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Abstract

Systematic and detailed studies of thermally induced degenerate four-wave mixing (DFWM) n metal-substituted
resraphenylporphunes and four different solvents have been carried ou? to understand the physics of the process ard
to optimuze the parameters for maximum efficiency. These studies include the effect of the angle of interaction and
coherence length, the roles pldyed by different solvent parameters, the absorption coefficients and the guantum
efticiencies of different dye~solvent combinations, the effect of reverse saturable absorption on the efficiency of
the system, the intensity dependence, the wavelength dependence and finally the phase conjugate nature of the
signal
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1. Introduction

Degenerate four-wave mixing (DFWM) in nonlinear optics refers to the process in which
three input optical waves of the same frequency interact in a2 medium and generate a
fourth wave of identical frequency. Such processes are allowed in all media. In this
process, two of the three input waves can beat and drive the material excitations. The
process is nonresonant in general and a particular material excitation will dominate only
if it happens to be resonantly driven. In any case, the material excitational 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 material excitational wave can also be regarded as a moving grating or dynamic
grating in the medium. The coherent cutput is then the result of diffraction of the third
input wave from the moving grating. A particular material excitation may dominate in
the grating formation if it is resonantly excited.

The generation of phase conjugate signals by the technique of formation of thermal
graungs in absorbing media, especially of dye solutions, has been shown to have several
advantages. The underlying physical phenomenon involves the generation of density and
temperature fluctuations following the absorption of light through electronic transitions
in the absorbing molecules and the subsequent thermalization through radiationless re-
laxation of the optically excited molecules causing local heating. This gives rise to peri-
odic temperature (or entropy) fluctuations in some cases and density fluctuations in oth-
ers. These result in a spatial moedulation of the refractive index of the solvent which then
acts as a phase grating in the scattering of the incident light. The physics of the process
and the outline of the theoretical model {ollowed are discussed here.



590 B. RAGHAVENDRA PRASAD AND C. K. SUBRAMANIAM

2. Theory

Various theoretical models have been proposed to account for the optically induced
thermal fluctuations in an absorbing medium. Most important among these are the hy-
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 rise time on the grating formation dynamics coupled with contributions due
to density changes resulting from thermal expansion of compressible media. The coupled
hydrodynarmnic-electromagnetic theory includes the full-time dependence of the grating
evolution as well as the initial effects of acoustic modes and thermalization effects. The
first theoretical model for stimulated scattering of light was proposed by Bathra er al!
Hoffman” 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 be-
havior of the medium in the presence of appropriate nonlinear polarization.

The full hydrodynamic theory of formatien of thermal gratings, and their subsequent
effect on the incident electric 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 temporal formation of the grating and its effect
on a scattered electromagnetic wave. It is assumed that the incident electric ficlds de-
plete only by absorption in the media (smalil-signal approximation)’*. This implies that
the ‘small’ effect of the grating on the transverse structure in the amplitudes of the inci-
dent ficlds can be neglected. 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 are determined by the first-order changes in the liquid dielectric constant. These
changes are due to the absorption of energy from the incident electric fields, and are
pure harmonic in the grating wave vector, leading to a periodic grating whose strength
changes with time, but with a shape that is time independent. Thus a separation of the
writing and reading process is effected leading to a tractable solution.

A detailed analysis assuming that the slowly varying amplitudes of the thermody-
namic quantities then give an expression for the phase conjugate reflectivity. By assum-
ing rectangular pulse shapes for the electric field amplitudes, an approximate analytical
expression for the reflectivity R is finally obtained as’

R:szQeﬂstecG(l_e*aL)l L1,Glip) (h
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and

r
[N , -1 Tp(t-1
F(t,T):——J. dr{1-exp(~T,t )]pr{ =15) —exp[ s )}cosws(t—r') )
r,J / Tr | 2
i L
In egn (1), /, and I, are the pump and read beam intensities, f, the phenomenological
factor defined as the fraction of the absorbed light energy converted into heat™. In eqn

(4), 1/I, is the thermalization time due to non-instantaneous and nonlocal solute—sclvent
energy transfer, I', the full Brillouin linewidth, 7, and 1, are, respectively, the probe

and phase conjugate pulse durations, @ 1s the Brillouin frequency and 1z, the Rayleigh
lifetime or thermal grating decay time.

The term G(tp) given in eqn (3) contains details of thermal grating build-up and de-
cay where fp 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(rp), for a short time delay region, i.e., tp << 1, — £},

is given as’®

172 3ty +1,
Glrp)= |1 el2 1)
35, T %

and

Ty, =1+1,5D¢ 6)

where 7, is the effective thermalization time, D, the diffusion time constant of the sol-
ute—selvent, and ¢, the thermal grating wave vector given by g = 2k sin(6/2) where
k = nwic, 6, the angle of interaction and o, the frequency of the incident electromagnetic
field.

In the hydrodynamic model discussed above, there is no explicit representation of the
third-order nonlinear susceptibility ¥' which determines the optical phase conjugate
(OPC)-DFWM 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 magnitude of ;('3’ is determined by the expression given by
Caro and Gower®, and it may have contributions from several nonlinear processes such
as thermal, orientationai and population-grating effects'®.
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where 71s the pulse duration, ¢, the absorplion coefficient, n, the refractive index, g, the
density, €, the specific heat, dn/dT, the change in the refractive index with temperature
und ¢, the fraction of the absorbed energy converted into heat.

The simplitied expressions given ahove are rendered valid by a careful choice of pa-
rameters in accordance with the conditions prevailing in the specific experimental situa-
tions of interest. All the time scales that are involved can be classified as those that
characterize the medium and those that characterize the laser parameters. Information
regarding thermal grating formation and decay can be predicted by the relationships
between them. In this theory, a sunple model for the energy levels of the solute is as-
sumed. Complex time-dependent effects of fluorescence have been ignored. These intro-
duce some uncertainty in the exact determination of the diffusion constant and thermali-
zation time. Most of the absorbing molecules cunnot be represented by a simple two-
level systems. A more complete description of the solute—solvent interaction has to con-
sider details of the contributions due to rotational, vibrational and electronie nonradia-
tive relaxation and also the long-lived excited state decay. The inclusion of these pa-
rameters also depends on the solute under consideration. All these mechanisms play an
importaut role when integrated reflectivities are deduced as a function of read beam time
delay.

For optimal ihermal grating efficiencies a careful choice of the luser and mediu
time scales have to be made as is evident from the theory outlined above. The influenc
of solvent-dye combinations, geometrical arrangements, read beam time delays, b
pulse durations, angle of interaction betwecn the pump and probe beams, coherence
length of the laser, proper concentration—interaction length product for the chosen dye
system, the system geometry and optimum beam intensities to avoid saturation and spu-
rious scattering effects must be considered carcfully for higher phase conjugate reflec-
tivities. A systematic study of thermally induced DFWM in dye solutions has therefore
been taken up here.

3. Experimental

The experimental layout is shown in Fig. 1. The experiments arc conducted using
the second harmonic of the Nd:YAG laser, i.e , at 532 nm with filled-in beam configu-
ration. The pulse duration is 10 ns. The meident laser beam is sphit into two vertically
polarized beams of equal intensity by the beamsplitter BS, with o reflectivity of 10%.
The transmitred beam is then split into two beams of equal intensily by the 50%
beamsplitier BS,. The beam transmitted by BS; is reflected on to the sample celi SC by
@ mirror M. This beam is the backward-propagating “read” beam. The beam reficet

by BS, is in turn reflected onto the sample cell by a mirror Ms, This heam is referred
to as forward-going ‘pump’ or write beam. These two beams are made collinear and
counterprepagaiing by a careful adjustment of the wiriors M, and M,. The reflected
beam from BS, is further split by a 10% refiecting beamspiitter BS: to maintan & ki
pump—probe ratio. The beam reflected by BS; is designated as the forward-propag
mg ‘probe’ beam. which is made to interact with the pump beam in the samplc cell to
form the thermal grating. It is mandatory to satisly the coherence requirement for ihe

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

For phase conjugation experiments the most essential characteristics of any absorbing
medium or dye are strong absorption in the wavelength region of operation, low quan-
tumn yields, i.e., low fluorescence so that the excited molecules relax nonradiatively for
effictent thermalization and high dissociation energies, and existence of excited state
absorption cross section for high-power applications. Based on these properties, metai-
substituted tetraphenylporphines with reasonable absorption and fow quantum yields are
selected. The basic idea behind this choice of nonlinear media is to have a thorough un-
derstanding of various properties that contribute to their nonlinearities and to examine
the possibility of using them for practical application of phase conjugation.

The absorption and emission spectra of dyes are highly solvent dependent. The sol-
vent dipoles interact with the dipoles of the dye and thus shift the energy levels of the
dye. It has been observed that the solvent shift is especially large for dyes whose dipole
moments differ appreciably in the ground and excited states. The transition from
ground-to-excited state by light absorption 1s fast compared to the dipoiar reluxation of
the solvent molecules. Hence the dye molecule finds itself in a nonequilibrium Franck—
Condon state following light absorption, and it relaxes to an excited equilibrium state
within about 107" 10 107" 5. Similarly, the return to the equilibrium ground state is also
via a Franck-Condon state, followed by a dipolar relaxation. Therefore, it is clear that in
a polar solvent the equilibrium-excited state is lower than the equilibrium ground state
by dipole~dipole interaction. The absorption peak usually shifts towards the longer
wavelength side with increase in the polarity of the solvent. Investigations have been
carried out on four different solvents of varying polarity and their effect on phase conju-
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Table i

Figure of merit for different solvents

Sotvent n {dnidT](] exp-5IK)  plyice) Cofligky Q10"
Mehanol 133118 -36 87961 2.51 0.812
Acclone 1.35746 =33 0792 221 2.38
Chloroform  1.446 ~35 1.4889 0.9674 43
Toluene 1.495 -58 0 3669 F.694 492

gate reflectivity. The most important physical parameters of the solvents that have been
used for the calculations are presented in Table L

Porphine systems form the basis for many biological molecules including haemoglo-
bin and chlorophyll. Their conjugated double bond structure and the ability for strong
absorption in the visible region of the spectrum causes them to fall within the general
classification of organic dyes. The particular class of porphines studied hcre are the
tetraphenylporphines (TPP). The ‘electronic’ heart of a porphine is the inner 16-
membered ring with 18x clcctrons. 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 then ‘perturbed’ 1o a greater
or lesser extent by various chemical modifications to the basic structure.

The structural formula of the free-base tetraphenylporphine(F,TPP) is given in
Fig. 2. Different porphines are formed by substituting 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. {t is well known from the absorption spectrum studies of porphines that the parent
molecule or free base with two hydrogens in the centre has a four-banded visible absorp-
tion spectrum distinctly different from the two-banded visible spectrum shown by most
metal complexes''. 1t is therefore possibie to distinguish a free-base type and metal-

Ph

Ph

Fi6. 2. Structural formula of free-base tetraphenylporphine.



OPTICAL PHASE CONJUGATION BY DEGENERATE FOUR-WAVE MIXING 595

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 Dy, to Day. The presence of this metal perturbs the m-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 10 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
irregular. 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 z-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 intreduc-
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. Resuits 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. 1), the probe and pump
beams 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 interaction angle the inter-
action volume increases aiong with the thermal grating decay times. Due to experimen-
tal constraints the interaction angle is fixed at 10° 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 visibility or the con-
trast increases with increase in the coherence length of the interfering beams'”. Physi-
cally, this means that the grating formed in the nonlinear media is ‘well defined” and
‘stationary’ so that the diffraction efficiency of the grating is enhanced. Experiments are
conducted to study this dependence of phase conjugate efficiency on the coherence time
or coherence length (linewidth) of the interacting beams. It iy clear from Fig. 4 that
phase conjugate reflectivity increases with increase in the coherence length. This implies
that the phase conjugate reflectivity is highly dependent on the linewidth of the interact-
ing beams and any meaningful measurements of it should take care of this dependence.
In the experiments that are carried out the coherence length of the laser beam is fixed at
50 cm (by fine-tuning the etalon and the electronic line narrower it is possible to in-
crease the coherence length to 500 cm, but it is not possible to fix it at that and sirgle
puise 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 use of and the product
of absorption coefficient and interaction length for a given angle 8 of 10° between pump
and probe beams is fixed at 1.1, f.e., oL = 1.1. Here as the interaction length is fixed,
the only variable parameter is the absorption coefficient of the TPP. Absorption coeffi-
cient is a product of the extinction coefficient and the concentration of the sotute. Ex-
tinction coefficient is a function of wavelength 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 Hitachi 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 mJ. The results are discussed separately for regular
and irregular TPPs.



oups I to V whose ab-
sorption and emission spectra are essentially determined by the m-electrons of the central
substituent. These complexes are generally monometallic. except for the alkali com-
plexes which are bimetallic. This stoichiometric ditference does not appear to be signifi-
cant for the electronic properties'”. The regular TPPs studied here are H.TPP. AITPP.
CuTPP. ZnTPP, and VOTPP(vanadium oxide). Their absorption spectra in chloroform
und toluene are taken at 4 concentration of 107" M/L using & Futachi dual beam spectro-
ohotometer. The results of concentration effects in regular TPPs are shown in Fig. 5(a).
It can be seen from the graph that the peuk concentrations ave different for different
TPPs. The phase conjugate reflectivity increases with increase in atomic weight of the
substituted metal.

What iy of mterest here is the extinction coefficients of these systems at the wave-
tength of operation for determining their phase conjugate efticiencies. The small differ-
ences in the optical spectra of regular TPPs are atiributed entirely 1o 7 = &% transitions
of the ring with the central metal contributing only small electrenic or spin-orbnt pertur-
bations. The electronic perturbations are responsible for the small differences observed
among the absorption spectra. while the spin-orbit perturbations cause varations
quantum yields. fluorescence and phosphorescence decay times. Extensive studies have
been carried out'™ 7 of the emission spectra of TPPs It is found & heavier the centra!
metal. the Tower is their fluorescent quantum efficiency, r.¢ . the radiationless decay in-
creases with the presence of heavy atoms, The typical fluorescence yields of TPPs range
between 0.2 and 1077, the range being determined by increasing heavy atom etfect. The
increase in radiationless decay coniributes to nerease in thermalization which eftec-
tively increases the phase conjugate efficiency.

Phuse conjugate reflectivities as a function of concentration for irre TPPs are
shown in Fig. St Tt can be seen from the figure that the peak concentranions differ for
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different TPPs and so do the peak phase conjugate reflectivities. The irregular porphines
differ from the regular porphines in emission properties and in some cascs absorption
aiso. The strong absorption regions for these TPPs are generally biue shifted (hypso) and
also in the UV region (hyper). The fluorescent quantum yields are in the region of 1073
10 107° which imply a strong nonradiative relaxation. Here also the fluorescent quanium
yields decrease with an increase in the atomic weight of the substituted metal, i.e., the
nonradiative contribution increases with increase in the atomic weight of the substituted
metal thus enhancing the phase conjugate reflectivities in that order'™'®,

As discussed earlier, the extinction coefficient is wavelength dependent for any me-
dium. The phase conjugate efficiency in absorbing media has a strong wavelength de-
pendence due to the extinction coefticient for a given concentration of the solute—solvent
system. Studying this dependence helps in fixing the wavelength region of operation
where maximum efficiency can be actieved. Equation (1) for reflectivity can be rewrit-
ten in terms of two factors: one containing the information about the solute-solvent com-
bination, the various timescales involved in the process, the geometrical 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'” '

f—e™™ :
P L o
where
4n? £ (dn / dT)
PR Gl (2 2——> L1,G(15). (10)
PoC,

While the explicit dependence is A%, the implicit dependence of reflectivity of the proc-
ess on wavelength comes due to the fact that R depends on o which in turn is a function
of wavelength and any dispersion effect in the refractive index and (dn/dT).

The experiments are carried out using a pulsed dye-laser (Quanta-Ray, PDL-IID),
pumped by the second harmonic of Nd:YAG laser. The tunable wavelengih range with
Rh-6G-methanol system is 550-580 nm. The output power of the dye-laser varies with
the wavelength. In the experiments the output of the dye-lascr is fixed at 3 MW/cm” us-
ing calibrated neutral density filters. The experiments are carried out on regular TPPs,
and their phase conjugate cfficiencies are determined as a function of wavelength. The
results are plotied in Fig. 6 and are compared with their absorption specira. 1t 15 very
clear from the results that the phase conjugate efficiency is strongly dependent on ab-
sorption coefficient of the systems.

The TPPs exhibit the phenomenon of reverse saturable absorption, i.e., their excited
state absorption cross section is higher than that of the ground state. Due to this the
transmitted intensity decreases with increase in the intensity of the incident radiation
and thus the porphines did not show any saturation or bleaching effects within the in-
tensity range of operation. The extinction coefficient for different TPPy is determined as
a function of incident intensity. The iaser beam is passed through a cuvette containing
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TPP solution of fixed concentration. The incident and transmitied beam intensities are
measured using pyroelectric detectors. The extinction coefficients are calculated using
Beer’s law

I=1,107 an

where /; and I are the incident and ransmitted intensities, &, the extincrion coefficient.
¢, the concentration and d, the distance travelled by the laser beam in the medium. The
extinction coefficients for different TPPs in chloroform are shown in Fig. 7. From this
figure it is clear that the extinction coefficient increases with intensity or the intensity of
the transmitted beam decreases with increase in the intensity of the incident beam. The
differences in the extinction coefficients for different systems is due io their absorption
characteristics at this wavelength (532 nm). This property of reverse saturable absorp-
tion is very useful for high-power applications 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 beam intensity
is kept fixed using calibrated neuiral density filters. It can be seen from the graphs that
there is a quadratic dependence of conjugate reflectivity on the pump beam intensities.
The phase conjugate reflectivity increases linearly with the product of pump and read
beam intensities and there is no saturation of phase conjugate efficiency for any of the
TPPs, both regular and irregular. This is due to the fact that the TPPs exhibit the phe-
nomenon of reverse saturable absorption.

Equation 2 determines the solvent figure of merit. From the expression for reflectiv-
ity it can be seen that it increases with the increase in 7 of the solvents. Investigations
have been carried out on four different solvents of varying polarity and their effect on
phase conjugate reflectivity, The most important physical parameters of the sclvents that
have been used for the calculations are presented in Table I. Figure 9 compares different
solvents for different TPPs for their efficiencies. The important point to be noticed here
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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 the 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 it unique in comparison with other nonlinear effects is its 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 flucrescent-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 8 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.

Acknowledgements

The authors gratefully acknowledge late Prof. P. 8. Narayanan for his help. This work
was carried out with financial support from the Defence Research and Development Or-
ganisation (DRDQ), Ministry of Defence, Govt. of India.



OPTICAL PHASE CONJUGATION BY DEGENERATE FOUR-WAVE MIXING

References

i.

BATHRA, 1. P., ENNS, R, H. anD PoHL, D.

. HoremaN, H.J.

. ROTHER, W.

. RoTHER, W., MEYER, H. AND KAISER, W.

. TocHo, L. O., SIBBETTE, W. AND

BraDLEY, D. J.

. TocHo, I. O., SIBBETTE, W. AND

BRADLEY, D. J.

. Horrman, H. J. AND PERKINS, P. E.

. RAGHAVENDRA PRASAD, B.,

KRISHNA MOHAN, R., NARAYANAN, P.S.,
SuBRAMANIAN, C. K. AND
CHANDRA SEKHAR, P,

. Caro, R. G. AND GOWER, M. C.

. Voaya, R, MurTL Y. V. IS,

SUNDARARAJAN, G., MATHEWS, C. K. AND
VASUDEVA Rao, P.R.

. DORrOUGH, G. D., MILLER, J. R. AND

HUENNEKAUS, F. M.

12. Brau, W., BYRNE, H. AND DENNIS, W. M.

. GOUTERMAN, M.
. BORN, M. AND WOLF, E.

. Pratr, LR,

- SeYROLD, P. G. AND GOUTERMAN, M.

. ADAR, F., GOUTERMAN, M. AND

ARONOWITZ, S.

. GOUTERMAN, M.

. RAGHAVENDRA PRASAD, B.,

Krisena MoHAN, R., SusraMmanian, C. K
AND NARAYANAN, P. 8.

601

Stimulated thermal scettering of light, Phys Status Solidi,
1971, 48, 11-63.

Thermally induced degenerate four-wave mixing, /EEE J,
1986, QE-22, 552-562.

Theorie der lichiverstarkung in absorbierenden medien, Z.
Naturforsch. A, 1970, 25, 1120-1135.

Amplification of light 1n absorbing media. stimulated thermal
Rayleigh scattering, ZNaturforsch. A, 1970, 25, 1136-1143,

Picosecond phase conjugate reflection from organic dye
saturable absorbers, Opt. Commun., 1980, 34, 122-126.

Thermal effects 1 phase conjugation m saturable absorbers
with picosecond pulses, Opt. Commun., 1981, 37, §7-71.

Experimental investigations of thermally stimulated degenerate
four-wave mixing, [EEE J., 1986, QE-22, 563-568,

Thermally induced optical phase conjugation by degenerate
four-wave muxing, Curr Sci., 1988, 57, 648-654.

Phase conjugation by degenerate four-wave mixing 1n absorb-
ing media, IEEE 7., 1982, QE-18, 1376-1380.

Degenerate four-wave muxing in the cluster Ceo, Opt. Com-
mun , 1992, 94, 353-356.

Spectra of the metallo-derivatves of &, §, 7, &-tetraphenylpor-
phines, J Am. Chem Soc., 1951, 73, 4315-4320.

Reverse saturable absorption i tetraphenylporphines, Opi.
Commun., 1985, 56, 25-29.

Spectra of porphnes, / Mo!l. Spectrosc , 1961, 6, 138-163.
Principles of optics, 1989, Pergamon Press.

Radi biology, (A. Hollaend
McGraw-Hill.

(ed.)}, Vol. 3, Ch. 2, 1956,

Porphirenes X1II: Fluorescence spectra and quantum yields,
J. Mol. Spectrosc., 1969, 31, 1-13.

Fluorescence, resonance Raman and radiationiess decay in
several hemoprotemns, J. Phys. Chem., 1976, 80, 2184-2191.

Optical spectra and electronic structure of porphines and re-
lated rings in the porphines, Vol. 3 (M. Gouterman {ed.}},
1978, Academic Press.

Optical phase comjugation stadies in metal substituted ietra-
phenyl porphines, Proc. Conf. Emerging Opioelectronic
Technol., Dec.16~20, 1991, pp. 257-260, Indian Institute of
Science, Bangalore, India.



B.RAGHAVENDRA PRASAD AND C. K. SUBRAMANIAM

. KriseNa Mouan, R.,

RAGHAVENDRA PRASAD, B.,
SyBRAMANIAN, C. K AND NARAYANAN, P. §.

. RAGHAVENDRA PRASAD, B.

Wavelength dependence of phase conjugate reflectivity in ab-
sorbing medra and thermal grating studies by four-wave mix-
ing, Pramana, 1990, 34, 461-471.

Optical phase conjugation studies in molecular gases by
sumulated Brillown scatering and in organic systems by
four wave mpung, Ph.D. Thesis, Department of Physics,
Indian Institute of Science, Bangalore 560 012, India, 1993,



