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H18H EFFICIENCYPHASE-COMWATE REFLECTION
IN 6ERMMIIM AND IN INVERTED~

by

Irving J. Bigio, B. J. Feldnan, Robert A Fisher, and Ernest E. Beryaann

Universityof Csllfomla
Los AISJSOSScIentlffcLaboratory

LOS AMos, New ~XfCO 87545

Abstract

We report the first observationof phase-conjugatereflection at 10.6 iAm. Ue used a novel Intracavlty
techn{quewhlch Is of eneral utillty for enyosclllatlng laser system.

h
In one experimentalarrangement,we

placed germantu In a ~ laser cavftyto utilize the Intracavitycounterpropagatlng(strong)waves for
degenerate~-wave mlxlng. Reflactlvttlesas hi

r
as 20%wera obtained. In a second experimentalarrange-

ment, phase-conju~atereflection and ~llflcat on with an effective gain exceeding unity was obtained by
redirectingthe outputof a TEA C02 lasw oscillator into the ectlve gain medium. The intense counter-
propagatingwesuithln the lasermedlmcoupledwlth the saturated gain medfun to provide the nonlinearity
In a process analogous to degene)*atefour-wave-mixing.

Introduction

Me have generated a phase-conjugato,10.6 USI,reflection from the phase grating establishedwith counter-
PmPagatin9 waves in both gemwmium sanples located within an oscillatingTEA double-dischargeC02 laser
cavity ad in the C02 gain medl~ itself. The work in germaniwais the first demonstrationof nonlinear
phase conju ation In the Infrared,and, more generally, of intracavitydegenerate 4-wave mixing. The work
within the !02 galnmediwi is the first demonstrationof In?raredphase-conjugationin an Invertedmadtum.
These fntracavitytechniqueshave general appllcabllltyfor any laser system.

The COt!Cept of phase-conjugatereflectionwas first dlS~JSSed by Zel’dovlch and coworkers.1 In such a
process, a nonlinear interaction(such as stimulatedR@aan scattering,stimulatedBrillouin scattering,or
@g~erate f~r.wave+ixing) gives rise to a “reflwted” wave tiich is the issplitudec~lex conjugate of the
incidentwave. The signatureof the process is the fact that a phase-conjugatereflection exactly retraces
the optical path of an Incidentwave, regardlessof any phase distorterswhich may be in the path of the in-
cident wave.

To unde%tand the differencebetween conventionalmirror reflections and phase-conjugatereflections,let
,.ISexami~ Ff~n 1. The left-handside depicts a conventionalmirror in whfch the incming and OUtgOing rays
are =lated by invers:onof only the romponet’tof the K-vector nomal to the mi?ror surface. It IS this t’e-
lation;hipwhich gives us the standard ~mage - transformationproperties for shiny optical surfaces. The
right-h~,ndside of Fig. 1 depicts the action of a phase-conjugatereflector;note that rays are bent back
upon thamselvas. In such a reflectionthe vector ualit ~ is changed in SI n, and the device’s image trans-
formation propertiesare far different. —++ ?A person ,00 ng into a convent{ona mirror would see his face,
whereas a person looking into a phase-conjugatemirror would only see the pupil of hfs eye. This is because
any light (ananatingfrom his cheek, for instance,would, upon conjugation,be returnad to his cheek and w!uld
thereforemiss his eye.

Figuris2 shows how conjugateoptics can i~fQve the double-passoperatfon of laser ~lifiers. Consfder
a high quality opticdl bc%%ontering from the left. As It traverses the optical system It becomes distorted
because ~f Mperi’ections,impropersurfaces, inhomogeneitiesIn the gain madium, etc. If the distorted beam
is reflectedbya phasa-conjugator,it is redirected In such away that each distorted ray returns to its
correspondingaberratfngspot and the beam emerges wtth ●xcellent optical qualtty. This would mean that

7large optica systems couldbe arranged so that thare are many portions whose Inperfectoptical quality would
not tmpair the passage of a diffraction-limltedbeam, and this could result in large savings high-powar laser
designs.

Ancmg the many potenttal appl~cationsof such a phase-conjugator,the application to laser-fusionis per-
haps the most exciting. Figure 3 shows how conjugate optics could nmdify approaches to the laser-fusionpro.
g-am. In this arrangement,the fusion tar t is diffusely {illuminated.

r
The scattered light could travel

backwards through the amplifierchain, cou d be reflected by a conju sting 4-wave mixing medium, would return
?through the imperfectopttcal elements, and an ~lifed pulse would mptnge directly on the target, obviating

the need for ultra-precisetarget al~gnment. Such a phase-conjugat~ngmirror WI1l undoubtedly ffnd other
applications,such as providing stable laser operation even in a gain medium experiencing time-varying in-
homogene{ties,and possibly diagnosing lasar-plasmainteractions.

The
tion in

subject of phase-conjuate reflection
7the literature. St{mu ated Brlllouln

vta nonline r optlcsl effects has received
!

~ch recent atten-
scatter~ng, *2 stimulatedRaman scattering, three-wave
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Fig. 1 Conparlson of reflections from a
conventional IS?erar and a phasa-conjugata
mirror.

GOOD INCOMING REAM

*12iEEl=cl
GOOOOUTGOING BEAM CONJUGATOR

Ff9, 2 An appllctttan of phase conjugatt
reflect~on to the restoration of optfcal
qualtty fn doubl~-passing an Inperfect op-
tical Systaln.

:? Ipiniq=rl
\ CONJUGATOR

ILLUMINATION

Flq. 3 A potential applfcctfon of phase-conjugate
to laser fusfon. The dtffusoly ~l!umlnat~d tarqet

Opttcs
scatters

some light through the laser ais ilffer system; ~pOn Conjugato
!reflection and subsequent reamp ificatfon. tho brloht DUISC

strikes the target,
----
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d xfng,4 and degeneratefour-wave
flectfon, and a revlaw article by

IsIxln$5-7have all been utflized to generate a conjugate backward re-
Yariv has recently appea

HOWRw-Uave Mlxfng b,. :onjuaatlon

For tlm slqlest ex~le of this effect, consider a mate. dilch the Index of rafractlondepends
linearlyupon Intanslty. Such a material would, for sxaaple,
dafocuslng (dependingupon whether the mfractlve Index Increa.

strong self-focusingor strong self-

llim r rwponse can be described as an Wax of the f
!

M decreased with Intensity).

?Y
%!On-+ nZeE2>, or as a polarlzabilityx=x

+X(3 E? The coefficientsare related through v =2m ;::.

Consfdarwaves EI, E2, and E3 (all oftha samefmwmcy) m’omwtlw! throughthisnonlin@armate-
rlal as shown in Fig. 4. El and E2 are arranged to be precisely counte~pro a sting plane waves, and they —
we further assumed to both be far stronger than E3. In the simplt~d ti%e pair of owsitely
propagating(pump) waves (at the s- frequancyu) In a material exhlbltlng a nonlinear index of refraction,
provides the condltims fortiich a third (probe)wave (E3), also at frequencyw, Incidenton the material
(from ~dlrectlon) would tisult In a fourth wave balng emittad fmthesmle Pr@clselyretraci~9the
K-vector of the third wave. Under the above conditions,pt,asemat hing 1 guaranteed (even in birefrlngent

f t*materfals) Mepandent of the angle between~ and the pump waves 1 and For E3, E4 << El,
E2, tn tb absorption-freecase E4 w E ● (tan Klk). WM’@ K IS thO StrW9t “Of the nonlinear miXin9
process (K@/A )n2ElE2) andt 1s tk #:rfc interactionlength. Note also that the wave Eq is
proportionalto tk c~lex-conju ate of 3; this Is the essential feature of the phase con,jugatimef-

!fact. Nota that, although a nonl near phenomenon Is utilized, the effectis lin ar In the field one wishes
*to conjugate. This is why this technique is far mm! attractivethan, sh, s mu ated Erillouin backscatter-

ing. Because oureffact Is llnear,a superpositionof E ‘s will generate a correspondingsuperpositionof
/E4’s. so me can readily sea the gWNraliZatlOn of the efact; any complex field is time-reversedin such

M arrangement.

It is valuable to consldar how the lnterferance Ives a eonjugatsd 24 wave. Consider first the tnter-

~i
act on of the Wak wave E3 and one strong wave EI. h J Index cimge :ontains the term (E +

AE ) , which contains a cross-termcorrespondingto a phase-gratingperfectly phase-matche so that the
o her strong wave, E , Is Bragg-scatteredinto the Q wavti.

f
ConcurrentlyE2 and E3 tnterfereto form

a phase grating WC scatters El into the ~ wave. This process Is analogous to volume holography in
which the Witlng and readtng are done simultaneously.

Exwrirmtal Results In Garman{um

~ws -stratlons of , phase~onjugate refl~tfon via degenerate 4-wave mixing tn the
visible have appeared recently. xperlmantshad utilized beams from frequency-doubledYAG lasers,
fmdya lasers,from ruby lasers, and fromcw argon-ion lasers;4-wave mixing media have Included liquid
CS2, resonant,near-resonant,and two-photonresonant absorbing sodium vaoor, and rub’ crystal, yet prior
to our work, no experimentshad bean done a 10.6 M. Oamonstratlngthis effect in Me tnfraredwas made

8difficult because: 1) The effect has anw dependence, and, thus, is reduced a factor of400 from the
corraspondlngvisible effect. 2) Very strong puap waves are needed, and3) the pump waves nust be perfectly
collimated md praclsely retrodlracted.

Uarecognlz@ that one could reduce the constraints upon the punwwaves byrw;uirtng that they marelyba
complex conjugatesof each other, This means that If El h diverging, E2nxIst be converging, and vice
versa. Since the Wocounterpropaqattng waves inside an osclllat?ng !aser cavity are already c~lex-
conju ates of each other, If the nonlinearmaterials Is placed within the cavityof an oscillating stable-

!mode aser, the matarfal is guaranteedto be a conjugator for l-f the laser frequency. As an added
bonus, the ctrculatlngpower wfthtn a laser can be much hfgher than th@ output power.

In our first experlmentsewa used a hybrid low-pressura/highpressure TEAC02 laser9 operating on
the P(20) line with an output Intensityof 2 W/c# In a tanporallysmoo+h pulse of 40 nsac FUHM duration.
The output beam diameter was 0.4 cm. As daptctad in Ftg. 5, the slfghtly wedged, intrinsic,polycrystalline,

!
armawium flat output mirror (R=95%) was reversed so thet both the antfreflection-coatedsurface and the
.5-cm-thick ermanlum substratewara Internal to the optical cavity.

, se!
The substrate of the germanium output

coupler It 1 thereforeserved as the nonlinearmadiwn. This simple {ntracavltytechn~que eliminated the
dlff{cul YO precisely alfgntng apalr of counterpropagatingbe~inthenonllnear sa~le. Germanium was
chosen for our exp r mant because t was raadlly available and has O an exceptionally large third-order
suscepttbll~ty(~f3! ■1.5x 10-l~asu). Thelaser output wasthen routed bymlrrors through a5OKZnSe
beamspltttarto mpinga upon the “act~ve’ raglon of the germaniumoutput coupler. A ZnSe lens (f = 14 cm)
was placed at a distance 1.5f in front of the garmanlum; thfs lens Inqmved the overlap by partially concen-
trating the bem to be conjugated (probe beam) on the active region. The phase-conjugatedbeam was then re-
dtrectad by the beamsplitterdlong the ramalnder of a 6-mater-long path and then through an adjustable apw,~-
ture into a high-speedHgCdTe detector for diagnostics. Aramovable, flat, 100% reflectivemirror could be
placed In front of the lens and accuratelyaligned to lwovfde a reference reflect.lonaga!nst which the back.
scattered s’gnalsware conpared.

The peak power of the phase-conjugatedbeam passin through the 6-nsn-dfamateraPerture corresponded to
?reflacttvltyof 2X, in accord wtth theoreticalp~ed{ct ens, whereas the simle scattering through the same
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El (stnmg) E2-
*

/E3 E,

Fig. 4 The basic geometry of four-wave mixing.
The arrows depict the orientations of the K-vectors.

~ ocatcnaooAlj-.------

Ftg, 5 Experimental setup for obtatnlng phase
conjugate reflection in the g@rManlUM tubstrata
of the ~nvert.ed output coupler,
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apertu~ (measuredwith only the low-Power, low-pressuresection of the hybrid laser operating)was less than
2 x 10 of the power measured with the referencemirror in place. Appropriatebeam-blockingtests were
performed to distinguishthe signal from other sources of scattering. The canonical test for phase conjuga-
tion, the placementof a severely aberratingelement in the beam line, had little effect on the reflected
signal after repassingthe aberratingelement, whereas the same aberrator in front of the referencemirror
reduced the reflectedsignal by more than 99%.

For a somewhatqualitativebut exceedinglydemonstrativeillustrationof the effect, an infrared-sensi-
tive, pyroelectricvidicon replaced the detector and aperture in the screen room. Photographsof Me video
monitor are shown in Fig. 6. To obtain sufficientsensitivity,we placed al”-diameter collecting lens in
front of the vidicon which focused the 10.6vm radiation to a plane well beyond the vidicon’ssensitive sur-
face. As can be seen in Fig. 6b, the phase conjugate signal is quite c~act and in Fig. 6a is hardly modi-
f!ed by double-passingthe aberrator 6 meters away, whereas the aberrator has a very deleteriouseffect upon
the signal returned by the reference mirror (Fig. 6c). The aberration in Fig. 6C are probablymore severe
than the photograph indicatesbeciwse of truncationby the finite aperture of the collecting lens.

The tenporalbehavior of the laser and phase-conjugatesignals were recorded on a fast oscilloscope.
Typical traces are shown in Fig. 7. For comparison,both cases de~icted have the same vertical and horizon-
tal deflections. To avoid problems associatedwith possib?e detector nonlinearities,calibrated CaF2
attenuatorswere placed in front of the detector to keep the electrical signals roughly equal. Fig. 7a shows
the reference-mirrorreflected pulse with a 100-fold attenuator in front of the detector; the FWHM duration
is approximately50 nsec. Fig. 7b shows t~conjugate-reflected pulse with no a$’.enuationin front of the
detector;the shorteningof the pulse% 1//3 (as simple theory predicts) is clearly evident as is the time 2%
reflectivityof the nonlineareffect.

In later experiments, we used thicker germanium sanples. A 1’ thick 95% R coated end-piece gave a con-
jugate reflectivityof lo%, whereas a 15-cm-longsingle-crystalboulep?acd in thecenter of the cavity gave
20% conjugate reflectionefficiency. 9The effect did not scale si~ly asg , because as tof the nonlinear
sample was increased,the circulatingpower wi

~fi;:z:;::::zased”
We attribute this to the intensity-

dependent formationof an electron-holeplasma

Conjugate Reflection In Inverted CO?

In the second set of experiments,we chose to obtain conjugation utilizing the nonlinear properties of
the resonance associatedwith the C02 gain medium itself, and, again, our intracavitytechniqueused the
counterpropagatingwaves already present in the osming laser cavity. As an added bonus when working
with the nonlinearityof a partially saturated ain medium, if the probe beam is directed through “unused”

i’gain volume on its way to (and, of course, from the interactionregion, then the phase-conjugatesignal is
automaticallyanvlified.

The nonlinearprocess utilized in the C02 gain resonance is not merel,ythe four-wavemixing process;
because of saturationthe effect is the coherent superpositionof four-wave, six-wave, eight-wave,...pro-
cesses. Because of the anbig~ity in the nunber of waves involved,we prefer to identify this mixing process
as resonant light-by-lightscatteri theory of phase-conjugateresonant light-by-lightscatteringwas
first developed by Abrmns and Lind.~~” nweauthors utilized the Wll-knoW nonlinear susceptibilityof a
homogeneously-broadenedtwo-level absorber (or amplifier)which, on resonance, sets up an amplitude grating
which couples the standing1 ald and the probe field to generate the conjugate wave. As should be expected,
the maximm scatteringefficiency is attained when the strong counterpropagatingstanding waves only
partially saturate the transition. This is because the depth of the anplitude grating becomes reduced as the
strong waves exceed the saturation flux, and this is related to the reason that the effect is not merely a
third order (four-wave)process.

In this experimentalsetup, our conventionalhybrid hfgh-pressure/low-pressureTEA laser is operated with
a 10 m radius of curvature 35% reflectingmirror and a flat 10% reflectingmirror. These unusually low
reflectivitieswere chosen to reduce the circulatingpower within the cavity. The laser operated on the
P(20) line of the 10um branch, and the pulse emitted from the cur~ed output.coupler was approximately150
nsec (FHWM) in duration and had an energy of approximately100 mJ, This correspondedto a circulating lnten-
sitj of approximately1.5 MW/cm2 inside the cavity. The output of the laser was attenuated,passed through
a ‘earnsplitter and redirectedback through the TEA laser gain medium. Phase conjugate reflectivitywas
diagnosed usfng an infraredvidicon or a high speed SAT detector on the return signal reflection from the
Deem-splitter, The phase conjugate nature of the reflected light was confirmed by studying the spatial char-
acteristicsof the bedm in the presence of an aberrator and in the presence of a cross-ha~r image placed on
the beam prior to the beamsplitter. In both cases the inftial incident probe beam image is preserved in the
reflected image. In a single pass configurationwhere the probe beam overlapped the laslng region of the
lainmedium only in the last 10 cm of the 91 cm discharge length, a 1/2% reflectivitywas observed; reflec.
tlvity being defined as the peak’intensityof the phase conjugate beam d’vided by the peak fntensityof the
incidentprobe beam. In a double and triple pass arrangementwhere again only the last 10 cm of the final
pass throu h thu gain medium overlapped the lasing region reflectivitiescf 35% and 250% were observed,

\respectivey. The enhanced reflectivity in these cases Is due entirely to i$e ampllflcatlonof the outgoing
probe and incomingphase conjugate SI nal in the en route to and from the conjugation egion. The &ctual

theory of Abramsand Lind~~ f
5phase-conjugatereflectiv y in the 1 cm overlap region is in all cases less than 10- , iflaccord with the

for the field parameters and g~,inmedium parameters involved.
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Fig. 6 Vtdeo displays of spatial patterns.
No~e that Insertton of the aberrator has
virtually no effect upon the tne quality of
the phase conjugate-reflected beam, but that
it badly distorts the mirror-reflected beam.
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Fig. 7 Temporal record of laser pulse and
conjugate signal for the germanium experi-
ment. The shortening of the conjugate
signal is in accord with simple theory,
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ConcludingRemarks

We have demonstratedthat a very simple intracavityarrangement is useful in obtaining phase-conjugate
reflections. The technique is readily applicable to any nonlinearmaterial placed in an oscillating laser
cavity; if the laser operates, the material is guaranteed to be a conjugate reflector for light of that
frequency.

Using this technique,we have obtained the first demonstrationof phase-conjugatereflection in the in-
frared using both germanium and the C02 gain madium itself.
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