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MULTI-PHOTON SPECTROSCOPY :
OF CORRELATED ATOMS AND MOLECULES

1. INTRODUCTION

It is our aim to review concisely the results achieved in recent years
in the: spectroscbpy of multi-photon spontanecus Rayleigh and Raman light
scattering processes [1-3,21].

The usual spectroscopy of absorption [47] and scattering [5] in gases
has long become a source of valuable -information concerning the structure
of the atoms and molecules as well as the procesées accompanying their
collisions at sufficiently high densities (pressure broadening ). Among
others, of late, light scattering spectroscopy in dilute systems has in-
creasingly been used to probe density fluctuations of a wavelength A com-
parable to the mean free path between collisions —= a region where hydro-
dynamics (L << A ) is no longer applicable and where one has to have
recourse to various &tatistical-kinetic methods (15> A ). The theories of
single-photon and double~photon spectroscopy are by now so far advanced
as to permit the description of various finer effects of the broadening of
atomic and molecular spectra [3-6].

It appears that the time has come for an adequate theoretical formula-
tion of three- and multi-photon spectroscopy. The earliest attempts at a
stochastic approach bore on molecular hyper-Rayleigh [1].and hyper-Raman
[7,8] spectroscopy without taking into account the role of molecular
correlations [3,9]. It was only after cooperative three-photon scattering
had been discovered [10] that the need to include the coherent scattering,
due to various radial and angular intermolecular correlations in liquids
(111 and atomic-molecular correlations in mixtures [12], became apparent.

The three-photon process in atomic systems consists in incoherent scat-
tering on electric gquadrupole and magnetic dipole transitions [13,14] and
coherent scattering on triple atomic correlations [12,141. Since the

methods of intensity correlation spectroscopy permit the obtaining of se-
‘paration times of tﬁp order of 10 -9 s, when applied to the . study of multf-
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photon scattering processés,they provide information on the translational
motions of atoms and molecules as well as on the rotational motions of

molecules sufficiently large to present relaxation times longer - than’
10'9 8 [15]. Rapid molecular rotations (in -the 108 - 10'12 Hz range),giving‘
rise to relatively broad lines in the scattered light, are studied - ap-

plying filter techniques (e.g. a 1010 - 10“" Hz grating monochromator or
106 10" Hz Fabry-Pérot interferometer). Thus, by combining photon cor-
relation and interferemetric techniques in spectral studies of . soattered
light, one can measure the relaxation times of various individual - " and
sollective processes in a wide range, from 10 down to 10~ 14, Se Plausibly,
the  recently perfected multichannel spectrometer techriique [16] pemits
the investigation of slew and rapid stochastic molecular motions by  the
method of multi-pheton spoiitaneous scattering observation.

‘ 2, STOCHASTIC THEORY
In this paper, we shall discuss the theory of multi-photon spontaneocus
soattering spectra in a stochastic approach, consisting in the calculatien
of the (first-order) time correlation tensor “of the field of light, scat-
tered by a system of N 1nteraeting atoms or molecules:

1930 Z, (b + 7, 7 p).2y (s T )_*)x _ o
P=1 p=1
where t =t - | - rp| I o , with § ~—— the vector of scattered light ob-
. servation and ¥ the radius vestor of the p-th scattering centre,

Z1 is the Hertz vector component. involving in general elestric and
magnetic multipole moments,. linear as well nonlinear [13,14]. In a statis-
“tically inhomogeneous medium, Zy (t, T) is dependent both on the t-time
variations characterizing the response of the scatterer to a short pulse
of ‘the electromagnetic field of radiation and on the T~ time variations
characterizing the scattering centres or regions of correlated . scatterers
(e.g. times related with themal fluctuations [17])-

One can write: :

' @

2y (8,7) = 2,(£,0) + §2Z;(&,T)

where 21 (t,0) describes the individual electromagnetic properties of a
microscopic scattering centre, whereas cSZi(t T) moreover describes the
variations in Hertz vector due to collisions and interactions between a
given scatterer and others surrounding it, or due to collective processes
(9.g. spatial redistribution of correlated atoms or molecules) or fluctua-
. tienal processes (e.8. molecular field fluctuations). (a) 'I‘aking into
acoount but the first term of the Hertz vector (2) in our analysis of the
correlation tensor (1) we obtain the comonly applied approxinatian of
multi-photon atomic (molecular) spectroscopy. Nanely', in the well imown
manner, by applying Ven Hove’s distribution functions
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e decompose the tensor (1) into an incoherent (p=q) and a coherent (péa)
part [3,9]. In this way, assuming e. % the Vineyard approxination [11] for
the other-correlation function G (rp ’ rq ), we come to the conclusion
that both incoherent and coherent scattering convey inrornation regarding
atomic and molecular motions such as is .conveyed by. the analytic form of
the self-correlation function Gs(rpt, rp Do Usually, the function Gs is
determined from the equation of free diffusion: then, with regard to . the
. circumstance that (in the eleotric dipole approximation) the oorrelat:lon
tensor ) deponds on the time and space variations by way of the factor

exp {-1 nw, t - 1(E - n.r'ko)( P v qu)}; " '

the n-th scattered harmonic spectrum is obtained as a Lorentzian 11;13.
(b) In some cases, the first term of (2) is absent or negligbly ‘small com~
pared to the second term, thus in second-harmonic scattering by atoms and
centrosymmetric molecules when 2,(2w,0) = O for the electric dipole
transition, as well as in usual scattering, when Zi(w,o) is 1sotropic for
atoms and the experimentally observed depolarisation of light scattered
by inert gases is due to polarizability anisotropy of colliding atoms [18].
In atomic liquids, a similar effect is caused by molecular redistribu-
tion [31. C

Quite generally, the field time correlation tensor of Light, scattered
on time~fluctuations (as distinct from Smoluchowski scattering on. fluctua~
tions in number density of atoms or melecules alone) iss

i SZ (¢, ., ) 82 (b, 0> (&)

Above, the vector J§Z(t,t) is stochastio in the time-argument =< [17]. From
the aforesaid, thls correlation tensor describes coherent scattering on
pairwise, triple, etc. atomic and molecular correlations only. Consequent-
ly, here, in addition to the binary correlation function in Eq. - (3),
also the ternary, quaternary and higher time-correlation functions . have
to be available [31. I

The distribution function of N ‘molecules in the phase spaoe point FN
and at the moment of -time t fulfils ‘the well known Liouville equation of
motion in operator form:

i —-—#‘—Mm) TNt = L f(“)(ruot)p ) )

where in general the Liouville operator L contains the N-molecule inter-
action Hamiltonian:

HN’ ;?l‘“m pg Upar ¥ . @)
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On introducing the reduced distribution function oi s molecules (s <<'N)

2O - g D a )

we, get, by (5) and (6), the hierarchical Bogolyubov, - Born - Kirkwood =
Yvon equation, extended to many-body interaction, However, it is | hardly
Afeasible to so'ive (7) for the function f(s) at 8> 2 analytically ’withdut"
assuning Ktrlo,:ood’s superposition approximation. This convinces us of the
relevance of ‘whatever information regarding the f‘unctions f@) (T‘ f*i:.)‘,

( st)yeee can be. gleaned from a study of the correlation. tensor,’ ()
for cocperetive triple~ and more-photon scattering from stochastic  ds=
semblages of three, four and more atcms or centrcsymmetric molecules [10-
121, »

_Theoretically, there is still the possibility of -a, direct analysis ,o,f
the ‘correlation tensor (4) by the Mori memcry-function formalism.[19 ].. Ho~
wever, 'even - for very: simple models of interacting atoms, this fails . to
yield. explioit analytic solntions. In spite.of the considerable ) rogress
made in recent years [20], it is to. be regretted that no effective method
. leading simply and explicitly to the form of the distribution function :
(7) has as. yet been evolved within the framework of the statistical me-,
chanics, of non-equilibrimn processes., In this situation, nothing remains
but to intreduce, in replacement of (7), the i‘ollcwing configuratianal
tine—correlation mnctions of s particles"

(:)(r yt) = mﬂf(ﬂ)(r bt) afg &, ,‘ ERETE ®@)

‘accessible to determination (at least qualitatively) from ' experimental
studies of the correlation tensor (4), written out successiﬁely - for
pairwise, triple, and higher stochastic clusters of atoms and molecules.

" Under well defined assunptions one .can decompose ‘the correlation ‘tensor
_into twe fectors, correeponding to two distinct time scdles for t - and T
and then consider Separately the correlation functions of molecular e1ec-3
. tric_ field fluctgaticns: )

mr(? 5 .AF@ ;b)*>< -r(9’i;}*

) In generel, the electric field existing in molecule pat the ‘paint . ?p
 engendered by the electric charges of molecule s in: tﬁe point '1*' =='F + ?’
is related with the dyadic Green function -

Eci-’ e 1% Y- @ Tl enp 1 (9) rps],

where U is the unit dyed.ic vector,

At small distances (c.)r« ¢), the total electric-field in the point
T is due to the successive multipoles ﬁ( )(i' t) of the surrou.nding N-1
molecules [3,131s
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= Ko, k1 ' .
F(F,,) = sf;p 2Tt v T () (K] R0 (10)

with T(rps) = Vp A r;;
and s,

In particular, the molecular field fluctuation correlation function. (9)

accounts for three-photon cooperative scattering on centrosymmetric . -mo-=
lecules having quadrupole (k=2) or hexadecapole (lo-h) moments, [10]. Thus,
this is ‘at present the only possibility ' of a direct experimental - deter=
mination of the function (9), which plays an important- rols in other mole-
cular-stochastic pr‘ocesses as well [3,10}. Obviously, also other mecha-
nisms intérvene involving collisional—distortional eﬁ.‘ects, quadmpole D
transitions, ete, (141 : i :
(c) Beside the two above-discussed cases of scattering on . individual
wmolecules and on stochastic Fluctuations, one still has to consider: mixed
scattering, which ‘we cbtain iby ‘insertion of Eq. (2) into (1)s This . type
of scattering generally is nor-zero ‘and ‘of relevance :ror achieving - quan-
titative agreement between theory and experiment {31, as well.as.. in ~ the
case “of mixtures [12] Under special assmptims, mixed. scattering can be
made to vanish, -

the interaction tensor between - molecules p

3, CONCLUSIONS

It is obvious from' the preceding considerations that highly important

information conceming many-body time correlation functions are . %o be
obtained from the ‘spectra’ of multi-photon: coherent scattering on fluctua-
ting media and ones “of interacting atoms or molecules. Raman multi-photon
" spectroscopy 1{s chiefly related with incoherent scattering and thus.  pro-
vides information essentially on the time self-correlation runction. {21].
Abundant novel information’ can be‘expected from studies. of . . stimulated
multi-photon Raman scattering processes' hitherto, such. observations - ‘have
been pel"fomed ‘by © stimulated Ayper-Raman scattering on metal .Nyapours
122,231, 5imilarly, observations: 6f stimulated MandelshtameBrillouin har-
'monics component scatterings are to be: expected [24].
T BEq. ¢ () describes theé first-order scattering field correlation tengor
GS)(t 't), accessible by heterodyne spectroscopy [25).In self-beat spec-
‘troséopy, one ‘measures Ausing & correlator or spectrum analyzer [25]1) the
Vsecond-order scattering intensity correlation tensor. Gigm(t.'t) which,
"in our case, is defined ass -

<p§'§ Zi(tpn) a(q q)'k(t +I‘,T)Z(t +'L‘,'t) > - (11)

“zThis tensor has. been discq,ssed in detail for two-photon ‘{261 as  well
,;aras*igenerally multi-photon . ecattering [15] by statistically f independent
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aniasotropic microsystems. The analysis can be extended to strongly correl-
ated atomic and molecular many-body clusters with the aim of elucidating
their evolution in time. The time-evolution of the two-parameter correla-
tion tensaors (1) and (11) can be calculated simply by having recourse 1o
Mori’s [19] projection operator formalism.

Obviqualy, the complete theoretical analysis of the time-correlation
tensars (1) and (11) and higher-order ones requires the comsideration of
the statistical and quantal properties of the radiation field itself [27-
-29]). However, when proceeding along this path, one comes up against the
very striking problem of whether and to what degree multi-photon (spon-
taneous and stimulated) scattering is sensitive to the purely quantal
effect of phaton anticorrelation (antibunching) which, as shown quite re-
cently, can occur in the generation of the second [30, 31] and higher
harmonics of coherent light [32].

Primarily,it was our aim to draw attention to the need for a = consis-
‘tent microscopic theory of multi-photon scattering processes formulated
on the basis of electrodynamics and stochastic mechanics [20,29] and en-
suring statisfactory conformity with experiment both in the hydrodynamical
and kinetic regions. The formal methods of time-~dependent statistical me-
chanics [19] have now attained a high level of development, many
of them having evolved from work on the theory of lasers and other synerge-
tical proceases [20, 29] . But this, by far, does not mean that we be able
to epply those methods automatically for quantitative calculations, the
results of which obviously depend on the concrete microscopic model adop-
ted for the dynamical structure of the liquid, For example, a problem as
yet not solved to the end concerns the expressing of the s-particle time-
-correlation function (8) in termg of the corresponding equilibrium corre-
lation functionsMg(s)(?'l. It is in' fact well known that the Vineyard con-
volution approximetion for G, in Eq. (3) and Gy determined from the free
diffusion equation fails to yleld Brillouln-Mandelshtam components in the
scattered spectrum. The range of applicability of this approximation is
thua rather atrongly restricted (nonetheless, it is used often [11] for a
‘lack of more gsatisfactory aﬁalytical relations). In spite of these diffi-
culties, existing stochastical methods are, in fact, adequate for interre-
lating the microscopic processes and parameters with thekmacroscopic4quan-
tities measured‘experimentallyJ In order to .check. the validity of the in-
formation on the correlation functions thus obtained within the framework
of multi-photon spectroscopy, one can operate a comparison with. the corre-
sponding relations derived from other nonlinear. phenomena of molecular
optics [3, 271 or studies of neutron scattering (33], leading to informa-
tion on Ven Hove type functions. Theoretically, at least, there is the
possibility of determining the s-particle correlation functions (8) di-
rectly by using, in experiment, s heterodyne spectirometers simultaneously
to detect the inmtensity ccrrelation Punétion 6'®)(4) of the s-th  order.
In particular, for systems of like atdms, ‘coherent s~photon ‘gscatbering
will occur aonly if s atoms interact with one another simultaneously,



It is finally worth reminding that, whereas studies of integral
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multi-

photon scattering lead to information concerning the nonlinear polariza-
bilities of atoms and molecules as well as their interactions

brium correlation functions){31,

(equil:’;f
spectral studies of multi-~photon scattefr~

ing phenomena will provide abundant novel information regarding the = mo-
tions of individual atoms and molecules as well as the dynamies of various
collective motions and processes in dense fluids. Hence, the outlooks of
nulti-photon inter-atomic and inter-molecular speciroscopy are b
and eminently promising [21, 34-36].
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