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Abqtract 

Syucmatic and detailed studies of thermally mduced degenerate four-wnvc mining (DFWM) m metal-aubstltuted 
rc:iaphmylpoiph~nes and four drfferen: solvents nave been carried out to understand the physics of the process and 
to opiinnre the pardmeters for maximum efficioncy. These Ftudles include the effect of the angle of lntcraction and 
coherence length. :he roles pijyed by different solvont parameters, the abaorprion cocficieots %rid the quantum 
efi ic~enc~er of drtfeient dye-solvent combrnations, the effect of reverse saturable absorption on the efficiency of 
the syaicm. the mcensity dependence, the wavelength dependence and finally the phase conjugate nature of the 
vgnnl 
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1. kntroduction 

Deyenerate four-wave mixing (DFWM) in nonlinear optics refers 10 the process in which 
three input optical waves of the same frequency in!e:act in a medium and generate a 
fourih wave of identical frequency. Such processes are allowed in all media. In this 
process, two of ?he three input waves can beat and drive the material excitations. The 
process is nowssonant in general and a particular material excitation will dominate only 
if il happens to be resonantly driven. In any case, the materia! excitaiionai wave can mix 
with the third input wave to yield a nonlinear polarization at the resonant beat fre- 
quency; the latter then generates and radiates the coherent output. In the above picture, 
the materia: excitniiona! wave can also be regarded as a moving grating or dynamic 
grating in the medium. Tne coherent output is then the result of diffraction of the third 
input wave from the moving grating. A particular material excitation may dominate in 
the grating formarion if it is resonantly excited. 

The geneiarion of phase conjugate signals by the iechnique of formatioc of iherrnal 
gratings in absorbing media, especially of dye solurions, has been shown to have several 
advantages. The underlying physical phenomenon involves the generation of density and 
temperature Rustira:ions following the absorption of iighi through electronic transitions 
in  the ahso;bir?g molecules and the subsequent thermalization through radiationless re- 
) -  ., ' ohmon of the optically excited molecu!es causing local heating. This gives rise to peri- 
odic temperature (or entropy) fliictunfions in wine cases and density fluctuations in oth- 
ers. These resulr in a spatiai moduiation of the refractive index of the solvent which then 
acts as 2 phase grating in the scattering of the inci6ent light. The physics of the process 
and the outline of the :heoretical model followed are discussed here. 
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2. Theory 

Various theoretical models have been proposed lo account for the optically induced 
thermal fluctuations in an sbsorbing medium. Most important among these are the by- 
drodynamic model and the heat-diffusion model. The hydrodynamic model takes into 
account the transient nature of the process, including the effects of non-negligible ther- 
malization rlse time on the grating formation dynamics coupled with contributions due 
to density changes iesulting from thermal expansion of compressible media. The coupled 
hydrodynamic-electromagnetic theory includes the full-time dependence of the grating 
evolut~on as well as the in i t~a l  effects of acoustic modes and thermalization effects. The 
first theoretical model for stimulated scattering of light was proposcd by Batlira et a1 ' 
b f f m a n 2  based her investigations on this approach and extended it to  thermally induced 
DFWM. In Hoffman's approach, the dynamics of the thermal grating formation is 
modelled in terms of a set of three coupled hydrodynamic equations describing the bz- 
havior of the medium in the presence of appropriate nonlinear polarization. 

The full hydrodynamic theory of formation of thermal gratings, and t h e ~ r  subsequent 
effect on the incidcnt electrlc fields creating the gratings. is not analytically tractable'. 
Several simplifying assumptions have to be made to provide analytical solutions that, 
however, contain all the physics of the lemporal formation of the grating and its effect 
on a scattered electromagnetic wave. It 1s assumed that the incident electric fields de- 
plete only by ahsorption in the media (small-signal '. This implies t lu l  
the 'small' effect of the grating on the transverse structure in the amplitudes of the inci- 
dent fields can be ncglected. Thus the incident fields effectively act to  produce a har-  
monic grating in the medium whose time dependence is determined only by the hydro- 
dynamics of the complete absorption process. It is also assumed that the grating dynam- 
ics arc determmed by the first-order changes in the liquid dielectric constant. These 
changes are due to the absorption of energy from the incident electric rields, and are 
pure harmonic in the gratlng wave vector, leading to a periodic grating whose strength 
changes with time, but with a shape that is tlme independent. Thus a separation of the 
writing and reading process is effected leading to a lractitble solution, 

A detailed analysis assuming !hat the slowly varying amplitudes of the tlrermody- 
namic quantities then give an expression for the phase conjugate reflectiv~ty. By assuni- 
ing rectangular pulse shapes for thc electric field amplitudes, an approxlmale analytical 
expression for the retlectivtty R is finally obtained as2 

where 
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and 

In eqn (I) ,  11 and I? are the pump and read beam intensities, f, the phenomenological 
factor defined as the fraction of the absorbed light energy converted into In eqn 
(4). IJT, is the thermalization time due to non-instantaneous and nonlocal solute-solvent 

energy transfer, Ta, the full Brillouin linewidth, r, and t i  are, respectively, the probe 

and phase conjugate pulse durations, ma is the Brillouin frequency and T,, the Rayleigh 
lifetime or  thermal grating decay time. 

The term G(to) given in eqn (3) contains details of thermal grating build-up and de- 
cay where tD represents the time delay of the backward-propagating 'read' beam with 
respect to  the forward-propagating pump and probe beams. An approximate expression 

of G(?D), for a short time delay region, i.e., to c< t, - ti,, is given as7." 

where s,, is the effective thermalization time, D, the diffusion time constant of the sol- 
~te-solvent, and q, the thermal grating wave vector given by q = 2k sin(f312) where 
k = nwlc, 0, the angle of interaction and o, the frequency of the incident electromagnetic 
field. 

In the hydrodynamic model discussed above, there is n o  explicit representation of the 
third-order nonlinear susceptibility X 1 3 1  w h ~ c h  detern~ines the optical phase conjugate 
( O K - D F W M  efficiency of the solute-solvent system. All the physical and laser pa- 
rameters that govern the efficiency of the system are contained in  eqn (1) for the phase 
conjugate reflectivity. The maenitude of 2'' is determined by the expression given by 
Caro and ~ o w e r ' ,  and it may have conrributions from several nonlinear processes such 
as thermal, orientationai and population-grating effectsi0. 

and for pure :herma! gratingsy 
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where T I S  the pulse duration, a. the abcorptlim coel f i i icr~ l .  11, the refractive index, p, :he 
density, C,,, the spcc~P~c heat, d1i/d7'. the chnnge iz? the refractive index with teillperature 
and $. the fl-action 11i the abwi-hed cne!-gy convertzd into heat. 

The ri inpli l ietl expre\siona glvel' ahove arc rendcrzd v d l ~ d  by n careiili clioice of pa- 
rameters in accordance \rill1 the c imdi l~un\  pi-evail l~ig i n  tile spec~i'rc ~'xperiniei ital rltua- 
r ims  of interest. ALI thc t ~ n i c  \talc\ that are ~nvolved can he cla\sified as those the!: 
cha~acterire tlie medium and I l iow t!i.~t cIi:l~-acterize the Iiisei- p;!~mmelcr\. inf(r~maIl i ln 
regardiiia ther~nal grat~np ibrmatiiin and deca) call he predicted hy the relntions!~~ps 
between thein. I n  t h ~ s  theory, a smple model for the eneray level\ o f  the wiute is a<- 
\un~ed. Complrn time-dependel11 d t e c h  ot !luorcsccncc have been ~fnored. Tlic\c intro- 
diice some uncertainty in the ehict :leler~ni~fiatioii 01. the diffu\ion constaut and tl ier~nali- 
ratton time. Most o t  the absorbing molecules caiinot he repre\encrd by a 511npie two- 
level systems. A more conipicte description of 1111: ioli~lc-uolvcnt ~nleractioi l  ha\ to con- 
s id t i  details or thc contributions due to ~o:~1tldn;11, vihratlonal and e lcc t~ i rn~c  ~imi-zdi:~. 
tive rizluxatinn and ;ilso the long-lived exc~ted state ilcca). Tile inc lua~o~ i  ot thehe pa- 
ramete~\ alctr dcpcnds on the ~ o i u t e  under conc~t izratm~. A l i  rhc% !ncci!:~.n~sms play nir 
imporlniit ioie w lm i  incegrnted re ikcf iv~t ies a!-e detlticed 25 n riinction of ~ w d  beat11 tirrx 
Cclay. 

For optirn,tl rlieriiini gratlng eii'iciencles a careful cliolce or thc I;~scr a i d  111dii:m 
time scale\ havc to be inadc as i\ e v ; h i t  r io~i: t h ~  tlicoiy out l~ned aliove 'The intiuenix 
o f  solven-dye cuinbi113tioiis. geomet~-~ca! srraiigemeiit~, re;d hcam time i l c iap .  i : :w 
pui% dur:itloii\. angle of ~nter:iition betwecti the pump and probe !heam\, coheici~,~r 
length of the laser, propel- concentrat ion- i~re~_~ct ion Icngtli pil-oducl fc-r rhc c?meii i 1 ) ~  
sy~tt-in, lhc \y\trn? geometry and o n r i r r . ~ ~ r ~ ~  b c m l  intensifie\ ~o  void sa:iiialioi~ a~nd spw 
iious scattering effects inus: bc considered carefully for higher pi:.\e cti~j~i:;~tc ie f l cc~  
t i ~ i t x s .  A systematic w d y  01 tlierm:illy iiidlictxi DFWM iii dyc SO~U~IO: -~S h a s  tkc~-efi)re 
hcen taken up herc. 

'The experimental lsyout is \hobbn in  PI^. i. The experirncnti arc conduclcd using 
thr second harmonic o f  :he Nd:YAG inser. 1.r .  , a: 532 nm with filled-in beam co~nGgii- 
ration. The poise duration 1s 10 ns. The tiicident laser heam is sp l~ t  into !wo ver t i i n l i~ .  
polarized beams of cquai intensity by the be:unspiitter U S  w~tk, ,i reticc:ivitj of IO',! 
The tr:i~?smr!red heani is  tilen \p l i i  info two I m w s  nl eqi~,li mten\i ly by ~ l ; c  50:: 
beamsplitter BS2. The heam transmitrrd by RS: i\ rrllected on to the s;mpie celi SC b y  
;! mirror M i  This beam i\ the bacl~~~ard-pl-opapaung 'read' bc;m. 'Thc ben~i i  rc!iccic,i 
by RS: IS in  turn rcfiec!ed onto the sample ceii hy 3 rnirroi M2 l ' l r is  11e;rn; i\ r-iirie;: 
to :IS torward-going ' p ~ n i p '  or write bean-. Tnehc two be;uns arc nlade col!inclir atid 
ct~onterpropagati~;g by :I carofid ad$4stment of the  u?ii iors M I  ~ i i d  M..  ?!ir reficc!c:i 
h e m  Cram RSi is f i xher  sp11t by a 10% rcfiect;ng be;~mspiitrw EX5 te i n a i n t a ~ ~ ~  ;i Iiigin 
punip-probe ratio The heam reflccted by BS; i\ designo1t.d a\ IIX Ihrwa~d-propap i -  
rng 'probe' beam. whicll is made to interact with the pump beaiii In thc . iac~p?c cell ti' 
form tile i h e r m l  grating. I t  is m:iiida!ory to s l t i \ fy  [hi. cohercncc reilu~remeni for :I.< 



OPTICAL PHASE CONJUGATION B Y  DEGENERATE FOUR-WAVE MIXING 593 

Fa,  i E \ j i u ~ i i n u i ~ i ; i l  I.i!ani lo, OPC-DFWU BS h u m  \plillcr\. M nill-mr\. SC.\ompli. crll. PD.phao dcleciur 
nod \iDP.ncunai dvnrll) iilw 

two beams forming ihe grating by adjusting the path lengths of both the beams. The  ar- 
rangement is such that the interaction angle could he varied from 10' to about 50'. The 
absolute beilm intensities at various stages in the set-up are measured by pyroelectric and 
silicon detectors. 

For phase conjugation experiments the most essential characterisiica of any absorbing 
medium or dye are strong absorption in the wavelength region of operation, low quan- 
tum yields, L C . ,  low fluorescence so that the excited molecules relax nonradiatively for 
efficient thermali~at ion and high dissociation energies, and existence of excited state 
absorption cross section for h~gh-power applications. Based on these properties, metai- 
wbstituted tetraphenylporphines with reasonable absorption and low quantum yields are 
selected. The basic idea behind this choice of nonlinear media Is to have a thorough un- 
derstanding of various properties that contr~bute to their nonlinearities and to examine 
the possibility of using them for pract~cal  application of phase conjugat~on. 

The absorption and emission spectra of dyes are highly solvent dependent. The soi- 
vent dipoles interact with the dipoles of the dye and thus shift the energy levels of the 
dye. It ha.; been observed that the solvent shift is especially large for dyes whose dipole 
moments differ appreciably in the gl-ound and excited states. The transition From 
ground-to-excited state by light ahsorption IS fast compared to the dipolar relaxation of 
the solvent molecules. Hence the dye molecule finds meif  in a nonequiiibrium Franck- 
Coadon state Sollowiiig light absorption. and it reiaxea to an exc~ted equilibrium state 
wi;hin about 10." to 10." s. Similarly, the return to the equilibrium ground state is also 
? I L I  a Franck-Condon state, followed by a dipolar relaxation. Therefore, it is clear tha! in 
n polar o i b e ~ ~ t  the equilibrium-excited state is lower than the equilibrium ground state 
by dipole-dipole interaction. The absorption peak usuaily shifts towards the longer 
wavelength c ~ d e  with increase in the polarity of the solvent. investigaiions have been 
carried out on Soui- different solvents of vai-ying poliirity and their effect on phase conju- 
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Table I 
Figure of meril for rliffereot solvents 

Soli.ri?r r, d l  5 q l  C,,(l,eK) ~ " 0 " '  -- 
Mehnnol I 331 18 -36 !I7961 1 5 1  0.812 
Acclane 1.35746 -53 0 792 ?.21 2.38 
Chlomiornl 1 446 -55 1 48x9 0.4674 4.3 
Tolucnc I .495 -58 OX669 l.hg4 4 9 2  

gate reflectivity. The most important physical parameters or  the solvents thaL have been 
used for the calculations are  presented in Table I. 

Porphine systems form the basis For many biological molecules including haemogio- 
bin and chlorophyll. Their conjugated double bond structnre and the ability for strong 
absorpt~on in the visible region of the spectrum causes them to fall within the general 
classification of organic dyes. The particular class of porph~nes studied hcre are the 
tetraphenylporphines (TPP). The 'electronic' heart of a porphine is the inner 16- 
membered ring with 186 clccrrons. The ring is structured with a basic four-fold symme- 
try, including four nitrogen atoms directed towards the centre. This electronic 'heart' is 
responsible for the porphine-type optical spectra which are (hen 'perturbed' to  a grealer 
or lesser extcnt by various chemical modifications to the basic structure. 

The structural formula of the free-base telraphenylporphine(H2TPP) is given in 
Fig. 2. DifFerent porphines are formed by snbslituting the two centre hydrogens with a 
metal. Considerable difference in electronic and optical properties arise from the central 
substituent, that is. the atom or group of atoms that occupies the centre of the porphine 
ring. It is well known from the absorption spectrum studies of porphines that the pareriz 
molecule or free base with two hydrogens in the centre ha\  a four-banded visible absorp- 
tion speclrum distinctly different Ron1 the two-handed visible spectrum shown by most 
metal complexe.;". It is therefore pos\ible ro distinguish a free-base type and metal- 

Ph 
I 
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type spectrum. This difference arises from the fact that the two free-base hydrogens in 
the centre strongly reduce the conjugated ring symmetry from square to rectangular, i.e., 
from DI,, to DM. The presence of this metal perturbs the n-electron cloud in the porphine 
ring and this perturbation is dependent on the substituted metal and thus affects its non- 
linear properties. TPPs exhibit the phenomenon of reverse saturable absorption, i .e . ,  a 
decrease in transmission with increasing intensity of incident radiation. This occurs if 
the absorption cross section from the excited state up to a higher excited state is larger 
than the absorption cross section of the ground state". 

Within the class of metalloporphines, it is very well noted that generally there is little 
change in optical absorption (in some cases strong perturbations are noted in absorption 
spectra) but substantial change in optical emission properties with a change of metals". 
Studies of the optical absorption and emission data of the 'Periodic table of the por- 
phines' allow a classification of metalloporphines into two broad classes. regular. and 
iri-egular.. The regular metals contain only closed shells while the irregular metals con- 
tain partly filled shells. The regular porphines include elements of groups I to V, and 
irregular porphines include elements of groups VII, VIII and IB. In regular porphines 
the metal has only a small effect on the optical absorption and emission spectra that can 
be understood as  a small perturbation on the ir-electrons of the porphine ring. In the case 
of irregular porphines. the metal orbitals have much stronger effect on absorption and 
emission, either through stronger mixing with the ring orbitals or through the introduc- 
tion of new low-energy optical transitions. Because of these qualitative differences be- 
tween the optical properties of regular and irregular metalloporphines, a systematic 
study of their nonlinear properties has been taken up with respect to  phase conjugation. 

4. Results and discussion 

In a four-wave mixing geometry. three beams interact to generate the fourth beam which 
is phase conjugate. As shown in the geometry of FWM (Fig. l), the probe and pump 
beans  form the grating in the nonlinear medium and the read beam gets diffracted as a 
phase conjugate beam of the probe. It should be noted that if all three beams are present 
simultaneously a second transient grating can also be generated by probe and read beams 
that can contribute to the phase conjugate signal. However, no thermal contribution is 
obtained from the interaction of the counterpropagating pump and read beams. It is im- 
portant to  understand the role of the angle of interaction and the coherence length of the 
laser in determining the phase conjugate efficiencies of the nonlinear ,media. Their char- 
acterization can be done only after fixing these two important parameters. It is with this 
intention that a systematic study of the effects of these two parameters was taken up. 
Experimentally the dependence of reflectivity on the angle has been verified by increas- 
ing the angle between the pump and probe beams. and the result is shown in Fig. 3. It 
has been found that the efficiency of the system increases with decrease in the angle of 
interaction. This  is due to the fact that with decrease in the iitteraction angle the inter- 
action volume increases d o n g  with the thermal grating decay times. Due to experimen- 
tal constraints the interaction angle is fixed at lo0 for all the investigations that are car- 
ried out. 
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It is well known from the theory of interference that the fringe kisibility or the con- 
trast increases with increase in the coherence length of the interfering beam\". PhyG- 
cally, this means that the grating formed in the nonlinear media is 'well defined' and 
'stationary' so that the diffraction efficiency of the ga t ing  is enhanced. Experiments are 
conducred to study this dependence of phase conjugate efficiency on the coherence time 
or coherence length (linewidth) of the interactmg beams. It is clear from Fig. 4 that 
phase conjugate reflectivity increases w t h  increase in the coherence length. This implie\ 
that the phase conjugate reflectiv~t) is h~ghiy dependent on the linewidth of the interacr- 
ing beams and any meaningful measurements of it should take carz of this dependence. 
In the experiments that are carried out the coherence length of the laser beam is fixed dt 
50 cm (by fine-tuning the etalon and rhe electronic lme narrower it is possible to in- 
crease the coherence length to 500 cm, but it is not possible to fix i t  at that and s i ~ g l e  
pulse experiments at this coherence length showed further increase in phase conjugate 
reflectivity as shown in the figure). 

For concentration studies, small-angle approximation is made u?e of and the product 
of absorption coefficient and interaction length for a given angle 6 of 10" between pump 
and probe beams is fixed at 1.1. i.e., cd = 1.1. Here as the interaction length is fixed. 
the only variable parameter is the absorption coefficient of rhe TPP. Absorption coeffi- 
cient is a product of the extinction coefficient and the concentration of the solute. Ex- 
tinction coefficient is a function of uavelength and it is fixed for a given wavelength of 
operation (in this case 532 nm). and hence the only variable is the concentration of the 

. solute which determines the absorption coefficient. Absorption spectra for these TPPs in 
different solvents are taken using a Hirachi 150-20 dual beam spectrophotometer. Phase 
conjugate reflectivities as a function of concentration in different solvents are measured 
for an overall incident energy of 50 rn!. The results are discussed separately for regular 
and irregular TPPs. 



A i  defined earlier. rega'ar pcrpliires include e!erieiit\ of youps I to V \bho,e ab- 
sorptim and elmision apec!r:i :we es\ec:rnlly determined by ;he b-ei:;troiis o? the ccntr;!l 
substituenr. These ccmpleres are sei!era!ly mo!!o!nc.inl!rc. ex<ep: for tiie alk,ili corn- 
plehss which are bimetallic. Thls \toichiometric ditference doe., no; appear to be signi5- 
cant for the electronic propertie\". The regti!>!- TPPI siudied here ore ii2TPP. A!TPP. 
CuTPP. ZnTPP, 2nd VOTPPivanndiuni oxide). Their ,ibsorption \pectra in chiorofo!-in 
illid toluet!e itre taken r l  n concenti-iition of I O ~  V i L  u\iiig h Hiriichi iiuu: h e m  cpectro- 
phoim~eter .  The vmoIt\ of concentrntio~i effect, i n  ie:ul;ir W P s  nrs shown in F I ~ .  5(a). 
li c:!ii he heen ifoni !he graph ihnl rhe peah coiiceniratroi?\ ate different ;or different 
TP?,. The phaw conjugate iei!cirivity ~nc?e;i\c\ with :ncrea\e i:? a!omic wz:glii of the 
hubstitutcd metal. 

What I \  of !!itere\: here is !he e%liiiction coeff~cieii!\ 0:' tncse s:s:eil~\ at !he wave- 
Iwpth of opercirion fbr deteiin!n:i?g their phase m?jdgats  eftic!encies. The \inall d1ifi.r- 
ences i i i  !he opricai \prcTrn df i-egalni- TPPI are iitii-!buied et?t!reij rti ji =;. n' ti-msition, 
~1f !he ring wirh ihe ccnrral inetnl conlributiiif on!? m n ! !  elecrioi:ic or spir!-orbit perilii - 
hd!ion\. The electronic pzrturbat~ons nie respw\ibic for t!!e \mail difference\ oh\ervc.d 
an!oi?g the nh\orptior. \pectl-a. w'irle the spit?-orbit ?errurba!~oii\ cariw \;irint;oi;s in 
quanrui.! yield\. tluorz\cence MI:! phoqd?orcxcnce decLiy time\. E;!en\ive rruc!ic\ have 
been cnr!ied o d t ?  " of the eniis\!on \pectr-a of TPP\ 11 is tbun:! ih::t Iic.ivier the ctntrni 
metn!. !lie loner i \  their tlu!>i~e\cen! quan!um et'ficienc). I . , .  . t!w ritdint~oiilzir d x ~ )  in- 
creases with the plew:ce oi he,~\,y aromj. The typ'c;:: Ii:!oi-e\ce:ie )irld, of TP?\ ? a n y  
betiieeii 0.7 and 1 0 ' .  :lie rmge  beli;g dcrermined bj  !nci.c;irii!g hea\y ;!tom si:s~r. Th? 
in-:.case in r:idistionle\\ Jsca) conriibutes to :i!crcn\e In rhe!:i!,iiization \i!~ic'i e:tec- 
ti\ely increase\ the phare conjug;:re stiicieiicq. 

Ph,i\e ioyjiiy!e ret!ectivi!iei ;i\ 11 fdnction of conccnrraiion "or isreg:!:,?:. TPP\ are 
4 1 0 ~  11 i i i  Ti? 5 (  171 I t  c~iii !hc WCI! irom !!IC figi~i-c !v~'t! the p c ~ h  L o!icc~!trc~i~im\ h!'!'cr for 
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different TPPs and so do the peak phasc conjugate reflectivities. The irregular porphincs 
differ from the regular porphines in emission propertics and in somc cases absorption 
a!so. The strong absorption regions for ihe\e TPPs are generally hiue shiftcd (hypso) and 
also in the UV region (hyper). The tluorescent quantum yields are in the region of 10 ' 
to which imply a strong nonradiative relaxation. Here also the fluorescent quantum 
yields decrease with an increase in the atomic weight of the substituted metal, i.e., the 
nonradiative contribution increases with increase in the atomic we~gh t  oi' the substituted 
metal thu, enhancing the phase conjugate reflectivities in that order1'.'*. 

As d~scussed earlier, the extinction coefficient is wavelength dependent for any me- 
dium. The phase conjugate efficiency In absorbing media has a strong wavelength de- 
pendence duc to the entlnctlon coefficient Tor a glven concentration of the solute-solvent 
sqstem. Studying this dependence helps in fixing the wavclengrh region of operation 
where rnaximuin efficiency can he achieved. Equation ( I )  for reflectivity can be rewrit- 
teii in tcrms of two factors: one containing the informat~on about the solute-\olvenl com- 
bination, the various timescales involved in the proces.;, the geomell-ical arrangement 
and the intensities of the beams while the other pertaining to the explicit and implicit 
dependence of reflectivity on the wavelength. The expression can be rewritten  as'"^" 

where 

Whde the explicit dependence i s  h-', the implicit dependence of reflectivity of the proc- 
ess on wavelength comes due to the fact that R depends on a which in turn is a function 
of wavelength and any dispersion effect in the rcfractive indcx and (dn l f l ) .  

The experiments are carried out using a pulsed dye-laser (Quanta-Ray. PDL-II), 
pumped by the second harmonic of Nd:YAG laser. The tunahic wavelength rangc with 
Kh-6G-methanol system is 550-580 nm. l'he output power of the dye-laser varies with 
the wavelength. In the experirncnts the output of tlic dye-lascr is fired at 3 ~ w / c m '  us- 
ing calibrated neutral density filters. Thc experiments are carried out on ~ e g u l a r  TPP?, 
and therr phase conjugate efficiencies are determined as  a function of wavelength. The 
rewlts are plolLed in Fig. 6 and are compared with their. ahsorpt~on spectra. 11 I.; very 
clear from the reaults that the phase conjugate efficiency IS strongly dependent on ab- 
sorption coefficient of lhe sysrenls. 

f The TPPs exhibit the phenomenon of reverse saturable ahsorpt~on, i e .  their excited 
state absorption cross section is higher than that of the ground state. Due to this the 
transn~itted intensity decreases with increase in the intensity of the incident radiatioi~ 
and t11~1s ihe porphiner did not show any saturation or bleaching effects within the in- 
Icniiiy range of operation. l'he extinction coefficient for different TPPs 1s determined as 
d function of incident intensity. The laser bcam is passed through a cuvctte contain~ng 
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FIG 6. Whvclcng!h dcpsndence a i  pha\c :on)ugdlc Fio. V.m.!iion ot exctwciion coei!ic!c:ii, wib 
rc?!tcinc!y ~illcc!:i) :01 ~,/.II?Ic~I TPP\ d i  531 :m: 

TPP solution of fixed concentration. The incident and transm~tred beam intensities are 
measured using pyroelectric detectors. The extinction coeffic~ents are caicuiated using 
Beer's law , = 1 ] 0.': .I (1 1) 

where 1,; and I are the incident and rrainsm~tted intensities. E, the ext~nctioil coefficient. 
r., the concentration and d, the distance travelled by !he lase; beam in the medium. The 
extinction coefficients for different TPPs in chloroform are shown in Fig. 7 .  From this 
f igwe it is clear that the extinction coefficient increases xi th intensity 0;. the intens~ty of 
the transmitted beam decreases with increase in the intensity of the ircident beam. The 
differ-ences in the extinction coefficients for different slstems is due to their absorp;ior' 
characterisiics at this wave!ength (532 nm). This property of reverse saturable absorp- 
tion is very useful for high-power applicat~ons of phase conjugation. 

The variation of the conjugate reflectivity with pump and read beam intensities are 
studied and the results are shown in Fig. 8. In this experiment the probe bean! intensity 
is kept fixed using calibrated neutral density filters. It can be seen from the graphs that 
there is a quadratic dependence of conjugate retlectiv~ry on the pump Seam jntensities. 
The phase conjugate reflectivity increases linearly with the product of pump and read $ 
bean  intensities and there is no saturation of phase conjugare efficiency for any of The 
TPPs, both regular and irregular. This  is due to the fact that :he TPPs exhibit the phe- 
nomenon of reverse saturable absorption. 

Equz:ion 2 derermines ?he solvent figure of merit. From the expressicn for reflectiv- 
ity i t  can be seen that i: incieases with ihe increasz in Q' of the solvents. Invest igai io~s 
have 'wen carried out on four ditferent solvezts of varying polarity and their effect on 
psase conjugate reflectivity. The  n~os t  important phqsicai parameters of the s c l v e m  that 
have bet.? used for t'le ca!cularIor.s are presented in Tsbie i. Figure 9 compares different 
solvents for different TPPs Tor their efficiencies. T'ne impor:ent point to be zoriced her- 
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is the dependence of phase conjugate efficiency on all the parameters discussed earher, 
such as solute and solvent-dependent parameters. The autotracing property of phase 
conjugation has many potential applications in problems associated with che propagation 
of high-quality optical beams through distorting media. This property of distortion cor- 
rection has been observed. 

5. Conclusions 

The dyes are a class of highly efficient nonlinear media that are compatible with a wide 
and flexible range of operating conditions. The feature of the thermo-optic interaction 
that makes i t  unique in comparison with other nonlinear effects is ils adaptability to a 
variety of different experimental requirements. Thus the nonlinear effect can be tailored 
for different spectral regions, depending on the availability of dyes with absorption band 
peaks close to the illumination wavelength and appropriate fluorescent-quenching sol- 
vents. The thermal relaxation times and hence the material speed of response can also be 
varied over a relatively wide range by simply varying the crossing angle tl and choosing 
suitable solvent parameters. The ready availability of media and the ease with which 
they can be handled has important practical advantages, especially for high-power appli- 
cations. 
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