light.

In this case, 30% of the light is lost becauséhefdentral obscuration of the Cassegrain aperiyinalysis of these
results prompted the consideration of beam shapigtipods to possibly compensate for some of theadtibn loss
on the central obscuration.
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Figure 2 - Normalized received power for vacuum prpagation from a Cassegrain aperture to an aperture
with (a) and without (b) the central obscuration onthe receive telescope.

3. BEAM SHAPING

Although many methods have been demonstrate fanlsb@aping, some are better for high power laselicgiipns
than others. Small transmissive or reflective agpéire often not appropriate because the poweitigsrare too
high to avoid damage or significant thermally indddlistortion of the optic. Furthermore, manufeomilarger
beam shaping optics is often very costly.

For this paper, deformable mirrors were considasd possible beam shaping element. Since mashirter
platforms already have a deformable mirror in pléicamay be possible to use them for beam shapinggrallel
with atmospheric aberration compensation. Howeaber deformable mirror must have sufficient range to
accomplish both tasks of beam shaping and atmaospdieerration compensation and the beam shapingepha
profile must not have spatial frequencies that eddbe capability of the deformable mirror. In tbhkowing
sections, the spatial frequency of the beam shapatigrn is, first, analyzed using diffraction theand, next,
explored using wave-optics modeling. Then, theldaage of the beam shaping pattern is analyzed.

3.1. Spatial Frequency

One problem with deformable mirrors is that thegrazt achieve the high spatial frequency patterasahe
possible in diamond turned, etched, or holographitcs. Therefore, analysis was done to deterimive much
spatial frequency content was necessary to do Isbaping. First, simple diffraction theory was usedetermine
the maximum possible spatial frequency of the altim pattern. For a given source projection teps, the
diffraction-limited minimum spot size on targetgiven by,

D, =244 (1)

target —
projection

where Duqetis the diameter of the spot on the targetedionis the diameter of the projection aperture, fiis t
distance between the source and the target, @the wavelength of light. For light with a 1.8 wavelength
being projected through a 1.5-m diameter apertugedistance ranging from 50 km to 400 km, therddfion-
limited spot size ranges from 0.1 to 0.8 m. Thigesponds to a telescope diameter to spot diamaterof 15 to
2. Ifitis assumed that each diffraction-limitgabt can create a half-cycle of a sinusoidal adailh, this
corresponds to between 7.5 and 1 cycles per tedesmperture. Therefore, this study was limitetbédking at
polynomials with orders less than 8. Since thetapes considered were radially symmetric, no asudyl
dependent phase component was considered. Tliigtlon also ensures that the results will be dficgently
limited spatial-frequency to allow a deformable nmirto create them.



3.2. Radial Polynomial Wave-Optics Power Coupling Study

Once a maximum polynomial order was determinedgudifiraction theory, a wave-optics study was dame
determine the magnitude of the effect of each ssige radial polynomial in increasing the couplafdight from
one telescope to the other. For this study, amostyal phase profile was constructed using the tmua

N .
f(r)=i:lc,>$r‘ (2)

where s the optical phase profile, N is the maximumenrd; is the coefficient of the radial polynomial, anid r
the radius. The absolute value of the radial pomas taken to avoid axial asymmetry. This radiege
polynomial does not represent an orthogonal setrspg the entire space. It was chosen for conveeiamd to
help limit the spatial frequency, permitting betteodeling of the limited deformable mirror phasefite.

For this study, a uniform intensity beam of lightiansmitted from a Cassegrain aperture to an@hssegrain
telescope at the receiver (relay). For the renaindthis paper, the ratio of the size of the €gssin telescope
aperture to the size of the central obscurationseaso 5, thereby making the central obscurati@m@ Distances
between 50 and 400 km were studied. For eachndista study was performed varying the maximumrpmiyial
order between 0 and 6. (Although the diffractibedry indicated that up td"®rder might be necessary,
simulations showed very little change in the caupicapability after Aorder, so the tests were stopped'aofier.)
In each test case, a genetic optimization algorithfied Guided Evolutionary Simulated Annealing & was
used to determine an optimum for the coefficieffithhe polynomials to maximize the power couplingvieen the
telescope$. This algorithm will not be guaranteed to find thtimum solution, but is very good at searching
through the complex multi-dimensional space ofggblnomial coefficients.

Figure 3 illustrates the normalized power couplivfgle increasing the maximum radial power for vago
distances. For each of these distances, the seiaanormalized power coupling seems to level dffually, the
increase actually levels off at a radial power db@ in some cases (250 km and 300 km specifictily power
increases by going up to a radial power of 4. &shof these cases, the increase in power couigliggeater than
5% and in some cases is more than 12%.
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Figure 3 - Effect of added radial power terms on nonalized received power between two Cassegrain
apertures at varying distances



3.3. Optimizing Coefficients of Second and Fourth OrdeRadial Terms Only

Since the addition of radial terms beyorftiotder did not significantly increase the powerpling, further study
was limited to considering the coefficients 8fand 2% order terms alone.

Figure 4 illustrates the power increase factor wéspect to range determined by optimizing thefaents of the
2"%and 4 order radial terms. The results of this studyem that when using just th&°and 4" order radial
polynomials, the power coupling increased betwbesd apertures by an average of 7.5% and 12% 0th&m to
200 km range.
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Figure 4 - Increase in power coupling with respedb range for the optimizations of the coefficient®f the
fourth and second order radia polvnomials,

Figure 5 shows the optimum coefficients of th&ahd 4" order terms. In analyzing the results, it wasfbthat
the average ratio of the optimized coefficientshaf second and fourth order terms was -0.922 wataadard

deviation of 0.141. The mathematical form of thbexical aberration Zernike polynomialﬁir4 - 6r2+15
Since this equation has the same ratio"daad &' order terms, it was used in subsequent studidsegshase
screen shape.
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Figure 5 - Results of optimizing the power couplindy adjusting the coefficients of the 2nd and 4th
order radial terms.



3.4. Beam shaping with only Spherical Aberration in Vacwm

Since the typical beam shaping profile was on ayeerdentical in proportion to the Zernike term $pherical
aberration, a model was setup to optimize the tefit of this term alone. This reduced the nundfdree
parameters and allowed for a more rapid searcliackya one-dimensional scan was used to finaitienum
coefficient at each length. Figure 7 and Figushéw the results of these simulations with and euitta central
obscuration on the receiver telescope. As theggation length increased, the amount of sphertpairation
necessary to obtain an optimum coupling decreaseddathe longer distance over which it had to atbwever,
even for the shortest range, the amplitude of pirescal aberration for a receiver telescope apecantral
obscuration is about 2.5 waves. This correspomdsdeformable mirror throw of 1.25 waves or 1n6, which is
easily achievable for a typical deformable mirrégthvv m (5.4 waves) of throw. This even provides suéfitti
remaining throw to compensate for atmospheric alierrs in typical engagements. This means thabéiaen
shaping could be integrated with the source adamiptics system with minor software changes irctm@rol
algorithm.

The results also indicate that for shorter distanttee light diffracting into the receiver apertgentral obscuration
can be affected. But the fact that there is aremse in received power for longer distances séeinslicate that
for longer distances the added phase profile iseraffective at pushing light from outside the rgeeitelescope
aperture back into the aperture.
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Figure 7 - Optimum spherical aberration coefficientfor each range studied.
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Figure 6 - Optimum power coupling increase factor vith respect to range for an optimized spherical
aberration phase.



4. BEAM SHAPING WITH SPHERICAL ABERRATION THROUGH THEA TMOSPHERE

The previous simulations assumed that the lightlvedisg propagated through a vacuum to the recdgin
practice this is rarely the case. For DE weap@péi@ations, the light needs to propagate thoughatimosphere,
which aberrates the beam. The next wave-opticalation preformed addressed the question of whekteer
atmospheric induced aberrations would ruin thega@en in the vacuum propagation cases.

Figure 8 is the WaveTrain simulation setup thasriboth the atmospheric and vacuum propagation dagesallel
for a receiver telescope with and without a cerghacuration using a spherical aberration Zernddgnmomial as
the phase screen for power coupling optimizati®he first run was done with vacuum propagation aaly
determine the optimum amount of spherical abemdtio each distance. Then, a series of runs wene dsing 50
random Kolmogorov phase screens with the souranaerial platform at a 12 km altitude transmittiog target
ata 621 km altitude using a Clear- @rbulence profile composed of 5 phase screensluéstributed along the
path.

Figure 8 - WaveTrain system setup for modeling relaynirror engagements with and without atmospheric
aberrations and with and without a central obscuraton in the receiver.



Figure 9 shows the average power coupling incraasegy the optimum amount of spherical aberraticemgined
during the vacuum propagation runs with respegrépagation distance. The results are very sintdlahose in the
vacuum propagation study, which indicates thattineospheric turbulence does not seem to degradedtease in
power coupling gained by adding a beam shapingeppesfile to the transmitted beam.

—e— With CO
—=&— Without CO

Aberration
=
o
Iy
L

Power Ratio wrt Spherical

0.98 \ \ \ \ \ ‘
50 100 150 200 250 300 350 400

Range (km)

Figure 9 - Normalized power coupling increase withiespect to propagation distance through the
atmosphere while using the optimum spherical aberrdon determined with vacuum propagation
modeling.

5. EFFECT OF BEAM SHAPING ON BEAM QUALITY

Unfortunately, the increase in power coupling do@se at the expense of beam quality. Figure 1@slioe effect
of the optimum coupling phase screen on the be&mné&hl ratio at a receiver with and without a cahtr
obscuration. For these simulations, the Streid nahs defined as the ratio of the on-axis intéesiof the aberrated
beam and an unaberrated beam after taking thedfdrainsform of the beam to determine the far-fietdnsity
profile. Since the phase required to achieve highapling at longer ranges has small amplitude etffiect on
beam quality is less.
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Figure 10 - Strehl ratio at the receiver through vauum with the optimum spherical aberration with and
without the central obscuration in the receiver te¢scope.



Figure 11 shows the Strehl ratio of a beam withwaitbdout the optimal spherical aberration for entethpower
coupling and with and without the central obscaratn the receiver telescope, measured on the taaam,
propagated to the receiver with atmospheric aliensit This result combines the effects of propageahrough the
atmosphere, diffraction, and the apertures at botis. These results were averaged over 50 atmisphe
realizations. The results show that the beam tyualreduced even below that caused by the atnevgpéffects,
but the presence of the central obscuration doesawe a significant effect on beam quality.
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Figure 11 - Average Strehl ratio at the receiver vih and without the optimum spherical aberration
and with and without the central obscuration in thereceiver telescope propagating through the
atmosphere.

Despite the reduction in beam quality induced bgnbehaping, it is still useful for relay mirror dipptions. The
reduction in beam quality induced by adding theesiglal aberration required for enhanced couplirmuhbe
easily compensated for by using a low-order beaarelup adaptive optics system on the relay. Theftis of
capturing up to 12% more power should outweighstiall reduction in beam quality, but more engagdrstries
need to be done to verify this.
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This paper describes how beam shaping techniques  Figure 12 - Fresnel Number of each of the

were used to enhance the coupling of a beam df ligh  propagation distances in the study.

projected from a Cassegrain telescope at the sintice

a Cassegrain telescope at the receiver. The phafie used in these simulations was initially iied to an &
order radial polynomial to limit the potential sigafrequency of the beam shaping phase profiotoething
achievable by conventional continuous Ehase stefetrdable mirrors, but simulations revealed thaiting the
radial polynomial phase screen t§ @nd 4" order radial terms in equal but opposite magnifaits, which is
equivalent in form to the spherical aberration Zegrpolynomial, was sufficient to achieve most lof t
enhancement in the power coupling achieved by igitee-order radial polynomial. Using the spherighérration
phase profile for beam shaping, the power coupkitg beam shaping increased by up to 12% and oragee



7.5%. These simulations also indicated that thplitude of the phase profile required was so stthailt it could
probably be put onto the deformable mirror usedatanospheric aberration compensation without haging
substantial negative impact on the beam contrdésys performance in most situations. This beaapsiy
technique was tested in the presence of atmospieeications and was found to perform, on averagell as
without the aberrations. The only drawback of tehnique is the reduction in beam quality thatlikam shaping
phase profile causes. Since the aberration ifivelalow spatial frequency and low amplitude,eain clean-up
adaptive optics control system on the receiver lshbe easily able to compensate the phase error.
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