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The program manager is C.R. Giuliano. The principal investigator is
R.C. Lind, who assumed this role early in th’ program from V. Wang.
Principal contributors to the program are T.R. O'Meara, who has been
primarily involved in the systems aspects of nonlinear phase conjuga-
tion, R.K. Jain, who contributed to the acquisition and analysis of
detailed experimental data; and R.W. Hellwarth, a consultant on the
program; and S.M. Wandzura, both of whom made key contributions to the
theoretical understanding of nonlinear phase conjugation., In addition
to R.W. Hellwarth, A. Yariv also served as a consultant on this program.

The authors wish to acknowledge technical criticism and advisory
support by R.L. Abrams, manager of the Optical Physics Department, and
to thank T.E. Horne, who assisted in the many detailed experiments
performed on this program. We also wish to thank M.B. White of ONR,
the technical moniter, and Col. M. 0'Neill of DARPA for their interest
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SECTION 1

INTRODUCT 10N

This report covers the first phase of a continuing program designed
to explore a recently recognized property of certain nonlinear optical
interactions of generating conjugate wavefronts that can be used to cor-
rect optical distortions in laser systems. These distortions include
optlcal train aberrations, laser medium distortions, and atmospheric
propagation aberrations., The program was divided into three basic
areas that bridge the ga, “etween a preliminary explecration of the
applicable nonlinear processes and realization of their potential useful-
ness to laser systems. The areas were (l) to measure quantitatively the
properties of phase conjugation from stimulated Brillouin scattering (SBS)
at 0.69 pm, (2) to develop a theoretical understanding of nonlinear
phase conjugation, and (3) to determine the applicability of nonlinear
phase conju-gation to various systems of interest to DARPA. We made
significant advances in each of these areas during this pregram; these

accomplishments are described in this report.

A. BASIC CONCEPT

Nonlinear optical phase conjugation represents a new class of
optical interactions having the potential for providing novel solutions
to problems in fields such as adaptive optics for high-energy lasers
(HELs), fusion laser systems, imaging systems, and laser communication
systems. Traditionally, nonlinear optical interactions have been ex-~
ploited to yield sum and difference frequency generation, parametric
amplification and oscillation, stimulated scattering, nonlinear spec-
troscopy, etc. In the present context, the desired output wave from a
nonlinear medium possesses the unique propszrty of being the spatial

complex conjugate, or phase conjugate, of the input wave.




To introduce the concept of phase conjugation by nonlinecar optical
techniques, consider the existing adaptive-optics techniques for redue-
ing the ¢ffects of atmusphoric turbulence and optical train distortions
on laser beams (coherent opticat adaptive techninues, COAT, for example).
COAT systems adjust the phasefront of the transmitted beam to compensate
for the phase distortion iutrodu.ed hy the optical medium. These sys-
tems sense the distortion by monitoring backscatter from the target and
form a phase front that is a phase conjugate of the distortion to be
corrected. The correction is iccomplished by using some form of dins-
crete, multichannel, phase-front corrector such as a deformable mirror
driven by electronic servos. In contrast, the method of nonlinear
optical phase conjugation directly generates the spatial phase conju-
gate of a distorted wavefront. This phase conjugate can be transmitted
through the original distorting optical path to form a corrected beam.
The nonlinear interactions automatically perform a real-time phase-front
correction with high spatial frequency capability over the ¢ntire cross
section of the beam without any external wavefront sensing or electronic
controls.

The basic system concept of nonlinear phase conjugation for laser
beam correction through the atmosphere is shown schematically in Figure 1.

The process involves the following steps:

° The first transmitted pulse propagates to th« target
(assumed for this example to be a single unresclved
glint). The purpose of this first pulse is to illumi-
nate the glint target, which then serves as a test
source at the wavelength of interest,

® The light reflected from the glint propagates through
the distorting medium towards the transceiver. arriv-
ing as an aberrated wavefront.

[ The phase conjugate of this distorted re’ irn wave is
generated by a nonlinear optical conjugator.

[ After coherent amplification to a desired power level,
the phase-corrected pulse retraverses the distortinrg
atmosphere, which now restcres its phase coherence so
that the entire beam is focused.

10
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The first demonstration of the removal of aberrations in an optical
train by nonlinear plase conjugation was reported by Zel'dovich et al,
(JETP Lett. Vol. 15, pp. 109-113, 1972) and Nosach et al, (JETP Lett.,
Vol. 16, pp. 435-4138, 1972). In thosce experiments, the nonlinear
fnteraction used was S8S in €S, In that case, the Brillouin-
backscattered wave is the complex conjugate ot the iuput signal,
Recently, these experlments have been verifled and oo .0 itied at HRL
(see Appendix A).  This initial work led to the program deseribed in

this interim report.

B. SUMMARY OF PRINCIPAL ACCOMPLISHMERNTS

The main accomplishments of the [irst phase of the program are

listed below:

° Demonstrated complete aberration correstion by $BS for
beams aberrated to 35X the diftracti n liadc,

® Performed detailed photographic measurements to
establish spatial distrikution of beem profiles to
intensities down to “10 ° of peak inzensity.

° Established experimentally that the fraction of nonconju-
gate return when using SBS for correction is below
messurement Limits,

° Developed systems applications exploiting novel varia-
tions of nonlinear phase conjugation techniques in the
area of high-power oscillator compensation, master-
oscillator power-amplifier train compensation, and for
systems which require correctlon for atmospheric tur-
bulence with very high spatial frequency content.

° Furthered the theoretical understanding of phase

conjugiation by SBS in wavegulides and In nonwaveguide
(free-space) geometrics.

This report s divided into four scctions followed by five
appendices., Section 2 describes the experimental program on SBS phase
conjugation at 0.69 ym, Section 3 discusses theoretical considerations
relevant to SBS phase conjugation and describes phase conjugation by
four-wave and three-wave mixing techniques, Section 4 describes poten-

tial applic.cdions using the four-wave mixing phase-conjugatior scheme,

¥
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SECTION 2

EXUERINENTAL STURLES OF SBL-PHASE CONJUCGATION AT 0,69

The primary oblective ol these experiments was to determlne the
amplitude ot the SBR backzeatterved wave and the acenvacy ol corvect fon
Tor the 8BS wave as a tunet fon of parameters snch oas the geometyy ol
the hutevactlon, degree ol aberration, and power above threshold,
Waveruides ot vavlons lengths and "tree-space,” or nonwavegnided,
peotiet vles were studleds o additlon, fmage veconstrnet lon uslog
phase-confupated SH8 wan demonstrated. The deseription ot these ex-

peviments ix preceded by a befet dlacnsslon of phase conjugat fon by SBS,

AL FINASE CONJUCGATION DY sis

A andevstamding o the phivales of the SBS process Inoaoded by
vecalllng that Pght is seatterved Tvom an aconstie wave in a mamer
Tdentleal to the scattering trom a dittvact ton grating.  The mot fon
ob the sowd waves vesnlts inoa Doppler shitt ol the scatteved Light.,
Tn 8BS, a stvong electeie Cleld can be produced by the passage ot an
ntense Tight beame Throngh electvodtviction, this resnlts In peviodic
changes in the density of the mediom and thevelove in the medlum In-
dex, which genevaten a teavellng aconstle wave which, In tarn, scatters
(reflects) some of the fapnt oprival bean.

Flgure 2 predents o stmplitled view of this process, The phase-
abervated beam I vepresented by a wavetvont wlth a simple step. An
ordlnary vetlaction veanlts In the donbly abevvated wavetront shown,

Au a vesult ot the SRS {wteraction, the abervated pump wave crveates
abervated aconstle waver, whileh act as a moving dlelectvie vellector to
vichl the confugate seatteved wave, 1t the generation of somul in SRS

(\) \llhlt‘l‘gm‘h‘

-

=

i viewed as a collislonal process Ta which a photon (ko
- = A”.‘

pavametvle decay Into a phonon (K ye ) plus a photon (kl'ml)' conNerva-
TR

tlon of eneegy amd momentmm divect Iy vield (as shown in Flgnee 3

i =, oo (l)
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Kk =k -k . (2)

The latter expression is known as the Bragg condition. Using Eq. 1

and wi = cilki|' we have

[
vl = () digl = gD &y

where n is the index of refraction (assumed to be the same for wl and wz)
and Vs is the speed of sound in the medium. Taking absolute magnitudes

of Eq. 2, we have
2 2 2
gl 2 = Tyl + 12 = 2li | iyl eos 6, @

For a collincar interaction 612“ the angle between waves 1 and 2 is m,

and cos 612 = -]1. Uence, we obtain

2 2 2 2
k1% = Tyl 2+ D12+ 2l | iyl = (i |+ kgD (5)

and
gl = T+ gl ®)
By dividing Eq. 3 by Eq. 6 and rearranging, we obtain

|k2| - |kll n Vs

AT

and, since n Vs/c << 1 (v 10_5), it follows that |k2| = |k1| = k and

we obtain
Ak - Aw - 2nVS - wsound (8)
k w d wlight
16
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From the appropriate wave equations for the photons aud phonons,
the scattered wave (kl‘ml) and the acoustic wave (ks‘ms) can both bhe
shown to experience gain., 1f the gain is greater than the loss in the
medium, a growing acoustic and scattered light wave will he produced.
The condition for highest gain is for collinear waves with the scattered
light traveling counter propagating to the input beam. Using the con-
dition for the gain to exceed the loss, the threshold pump intensity
(It) is =800 MW/cm2 for CSE' This result is, as a first approximation,
independent of the wavelength of the input photons. The frequency
shift for these cases s calculated to be Aw/w = 10-5, or v 6 GHz, at
6943 A for C82 and Aw/w v 1.3 x 10_4. or 4 GHz, at 10.6 um for Ge.

At the high power densities necessary to reach threshold for SBS,
care must be taken to avoid self-focuéing. The threshold for self-
focusing is dependent on total power, varies as a function of wave-
length squared, and has a value of v 20 kW for 082 at ruby~wave1engths.
These basic parameters are relevant to the experiments to be described

below.

B. EXPERIMENTAL APPARATUS

A schematic of the basic experimental configuration is shown in
Figure 4. A ruby oscillator/amplifier combination generates an output
beam, which is focused either into a multimede waveguide of a pre-
scribad length filled with CS3 or into a large cell containing CSZ'
The use of a wavegulde results from our early experiments (see
Appendix A) verifying the original results of Zeldovieh et nl.z One
of the issues addressed on this program has been to determine the ef-
fects of waveguide and nonwaveguide geometries on the phase conjugation
process (sece below)., The SBS backward-generated wave is split off by a
beam splitter and focused at the film plane with a l-m-focal-length

lens for observation. A detailed diagram of the apparatus is given

in Figure 5. The ruby laser, passively Q-switched by a dye cell,

17
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provides a TEMOO single-longitudinal-mode output pulse of 17-nsec
duration. This is amplified and controlled by an adjustable attenuator
to deliver from 10 to 100 mJ to the SBS cell.

An aberration can be purposely introduced into the beam at the
position shown in Figure 5 to test the corrective properties of SBS
backscatter, The aberrator is a microscope slide etched in HF. The
original beam quality is monitored by removing the lens-CS2 cell combi-
nation, placing a partially reflecting mirror in that position, and
reflecting a portion of the light back into the l-m-focal-length czmera
through the beamsplitter. The degree of aberration introduced is then
measured by placing the aberrator in front of the reference reflector,
which causes the light to double-pass the aberrator. The S$SBS correc-
tion process is accomplished by passing the light through the amplifier
and attenuator, through the aberrator shown in position in Figure 5,
and into the focusing lens and 082 cell. For the waveguide experiments,
the lens is used to focus the beam to a waist just in front of the cell
entrance window, giving a divergent entrance beam. Since the index
of 082 is higher than the glass, this diverging beam is completely
internally reflected in the capillary. The waveguide SBS cell serves
to increase the interaction length and percentage of light back-
scattered without increasing the power density to the point where laser-
induced breakdown of 082 can occur and without increasing the total
power input to the point of self-focusing. The slightly red=-shifted
SBS backscatter retraccs the path of the original beam through the
multiple bounces in the waveguide and through the aberrator, where a
portion is sampled by the beamsplitter and l1-m camera. For the free-
space (i.e., nonwavegulde) experiments, the waveguide is replaced by a
cell filled with C52 (a 10-cm spectrophotometer cell is used). Various
focal length lenses are used to focus the beam into this cell, taking

care to avoid self-focusing.

20




Experiments were pertormed with a single aberrator (as shown) and
also with two separate aberrators placed at several positions between
the attenuator and the cell. The later set-up was used to simulate
a distributed aberration, such as encountered in a turbulent atwosphere.

The laser pulse-shape and SBS backscattered pulse were measured on
every shot using the fast photodiodes shown. In addition, the total
amplitied input laser energy was monitored on every shot. For measuring
the SBS frequency shift beam, a Fabry-Perot etalen was used in the
position shown. For these measurements, a reference beam i{s also pro-
vided for comparison. This was achieved by inserting a beam splitter
in front of the 57-mm lens and directing the beam into the Fabry~Perat.
Far-field intensitv funetions, er divergences of the beam, are measured
at the focal peint of the 1-m lens by a photographic technique using
high-vontrast film in a series of exposures at differing attenuations.
In this way, the actual profile of the original aberrated and corrected
beams can be determined independently of film linearity. Figure 6
illustrates this technique. An arbitrary beam profile is shown for
varfous {ntensity levels on the film. The film threshold fntensity is
indicated on the figure. The procedure followed consists of cXposing
the film with intensity I and measuring the diameter at the f{ilm
threshold D, The beam is then attenuated a known amount and the result-
ing smaller diameter ix measured. This procedure is repeated several
times (tvpically 10 to 15) until the intensitv is reduced so that the
spot is Just resolvable on the film. 1In this manner, the entire beam
profiie is traced out independently of fiim linearity. Using this
technique, we have measured the profile far out into the wings of the
distribution down to intensities of 1040 of the peak intensitv (see
below).  Measurements were made under the following conditions: (1)
laser only (the leus-waveguide combiration was replaced with the 100%
reflector in place), (2) SBS backscattered beam without aberrator in
place, and (3) SBS backscattered beam with aberrator in place and

double passed.
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C. EXPERIMENTAL RESULTS

An example of the type of photographic data generated is shown in
Figure 7. The 7(a) through 7(c) sequence {s aberrator data without
SBS:  (a) the unaberrated beam (which is the same as the retro-
refleeted beam), (b) the aberrated beam passing through an abervator
labeled No. 2 (whieh gives a beam Vv 8X diffraction limfted, and (¢) the
aberrated beam passing through aberrators No. 2 and No. 3 (which gives
a beam N 35X diftraction limited)s Figure 7(d) has the beam passiug
through the aberrators as before, but now the phase-conjugatv SBS beam
is generated, and the beam retraverses the aberrators, In this case,
the spot is ecssentially identical with either aberrator No. 2, with
both aberrators, ovr without an aberrator. These data imply that the
SRs-corrected beam has a favr~field divergence nearly equal to that of
the input laser beam or a bean that {s aberrated to 35X diffraction
limited cair be corrected.

Figure 8 gives a qualitative picture of the distortion {ntrvoduced
by the aberrators emploved., This figure compares a photograph of a
resolut ion chart taken through abervator No. 3 with a photograph taken
without the aberrator present, A more quantitative eharactevization
of the aberrators used in the above oxperiments has also been made.
The aberrators were scannal mechanically by running a stylus across
the surface of cach. An example of suceh a scan {for aberrator No. 3 is
shown in Figure 9. The peak-to-peak phase varviation over a distance

corresponding to the ruby beam diameter is typically a  $2n phase shife.

PHOE! P

It the data from such scaus were digitized, statistical {nformation,
rms deviations, ete. could be obtained. Also, fast Fourier transform

techniques will give spatial frequency data for the abervators., Such

additional data might be useful {f a detailed numerical deseription is
required.
Using the photographic data, two methads of displaving the results

can be used. First, a semi-log plot of rvelative intensity versus spot
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dianeter squared as recorded on the tilm could be made. A straight-1line
fit will result if the beam is Gaussian with a slope proportional to the
1/¢ (in intensity) CGaussian beam radius. to see this, consider the
following. HBegin with

22
PO _(rulan)

1=—=e

n8"

, (B

where PO is the total power in the beam, and 8§ 1s the 1/e radius (in

intensity) of the beam. 1f multiple exposures are taken, we obtain
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Assume that a particular total power Pol and beam radius & (common to
all spots) glve IT (the intensity required to reach the film exposure
threshold):
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The intensity Lo tp, ... required to expose the film will be the

same In all cases:
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1 2
P 2.2 2,.2
01 (‘—(r_)/d - I'l/\\ )
" ) = . 4)
Q?

27




and we have

o .
(o)

which is the desired result. The validity of this technique is based

on the assumption that the film possesses a sharp exposure threshold

and that the diameter of a given spot 1is equal to the beam diameter at
which the intensity equals the exposure threshold. Semi-log plots of this
kind are given in Figure 10, Figure 10(a) gives the aberrated beam, which
is a good approximation to a Gaussian beam of about 11 times the
divergence of the original beam. Similarly, Figure 10(b) plots the

nearly diffraction limited SBS-corrected beam. The divergences shown

are calculated from the above formula using a straight-line fit and a
l-m-focal-length lens. This type of data reduction clearly indicates that
corrected beams can be achieved,

In addition to this data and all those to be shown below, many addi-
tional runs were made, These were performed using various aberrators in
various combinations and locations in the beam path. In all cases,
essentially perfect correction was achieved.

The analysis of these data, however, does not determine the
intensity fraction of the SBS beam that is the phase conjugate of the
input wave and the fraction that is not. This can only come from the
detailed photographic data coupled with power-in-the-bucket measure-
ments to be described below. To see why this is important, consider
the example profiles drawn in Figure 11. Two profiles are shown:
the incident beam and the SBS-corrected beam. For this example, the
intensity of the SBS beam is 10% of the incident beam, a value typical
of the present experiments. The dashed line corresponds to the film
threshold intensity. Assume that the SBS-corrected profile follows the
solid line as shown to intensities well below the film threshold. 1In this
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case, two facts emerge. First, the SBS profile has a shape identical
to the i{ncident profile. Second, all of the eunergy in the beam is
contained within this profile. This {mplies that the SBS-corrected
beam is the phase-conjugate beam and that the fraction of conjugate
return is 100%Z. Now assume that the SBS beam has the profile givea by
the dotted line, clearly the worst case possible and unlikely to occur.
In this ease, a large fraction of the eunergy could be found in the
reglon below the dotted tine (this would, of course, be non-conjugate-
veturn energy). The object lve of the detalled measurements Is then
twofold: to measure the fntensity as far into the wings as possible
and to make at least one plnhole measurement of the energy to eonfirm
fts distribution. This has been done for scveral experimeuntal con-
flgurations; the detailed results are presented below.

From a complete sequence of photographie data, Figure 12 shows a
normallzed inteusity profile as a function of beam radius for a Cs,-
fiiled waveguide cell 81 cm long x 2.5 mm in diameter. Data are gzven
for the retroreflected beam, SBS with no aberrator, SBS with aberrator
No. 2, and SBS with aberrators No. 2 and No. 3. To plot the data in
this way requires an additional data reduction technique. All se-
quences ar< normalized to the same point, whieh requires a common in-
tensity value for all sequences. This value 1s the exposure threshold
intensity. The exposure threshold is determined by plotting intensity
versus diameter squared and extrapolating the straight-line fit to the
point of zero diameter. This procedure i{s shown in Figure 13 for ali
the data runs shown in Figure 12 and those to follow. Figure 12 sbows
(as discussed previousiy) that the SBS-corrected beam has the same pro-
file as the unaberrated beam down to ]0_3 of the peak, Plnhole
measuremerts were made for the conditions of Figure 12 using the pinhole
diameters shown and for an additional larger diameter pinhole that col-
lects all of the energy. (A description of the apparatus for pinhole
measurements is discussed below,) By integrating the protfiles shown

and comparing these values to the pinhole measurements we can show that

N
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fraction of nonconjugated return produced is immeasurably small., That
is, energy that could contribute to a return that deviates from the pro-
file shown (e.g., non-phase-conjugate) is zeru to within the experi-
mental error (estimated to be Vv 15%).

Similar results (measurements down to " 10-4 of the peak) have
been obtained for waveguides shorter than 81 cm. Figure 14 gives such
data for an ll=cm, a 6=cm, and a 3-cm tube (the 8l-cm data is also
given). A comparison of these results again indicates good correction,
as in the 8l-cm case, but with a slight trend at the lower intensities
toward larger divergences. This indicates that a larger fraction of the
energy may be in the wings for the shorter tubes than for the 8l-cm
tube. The total SBS-backscattered energy for all waveguide lengths was
measured to be Vv 10% for cases without an aberrator and with aberrator
No. 2 double passed.

The pinhole measurement apparatus is shown in Figure 15. Using
the beamsplitter, a film plane and cross-hailrs were located at the
focal plane of the lens with the pinhole also at the focal plane. A
photograph of the spot was taken for each datum point. Tliis spot was
compared to the cross hairs to observe if a symmetric illumination of
the cross hairs can be achieved. A symmetric illumination implies
that the beam is entering the center of the pinhole. These data were
then recorded.

Experiments were conducted to detcermine the effectiveness of
phase conjugation as a function of power above threshold. The 8l-cm
tube was used to perform the experiments. The far-field beam diverg-
ence was measured over input powers ranging from about 10% over the
SBS threshold to four times the SBS threshold The far-field beam di-
vergence obtained in these measurements was independent of pump power,
indicating that, for a given waveguide geometry, the degree of conju-
gation is independent of power over the SBS threshold.

In addition to the experiments described above, which were con-
ducted in a waveguide geometry, experiments were performed to study

the possibility of phase-conjugation via SBS in a frec-space geometry.
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A 4.5-in.~-focal-length lens was used to toecus the ruby laser beam in a
large cetl filled with €5, The experimental arrangement was essentially
the same as that shown in Figuve 4, and the same photographic techniques
as those used in the waveguide experiments were used to anaivze the
free-space data,

in contrast to the waveguide experiments, the backward-scattered
SBS signals showed only partial wavefront correction and relatively
fncomplete phase conjugation when the pump power was only a small
traction above the threshold for SBS. However, the degree of conjuga-
tion was obse<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>