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With well-defined coherent light pulses of several 10~'? sec duration we are in a position to investigate a
variety of ultrafast vibrational processes in liquids and solids. Several new experimental techniques have
been devised to study directly the dynamics of different vibrational modes and molecules in the electronic
ground state. A first light pulse excites the vibrational system via stimulated Raman scattering or by
resonant infrared absorption. A second interrogating pulse allows one to determine the instantaneous state
of the excited system. Using a coherent probing technique one can measure the dephasing time of
homogeneously broadened vibrational transitions and a collective beating of multiple isotope levels. In
addition, one can investigate inhomogeneously broadened vibrational modes and observe the dephasing
time of a small molecular subgroup. Different information is obtained when the coherent anti-Stokes
Raman scattering of the probe pulse is measured. The population lifetime of known vibrational modes can
be investigated and evidence for inter- and intra-molecular interactions is obtained. In a third probing
technique, the vibrationally excited jolecules are promoted to the first electronic state by a second pulse
and the fluorescence is measured. In this way it is possible to see the very rapid change of population of
the primary excited vibrational mode. The article gives a detailed theoretical treatment of different
excitation and probing processes. Several experimental techniques successfully applied in the authors
investigations are outlined and a variety of results is presented and discussed. New information, not
available from other experimental methods, is obtained.
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l. INTRODUCTION

During the past decade, vibrational relaxation and en-
ergy transfer processes have received increasing atten-
tion. In gases, detailed studies were made on energy
decay routes, energy exchange rates, and the distribu-
tion of energy over various modes of a polyatomic mole-
cule (for reviews see Moore, 1971; Weitz and Flynn,
1974). Strong impetus for these investigations came from
the rapidly expanding area of laser-initiated chemical
reactions and especially from the recent interestinlaser
isotope separation (see, for example, Letokhov and
Moore, 1976; Berry, 1975).

For the gaseous state one has a wide scope of experi-
mental techniques at one’s disposal. Investigations us-
ing ultrasonic or shock tube techniques, inelastic scat-
tering experiments, and a variety of spectroscopic meth-
ods have produced an extensive literature (for recent
reviews see Ormonde, 1975; Amme, 1975; Clarke and
McChesney, 1976; Brewer, 1975). Investigations where
molecules are trapped in rare-gas matrices have pro-
vided a variety of information on vibrational relaxation
at very low temperatures (for a review see F. Legay,
1977). It is most fortunate for the study of gases and of
molecules in solid matrices that the relevant time con-
stants are in general longer than 10~° sec, allowing the
application of standard electronic techniques.

In liquids and solids at room temperature vibrational
processes are very rapid. Time constants of the order
of 107!2 sec are common, requiring new experimental
tools for quantitative investigations. In fact, the study
of the dynamics of very fast vibrational phenomena was
made possible by recent progress in the generation of
ultrashort coherent light pulses and recent advances in
the understanding of nonlinear optical processes.

In liquids at room temperature our knowledge of vi-
brational relaxation processes is rather scanty. Ultra-
sonic waves interact predominantly with the lower vi-
brational modes and do not provide specific relaxation
values of the (many) higher normal modes of polyatomic
molecules (Herzfeld and Litovitz, 1959; Sette, 1968).
Linewidth measurements of infrared and Raman bands
are the main source of “vibrational” relaxation times.
In general, linewidth data are difficult to interpret, be-
cause a number of physical processes contribute to the
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observed line shape. Line broadening factors are phase
relaxation, energy relaxation, rotational motion, iso-
tope splitting, and inhomogeneous broadening due to a
distribution of vibrational frequencies. Under certain
assumptions it is possible to separate the rotational con-
tribution. The rest, which is frequently called the in-
trinsic vibrational part of the band contour, contains the
other line broadening factors. At present, it is not
possible to isolate the different contributions by stan-
dard spectroscopic methods. For instance, the im-
portant question concerning the population lifetime of

an excited vibrational state was unknown up to very
recently for any vibrational mode in the liquid state.
Similarly, the inhomogeneous contribution of a spectro-
scopic line is unknown in most cases and, as a result,
the dynamic vibrational time constants are obscured by
the molecular frequency distribution.

In this paper we are primarily interested in vibration-
al modes in the electronic ground state. We first dis-
cuss new methods of studying the dynamic behavior of
molecular vibrations in liquids and of optical phonons in
solids. A variety of experimental results is presented
in the second part of this report.

Figure 1 outlines schematically the experimental
methods used and the results obtained. The excitation
of molecules or lattice vibrations is achieved by an in-
tense laser pulse via stimulated Raman scattering or
directly by a resonantly absorbed infrared pulse. After
the passage of the first pulse the excitation process
rapidly terminates and free relaxation of the excited
mode occurs.

A second weak probe pulse properly delayed with re-
spect to the first pulse monitors the instantaneous state
of the vibrationally excited system. Three types of
probing methods were used in order to obtain the dy-
namical information listed on the right side of Fig. 1:

(i) Coherent probe scattering results from the inter-
action of the probe pulse with the coherently excited
system. For molecular modes with essentially one vi-
brational frequency the dephasing time of the excited
mode is deduced from the loss of phase correlation
within the excited volume, i.e., from the decay of the
probing signal. The situation is more complex for
molecular vibrations with different neighboring fre-
quencies (e.g., several isotope components) or with a
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FIG. 1. Short outline of the paper. Two excitation processes
allow us to excite a specific vibrational mode. Three different
probing techniques provide time-resolved data on a variety of
subjects listed on the right.
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distribution of vibrational frequencies (inhomogeneous
band). Investigations under different wave-vector
geometries give strong indications of 2-vector conser-
vation of the collective vibrational excitation in the con-
densed phase. These observations have led to the study
of the phase relaxation time when the vibrational band
is inhomogeneously broadened. We have developed a
selective k-vector geometry to isolate one frequency
component or a limited number of molecules with a
small frequency spread. With a less selective Z-match-
ing geometry of the probe pulse we observe a collective
beating of neighboring frequency components. Finally,
with coherent probe scattering we have studied the life-
time of optical phonons in three well-known crystals.

(ii) Spontaneous anti-Stokes probe scattering, an in-

. coherent scattering process, allows us to study directly
the momentary degree of occupation of a vibrational
energy state. Using this technique it was possible, for
the first time, to observe population lifetimes, energy
transfer, and energy redistribution in the liquid state.
Time constants between 1.0 and approximately 100 psec
were measured for different dynamical processes in a
number of polyatomic molecules.

(iiil) We have developed a fluorescence technique
where a first infrared pulse excites a vibrational mode
and a second delayed probe pulse promotes the mole-
cules close to the bottom of the fluorescent first singlet
state. The degree of fluorescence is a direct measure
of the occupation of certain vibrational quantum states.
This technique is found to be especially useful for the
investigation of highly diluted systems.

In Sec. IT we discuss our excitation processes. In
particular, we present a detailed theory of the stimu-
lated Raman process as far as relevant to this paper.
Special emphasis is given to the various forms of ma-
terial excitation. Rotational motion and a distribution
of vibrational frequencies is included in the general
equations. We begin with vibrational modes with homo-
geneously broadened Raman lines (II.B and II.C). The
more complicated inhomogeneously broadened Raman
bands are treated next (II.D) and the possibility of ob-
serving the homogeneous part is investigated. In Sec.
IL.E the excitation of well-defined vibrational modes by
direct resonant infrared absorption is discussed. Sec.
III gives a theoretical description of the different prob-
ing techniques. For coherent Raman probe scattering
(II1. A), the understanding of the k-vector situation is
essential. It will be apparent that the physical process
one observes depends upon the probing geometry. In-
coherent Raman scattering (III.B) and fluorescence

probing (IIL.C), on the other hand, give direct informa- -

tion of the degree of occupation of various vibrational
quantum states.

Experimental remarks on the generation of ultrashort
laser pulses are made in Sec. IV. A, together with a
short description of the production of infrared pulses
(IV.B). We stress the importance of working with high
quality, single-picosecond pulses for quantitative in-
vestigations. Three experimental systems to collect
various dynamic data are outlined in Secs. IV.C and
IV.D.

In Sec. V we present our experimental results on de-
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phasing processes in liquids. First, the dephasing time
of homogeneously broadened Raman lines is measured
and compared with the spontaneous Raman linewidth.
Second, neighboring discrete Raman lines are investi-
gated and the dephasing time of one component is de-
termined even for the case of broadly overlapping bands.
In addition, a collective beating phenomenon is observed
under special experimental conditions. Third, inhomo-
geneously broadened Raman lines with a continuous
distribution of components are studied. It is possible to
measure the dephasing time of a molecular subgroup
and obtain evidence of inhomogeneous broadening.

Our results on the energy (population) lifetime of vi-
brational quantum states are discussed in Sec. VI and
decay routes are found in several cases. Clear evi-
dence is presented for rapid energy transfer between
vibrational states of different molecules in liquid mix-
tures. Distribution of vibrational energy betweenvarious
quantum states is observed in several molecules. In
Sec. VII, experimental results on vibrational relaxation
times of diamond, CaCO,, and GaP are described. The
paper concludes (Sec. VIII) with remarks concerning the
potential of the investigations presented in this paper.

It should be emphasized that some of the techniques dis-
cussed here provide new information not obtained by
previous experimental methods.

Il. THEORY OF THE EXCITATION PROCESSES

For time-resolved investigations of dynamical pro-
cesses we prepare a nonequilibrium initial state of the
physical system. In this section, two methods for the
excitation of well-defined vibrational modes of poly-
atomic molecules are studied. Sections II.A-IL.D are
devoted to the stimulated Raman process under different
physical conditions. Resonant infrared absorption is
discussed as an ultrafast pumping process in Sec. ILE.

Stimulated Raman scattering is well suited for the
study of vibrational excitation of normal modes in con-
densed matter. Several important factors are briefly
discussed here:

(i) The Raman interaction is nonresonant. The fre-
quency of the excitation pulse may vary over a large
frequency range from the near-infrared to the uv in
transparent media. This fact has opened the possibility
of studying a variety of vibrational modes of different
molecules with a single solid-state laser system. Fur-
thermore, the stimulated Raman excitation is selective.
Only one normal mode, the vibration with the largest
scattering cross section, is strongly excited.

(ii) The stimulated process excites the vibrational
system coherently; i.e., the molecules oscillate in
unison within the excited volume.

(iii) Stimulated Raman excitation and Raman probing
are weakly influenced by the rotational motion of the
molecules. We obtain detailed information of the dy-
namic properties of the vibrational modes.

(iv) A quantitative theory of the stimulated Raman
process is available. The treatment is considerably
facilitated if we restrict our investigations to small
conversions (~10-2) of laser into Stokes light. Under
this condition, the generation of higher-order Stokes or
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anti-Stokes frequencies is negligible. In addition,
higher excited vibrational states may be neglected since
the first excited vibrational level, v=1, has a small
occupation number of <1072
(v) Unfortunately, stimulated Raman scattering is a
highly nonlinear process. For an exponential gain of
exp25 =~ 10! one needs concentrated molecular systems,
amplification lengths of the order of centimeters, and
high peak intensities of the excitation pulse of
10°~10°W/cm®. These factors limit the applicability
of stimulated Raman scattering. In particular, the high
intensity level necessitates an understanding of com-
peting nonlinear processes such as stimulated four-
photon parametric amplification, self-phase modulation,
or self-focusing of the laser beam. Carefully chosen
experimental conditions are required for a quantitative
comparison between theory and experiment.

With ultrafast infrared pulses the direct excitation of
vibrational modes is straightforward. Several salient
features of this pumping process should be mentioned:

(i) Various vibrational states of the same polyatomic
molecule can be excited by tunable ir pulses. We note
the different selection rules for ir absorption and Raman
scattering.  The absorption process is complementary
to the Raman interaction for a variety of molecular vi-
brations.

(ii) The resonant coupling to a dipole transition is
stronger than the Raman interaction by several orders of
magnitude. As a result, highly diluted specimens may
be optically excited. In addition, it is possible to con-
centrate the molecular excitation in a small interaction
volume (depending upon the absorption cross section of
the transition).

(ii) The ir absorption represents a linear process
over a wide intensity range. The produced excitation is
proportional to the incident intensity. This fact is ad-
vantageous compared to the highly nonlinear stimulated
Raman process.

(iv) Bandwidth-limited ir pulses allow the coherent
excitation of vibrational states. The transmission of the
medium does not follow Beer’s law for sufficiently short
pulses.

A. Transient stimulated Raman scattering (general)

In recent years, an extensive literature has accumu-
lated on the stimulated Raman process. (For reviews
see Bloembergen, 1967, Kaiser and Maier, 1972,
Schubert and Wilhelmi, 1974; Grasyuk, 1974; Wang,
1975; Shen, 1975.) Transient stimulated Raman scat-
tering has been treated theoretically by Akhmanov
(1969), Carman et al. (1970), Kroll and Kelley (1971),
Streudel (1972), and Akhmanov et al. (1971, 1972, 1974).
The present investigation extends previous publications
in various respects:

(a) Our interest is focused on the vibrational excita-
tion produced in the stimulated process. The time de-
pendence of the coherent and incoherent material ex-
citation is discussed in detail.

(b) Rotational motion of the molecules in the liquid is
included in our calculations. Molecular rotation enters
the theory via the anisotropy of the Raman scattering
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tensor. This point has not been considered in previous
work on transient stimulated Raman scattering.

(c) More complicated vibrational systems consisting
of vibrational modes with several isotope components
or normal modes with a distribution of vibrational fre-
quencies (inhomogeneous lines) are investigated. We
obtain results not discussed previously.

(d) Numerical calculations are presented which illus-
trate the potential of the stimulated excitation technique.
The graphs should serve as a guide for practical cases
where stimulated Raman scattering is applied to the
study of vibrational relaxation, especially in liquids.

1. Light fields

Our theoretical approach is semiclassical, treating
the vibrational system quantum mechanically and the
light fields classically. The latter point appears to be
well justified by the high light intensities, i.e., by the
large number of photons involved in the scattering pro-
cess. The total electric field E consists of an incident
laser field and a generated Stokes field. The propaga-
tion of the light pulses through the sample and the inter-
action with the vibrating molecules are described by
Maxwell’s equations which lead to the wave equation

1 4 9°

82
AE - —— 37 WE)= 5

c c® ot P ®

i denotes the refractive index of the medium under in-
vestigation. The nonlinear polarization P™ in Eq. (1)
accounts for the coupling between the light fields and a
molecular vibrational mode. P™ represents the macro-
scopic change of polarization connected with the co-
herent material excitation of the stimulated Raman pro-
cess (see Sec. I.A.3). The local field correction re-
quired for condensed phases is contained inthenonlinear
polarization PN (Levenson and Bloembergen, 1974).
Linear losses are omitted in Eq. (1); i.e., transparency
of the medium is assumed.

In the following calculations we make the usual as-
sumptions that the total light field consists of plane
waves of different frequencies and time-dependent amp-
litudes. Stimulated light scattering occurs in the for-
ward direction in our investigations. The short duration
of the pulses considered here (~10~'? sec) and the re-
sulting short interaction length for stimulated backward
scattering makes this process negligible. Linear po-
larization of the incident light field is assumed with the
E vector pointing in the z direction. We choose the x
axis as propagation direction and write the electric
field in the form:

E(x,)=2e.[E exp(ikrx —iwyt)
+Egzexp(iksx —iwgt)]
+3e,Eg exp(iksx —iwgt) +c.c. (2)

where ey, and e, denote unit vectors in the y and z direc-
tion. The subscripts L and S refer to the incident laser
field and the generated Stokes field, respectively.

‘Higher-order Stokes and anti-Stokes components are

omitted in Eq. (2); this simplification is justified since
we restrict our calculations and experiments to small
conversion of laser to first Stokes radiation.
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2. Molecular system

The interaction between the electromagnetic field and
the normal vibrational mode of interest is described by
the polarizability tensor (a,), which depends on the
vibrational coordinate g of the oscillating molecule
(Placzek, 1934). Expanding a,; in terms of the local
coordinate g to first order, we obtain the relation

:Xe']
ani=atg+<——aq)h‘q . (3
1

The second term, which produces Raman scattering, is
important here. The subscripts %, ¢ refer to a coordi-
nate system (X, Y, Z) which is fixed to the symmetry
axes of the individual molecules. Vibrational dynamics
enter the calculation via the vibrational coordinate g.
With the help of Eq. (3) we write the Hamiltonian of the
molecular system:

9
H=H°-3q), (5) E,E. @
51 \9%9 /ni

H° refers to the undisturbed system. ¢ now denotes the
operator of the vibrational coordinate. Only the ground
and the first excited vibrational state (v=1) of the elec-
tronic ground state are involved in our investigations.
Transitions between higher vibrational states can be
neglected on account of the anharmonic frequency shifts
and the small population of the excitedlevels. Two-level
systems appear to be a good approximation in the fol-
lowing treatment. '

It has been discussed previously (Giordmaine and
Kaiser, 1966; Maier, Kaiser, and Giordmaine, 1969)
that the molecular motion under the effect of the ex-
ternal electromagnetic field is characterized by two
quantities: the expectation value of the displacement
operator (g) and the probability » of finding the molecule
in the upper vibrational state. The equations of motion
for the Raman interaction of Eq. (4) are derived in
Appendix A. It is shown that a close analogy exists with
the electric dipole transition of a two-level system.

One arrives at the following differential equations for
the dynamic variables (g) and n:

2
—52;—2— (q)+ % 5?— (@)+wi{q) = ;—F(t\[l —2(n +7)]

(5)
and

:9%”+F11— n=thoF(t)-£(q). (6)
n represents the occupation number in excess of the
thermal equilibrium value #. m and w, are the reduced
mass and the frequency of the vibrational mode, re-
spectively. F denotes the effective force exerted by the
electromagnetic field on the vibrating molecules:

1 da
F-3 h’i<b53>hiE,,E‘. 1

The effective force introduced by Eq. (7) refers to a
system of weakly coupled molecules. A possible con-
tribution by neighboring molecules is neglected at this
point. We shall return to this problem in Sec. IIL A.
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Two time constants T, and 7', are introduced in Egs.
(5) and (6) in analogy to the Bloch equations for a two-
level spin system (see Appendix A and Slic¢hter, 1963).
They are of special importance in this paper. T, de-
notes the dephasing time of the vibrational amplitude,
and T, represents the population lifetime (energy re-
laxation time) of the first excited state of the specific
vibrational mode of interest.! Equations (5) and (6)
indicate that the coherent vibrational excitation and
the excited-state population decay exponentially after
the excitation process has terminated.

It is interesting to see from Eq. (5) that the expecta-
tion value {(q) of the vibrational coordinate behaves sim-
ilarly to an amplitude of a classical oscillator. For a
classical interpretation of the relaxation time T, in Eq.
(5) one should consider an ensemble of oscillators in-
stead of a single vibrational system. (g) may then be
visualized as the ensemble average of the vibrational
coordinate g, where g contains the phase and amplitude
of the individual molecules. (g) is a measure of the
coherent excitation of the molecules and will be called
the coherent amplitude in the following.

It should be noted that Eq. (5) assumes a single re-
sonance frequency for all molecules; i.e., a homo-
geneously broadened line is considered. Below, we will
extend our treatment tovibrational systems with a dis-
tribution of frequencies (inhomogeneously broadened
vibrational band). We shall replace Eqgs. (5) and (6) by
corresponding sets of differential equations for the
vibrational amplitudes (q;) and excess occupation num-
bers n;. The various components j differ slightly from
each other by their resonance frequencies w;.

3. Nonlinear polarization

In the simplest case, the nonlinear polarization pr
entering Eq. (1) has the form: PN =N(8a/8g)gE. Here,
we wish to treat a more general situation considering
specifically rotational motion and normal modes with
a distribution of vibrational frequencies. For briefness
we confine ourselves to molecules of rotational sym-
metry with the symmetry axis pointing in the Z direc-
tion. The polarizability tensor has the form (Wilson
et al., 1975)

-v/3 0 0
{(%%) } - 0 -v/3 0 %, ®)
‘hi
o 0 2y/3

where h,i=X,Y,Z. The isotropic contribution is de-
noted by the letter a; ¥ represents the anisotropy of the
scattering tensor. As shown in Appendix B, the Raman
polarizabilities a and Yy may be obtained from spon-
taneous scattering data. The external field produces a
dipole moment in the individual molecules which depends

{We note for comparison with our previous publications:
T=T,/2 and 7’ =T;. While 7 is the experimentally observed
decay time (of the intensity), T, is the currently used time
constant of the coherent amplitude of the two-level system.
For a homogeneously broadened line, T3 denotes the relax-

. ationtimedefined by the vibrational correlation function.
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on the molecular orientation. We introduce the angles
0;;(6=2,3) of the symmetry axis of a molecule with re-
spect to the laboratory frame. The subscript j labels
the molecules according to their resonance frequencies
w;. In order to calculate the components of the dipole
moment of one molecule we have to transform the elec-
tric field into the molecular system, calculate the in-
teraction with the polarizability tensor, and transform
back to the laboratory frame. Averages over the
orientational distribution have to be carried out simi-
larly to calculations of the spontaneous Raman process
(see, for example, Brandmiiller and Moser, 1962;
Koningstein, 1972). The total polarization PN is sub-
sequently found by the linear superposition of the in-
duced dipole moments of all molecules:

P =END f(apla +7(cos?6,; — D

+§}/E,,Nzjfj«q,-)cosezjcos@s,)m , 9)

PY =3y, N3 £;((4,)086,4008 by, )er
J

+END fiapla +v(cos® 65, — D). (10)

Averages with respect to molecular orientations are
“indicated by (),,. Nf; denotes the number density of
component j of the inhomogeneous vibrational distribu-
tion (25 f;=1). The constants a and y refer to the liquid
state and contain a local field correction for condensed
phases (see Appendix B).

Two points should be noted concerning the derivation
of Eqs. (9) and (10): (i) Molecular rotation is treated
purely classically. This approach holds for liquids
with rapidly interacting molecules (Frenkel, 1955;
Bratos et al., 1970, 1971), (ii) Spatial homogeneity is
assumed; all molecules of the orientational and vi-
brational subsystems are present with constant number
densities in volume elements small compared to the
wavelength of the optical pulses. This assumption is
well justified by the large number density of liquids.

4, Set of differential equations

Equations (1), (9), and (10), supplemented by the
material equations (5), (6), and (7), represent the theo-
retical description of stimulated Raman scattering. We
will solve these equations for the transient case with the
help of Eq. (2) and a similar ansatz for the coherent
vibrational amplitude (g;):

(g;)=1/2Q;(x, Dexp(ikyx —iw;t) +c.c. (11)

The wave vector k; represents the phase relation be-
tween the molecules of the component j at different
points x in the sample. After some algebraic manipula-
tion we arrive at the following set of equations:

9 1 9 .
<— + ;‘ _) Ese= KxELjZfJ<Q?‘s 11>or exp(— ¢ ijt) ’

ax ot
(12a)
9 1 9 .
(8—4'—“8—) Esy= KlELfo<Q732f>or exp(-iAw,f),
x v at J (12b)
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3 )
<——- + L)Qj =K, EL (E$.5,j+E& s, exp(—iAw; ),
ot | T, v
(13)
) 1 a
Gr *‘f?) "= g Pr (B8 (Q S1ior
+E, (Q¥S,), Jexp(— i Aw,t) +c.c. (14)
The following abbreviations were used:

Tws a(l - 2w)
K1=C—2‘IiaN,K2=m, (15)
$1; ) =1+ y/a)cos®6,,;() —3), (16)
$5(8) = (v/a)cosb,;(t)cosb,;(t) ,

Wy - Ws - W;=Aw; , (17a)
ky —ks—k;=0. (17b)

v denotes the group velocity of the Stokes pulse. The
sum over the right-hand side of Eqs. (12a) and (12b) has
to be carried out over all components j of the molecular
distribution. Aw; denotes the frequency mismatch be-
tween the force F (at the frequency difference w; — wg
of the light fields) driving the vibrational component j
and the resonance frequency w;. Equation (17b) repre-
sents the k-matching condition of the stimulated excita-
tion process. We assume in Egs. (13)-(15) that
the components j have equal values of the following pa-
rameters: time constants T, and T,, reduced mass m,
and Raman polarizabilities a and y. )
Several approximations were used in deriving Eqgs.
(12)-(17): (i) Depletion of the incident laser pulse is not
considered; our calculations are restricted to a small
conversion of laser into Stokes light. (ii) Second-order
derivatives of Eg and @; are neglected. This assumption
corresponds to the “rotating frame approximation,”
which holds for picosecond pulses and for the high fre-
quencies of the molecular vibrations (w;~10' sec-!)
(see, for example, Sargent ef al., 1974). (iii) Since
the excess population of the upper vibrational state is
small (r; < 1) we omitted this term in k,. (iv) Group
velocity dispersion is neglected; i.e., our calculations
are limited to values of the sample length of several
centimeters in condensed matter. The conditions
(i)—(iv) are well fulfilled in our experiments described
below. Solutions of Eqs. (12)—(17) will be derived for
specific physical situations in Secs. II. B-ILD.

5. Discussion of the time constants

In the preceding sections two different aspects of the
vibrational motion were discussed. The coherent vi-
brational amplitude (g;), which is sensitive to the phase
relation between the individual molecules, and the oc-
cupation probability »#;, which indicates the excess num-
ber of vibrational quanta (or the excess energy) stored
in the molecular system, were introduced. The two
quantities (qj) and n; are governed by the individual
time constants 7, and T,, respectively [see Eqs. (5)
and (6)]. For the coherent amplitude {gq;), Eq. (5) pre-
dicts exponential decay of the vibrational system with
the time constant T',:

(g, ycexp(-t/T,). (18)

This time dependence results from the stochastic pro-
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cesses assumed in the derivation of the damping term
in Eq. (5). The validity range of Eq. (18) requires some
discussion. Equation (18) does not hold for very short
time intervals Af{=T,, where 7. is a correlation time
connected with certain intermolecular interactions in
the liquid, e.g., rapid translational motion (see, for
example, Slichter, 1963). Since 7o~10-'% sec, no
dynamical information on a time scale of several

10-'® sec may be deduced from Eq. (18) or, corres-
pondingly, from Eq. (5). This condition, on the other
hand, does not set a limitation to our experimental in-
vestigations with picosecond pulses. Information ob-
tained with these pulses represents time averages over
210~ sec. A large number of individual physical
events determine the relaxation time 7', leading to an
exponential decay. In liquids the exponential time de-
pendence of Eq. (18) is expected for values of T,>1
psec. Time constants of this magnitude are investigated
in this paper.

Similar considerations hold for the excited-state popu-
lation and the lifetime T, [see Eq. (6)]. The present
arguments are strongly supported by the experimentally
measured exponential time dependence of (qj) and »n;
(see Secs. V and VI).

We emphasize the need to clearly distinguish the two
relaxation times. In a number of experiments where
T, and T, were determined for the same normal mode
and molecule, a considerable difference was observed
for the two time constants. For instance, a ratio of
T,/T,= 10" was found for the fundamental vibrational
mode of liquid N, (Laubereau, 1974; Calaway and Ewing,
1975a and b; Brueck and Osgood, 1976); for the sym-
metric CH; stretching mode of CH,CC1, a ratio of
T,/T,=2.4 was reported by Laubereau, von der Linde,
and Kaiser (1972). These findings give experimental
evidence of rapid vibrational relaxation processes which
affect the phase of the molecular vibration but not the
population of the excited vibrational state.

We call processes which are only concerned with loss
of phase correlation “pure dephasing processes.” Gen-
erally, the decay rate of (q;) is affected by loss of
phase correlation and by loss of vibrational energy (oc-
cupation density). For the experimental dephasing
time T, we write (Fischer and Laubereau, 1975)

2/Ty=1/Ty +1/T,. (19)

The time constant T, in Eq. (19) represents “pure de-
phasing”; the second term denotes the contribution of
energy dissipation. Experimental values of 7,n are de-
duced from measurements of T, and T, of the same vi-
brational mode. For several vibrational modes a signifi-
cant contribution of 1/, was found, i.e., T ,>T,/2.

For a microscopic description of the vibrational time
constants, the Hamiltonian for the interaction V between
the vibrating molecule and the surrounding medium is
expanded in the oscillator coordinate g:

_v 1%V ,

it~ g It g v ' (20)

V fluctuates with the time constant 7, mentioned above.
Model calculations retaining only the linear term in the
expansion of Eq. (20) include only population decay and
arrive at T, =T,/2; i.e., these models are not sufficient
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Nafie and Peticolas, 1972).

to describe the dephasing and the population relaxation
of the vibrating molecule. It has been shown by Fischer
and Laubereau (1975) that the second term in Eq. (20) is
important in order to account for the rapid dephasing
processes observed experimentally. These authors have
developed a semiclassical collision model for vibration-
al dephasing. The molecular interaction of Eq. (20) is
described by quasielastic collisions during which the
molecules experience an adiabatic change of vibrational
frequency. - In the quantum-mechanical picture the
molecules undergo virtual excitation processes and end
up in the initial energy state. The resulting time con-
stant 7,, depends on the frequency, masses, thermal
energy, and time between elastic collisions. Values of
10-?-10-'° sec were numerically estimated for Ton

from the quasielastic collision model. Resonant trans-
fer of vibrational quanta between molecules of the same
kind may also contribute to pure dephasing. Similar
ideas were discussed by Madden and Lynden-Bell (1976),
Rothschild (1976), and Oxtoby and Rice (1976).

6. Comparison with spontaneous Raman spectroscopy

Until now, we have discussed the time constants con-
nected with a macroscopic excitation of the molecular
system. It is interesting to make a comparison with the
vibrational dynamics at thermal equilibrium which is
observed by conventional Raman spectroscopy. The
analogy of a two-level vibrational system with a spin
system suggests that T, is closely connected with the
line broadening observed in spectroscopic investigations.
This point will be discussed in the following.

It has been shown in a number of publications that an
analysis of a spontaneous Raman line provides infor-
mation on the vibrational relaxation and the rotational
motion of the molecule (Gordon, 1964 and 1965a and b;
Bratos and Marechal, 1971; Bartoli and Litovitz, 1972;
For these investigations
the scattered light polarized parallel (VV) and per-
pendicular (VH) to the incident laser has to be mea-
sured. Under the condition that vibrational and rota-
tional motion are statistically independent it is possible
to separate the broadening contribution of reorientation
from the intrinsic vibrational part. The results have
been discussed in terms of the isotropic part [, (w) and
the anisotropic component I,,(w) of the spectral intensity
distribution. For example, I;, is obtained from the
experimental VV and VH spectra (under 90° scattering
angle) using the relation I, (w) = Iyy(w) =4I, 4 (w). It has
been shown that I; (w) corresponds to the isotropic part
of the scattering tensor and is independent of rotational
motion; i.e., I (w) contains the information on vibra-
tional dynamics supplied by spontaneous Raman spec-
troscopy.

The spectral intensity distribution I is connected to a
vibrational correlation function ¢ (¢,#’) by Fourier
transformation (see, for example, Bailey, 1974):

1
i, 1) =5 fdwexp[—z‘w(t—t’)]lis(w), 21)
by contains the relaxation properties of the molecular

vibration since the fluctuations of the molecular polari-
zability observed in the spontaneous scattering are pro-
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portional to the vibrational coordinate g [see Eq. (3)].
¢y is the autocorrelation function of the normal vibra-
tional mode:

Sv(t, 1) ={q gt )eq -

q is here treated as a classical quantity and the brackets
{)eq denote an equilibrium ensemble average. The sub-
script m labels individual molecules. Equations (21)
and (22) indicate that the Fourier transform of the Ram-
an band provides directly (under certain conditions) the
correlation function (q,(t)¢,(¢')), of the system at
thermal equilibrium.

With time-resolved techniques, on the other hand, a
macroscopic excitation with amplitude (q,(2)) is ob-
served which is generated by the external driving light
field [see Eq. (5)]. The time evolution of the two quan-
tities (gu()ga(t')),and (g,(t)) is compared with the help
of the fluctuation—dissipation theorem. We distinguish
two situations: homogeneously and inhomogeneously
broadened Raman lines.

First, a homogeneously broadened vibrational system
(w,=w°) is considered. In this case, identical time be-
havior is expected for the correlation function
(g()q(t")).,, and the coherent amplitude {g). Proof of this
statement is obtained by writing down explicitly the
fluctuation-dissipation theorem (see, for example,
Martin, 1968):

(a(®q (e — <a(®), (q(t)),

=5117/‘”l“"~°><p[—z'w(t—t')]26(w)x”(w)/w. (23)

(22)

The second term on the left-hand side vanishes since
{q(t))eq=0. €(w) denotes the mean energy of an oscillator
with frequency w:

€(w) =Tiw[5 + (e"/*T — 1)71]. (24)
x”(w) represents the imaginary part of the Fourier
transform of the retarded response function x (¢~ ¢’) of
the vibrational mode. This function is determined from
the equation of motion. For an oscillator equation of
the form of Eq. (5) one obtains

w
(W2 — w2+ QRw/T,)? "

X" (w)= (25)

mT,

For the experiments to be discussed we are interested

in a vibrational system with negligible population of the

excited states, %Zw,>kT, and small damping 1/7,

< w, Since x”(w) has a sharp peak in the neighborhood

of w, [see Eq. (25)], we set €(w) ~kw,/2 and write:
7 " !

(q(t)q(t'))eq = X fdw exp[-iw(t- t/)]_X__(L"l . (26)
2m w

Comparison of Egs. (21, (22), and (26) shows that the

spectral intensity distribution I, (w) has the form x”/w.

Using Eq. (25) we obtain for frequencies w near the

- resonance frequency w:

1/T,

(W—w?+(1/T,)2 " @7

. Ii; (w) =const

A line broadening of Lorentzian shape is predicted for
the homogeneous vibrational system. Equation (27)
yields the linewidth 87, of the isotropic scattering
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component (FWHH, in units of cm=-1):

60, = (meTy) ™t . (28)

It is interesting to see that the linewidth is determined
by the dephasing time. For highly polarized Raman
lines one obtains 0 7, directly from the linewidth of the
polarized scattering component I,,(w) since I, is negli-
gible. Equations (21), (22), and (27) yield Eq. (29):

(2(Da(t))eq =cos[wy(t~ t")]exp[—|t=t'|/T,]. (29)

Comparison of Eq. (29) and Eq. (18) indicates that both
the vibrational correlation function and the coherent am-
plitude decay exponentially. Spontaneous measurements
of a homogeneous line and time-resolved studies of the
coherent excitation give the same time 7,.

For the inhomogeneously broadened Raman band, the
autocorrelation function of Eq. (29) is no longer valid
since the distribution of vibrational frequencies w; has
to be included in the calculation of the ensemble aver-
age {gm(f)q a(t'))eq. The correlation function is not a
simple exponential; it decays rapidly due to the spread
of vibrational frequencies w;. Correspondingly, the
spectral intensity distribution 7, (w) of Eq. (27) has to be
replaced by a convolution of the frequency distribution
with the homogeneous lines. A broader bandwidth re-
sults with

8 Finhom > (WCT,) 7t (30)

The inhomogeneous linewidth contains the integral in-
(i) distribution
of molecules with different resonance frequencies ac-
cording to their individual surroundings; (ii) dynamical
contributions by pure dephasing; and (iii) dynamic con-
tributions by population (energy) relaxation [see Eq.

(19)]. ‘

B. Stimulated Raman scattering of a homogeneously
broadened line with isotropic scattering tensor

In this section we discuss the essential features of
transient stimulated Raman scattering. The physical
situation considered here is straightforward from a
theoretical point of view and is, fortunately, of consid-
erable practical interest. Homogeneously broadened
lines were found for a number of vibrational modes.
Neglect of the anisotropy y of the Raman tensor, y =0,
is appropriate for many cases. In fact, most molecular
vibrations where a stimulated Raman process has been
observed possess a rather isotropic scattering tensor
according to their small depolarization ratios of p,
< 0.1. The influence of rotational motion with y #0 will
be investigated in Sec. II.C.

1. General solutions

Equations (12)—(17) are considerably simplified for
isotropic scattering, =0, and for a vibrational system
where w;=w, and Aw;=0. The Stokes component polar-
ized perpendicular to the incident light field vanishes,
Es,=0, and the scattered light is independent of mole-
cular orientation (s, =1; s, =0). The subscript j labeling
the molecules may be dropped (€;=Q, n,=%). Transfor-
mation to a moving coordinate frame, ¥/, ¢ with x’=x
and t'=t- x/v, gives the following coupled differential
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equations:
7 Bs=MELQY, (31)
e 1 Q=1 E E (32)
IYZ + T, =K,ELES,
9 1 Y a
<W+—7:1~>n-—§'h_'—(ELE§Q*+EZESQ)o (33)

Solutions of Egs. (31) and (32) have been published in
terms of the Bessel functions 7, and I, of complex argu-
ments (Carman et al., 1970).

Eg(x', t') = E (0, t') +(bx")2E, (")

t’ " t”— #
x'/:wdt exp( T, )
X E(1")E (0, [ W(t") - w(t")|™/2
x L@x[w(t) = w(t”)] }172)

(34)

where we use the abbreviations b =k k, and
t
w = arle ),

the latter being a measure of the pump energy accumu-
lated up to time ¢ Introducing solution (34) into Eq.
(31), one finds

Q¥ t) =k, f_

t -t

= t) E (1" EX0, t")

dt”(exp

x I 2{bx/[w(t) - w(t")]| }1/2). - (35)

The Stokes field E g and the coherent vibrational ampli-
tude € are determined as functions of position x’ and re-
tarded time #. Equations (34) and (35) describe for
large incident pump fields an exponential growth with
distance x’ of the Stokes light Eg and of the coherent
vibrational amplitude €. The amplification process
starts from an initial Stokes field E (0, ¢’), while the
initial vibrational amplitude @(0, ¢’) is assumed to be
zero. A discussion of the initial field E (0, ¢’) is given
in Appendix C.

The excess population z of the first excited vibrational
state, the incoherent vibrational excitation, is derived
from Eq. (33): ’

o

.
nx!, ¢)= 5= [ dt"(ELE¥Q* + EEE Q)

x exp[(t” - ¢)/T,]. (36)

Equation (36) allows us to calculate the excess occupa-
tion number #n(x’, t') after evaluation of Eg(x’, t’) and

Qx', 1.

2. Scattering efficiency and stimulated Stokes pulise

We have carried out a detailed study of the transient
stimulated Raman process generated by ultrashort light
pulses. The generated Stokes pulse is discussed rela-
tively briefly since we are mainly interested in the vi-
brational excitation. A discussion of the delay and
shortening of the Stokes pulse, the influence of color
dispersion, and the frequency chirp, is given in the lit-
erature (Carman ef al., 1970; Akhmanov, 1972).
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The experimental situation we have in mind is a
traveling-wave Raman generator. The incident laser
pulse traverses the liquid cell and builds up the Stokes
field and the vibrational amplitude from quantum noise.
Our calculations assume incident light pulses of Gaussian
time dependence with duration ¢, (FWHH). This choice
of the pulse shape is a good approximation of the single
picosecond pulses used in our experiments (von der
Linde, Laubereau, and Kaiser, 1971).

On account of the highly nonlinear character of the
stimulated Raman process, the intensity of the incident
laser pulse has to be carefully adjusted to the experi-
mental situation. In this connection, two important
parameters are relevant: the gain G and the ratio of the
pulse duration to the dephasing time ¢,/7,. The gain is
defined by

G=glx 37

where
g=(1671/cu)Kk,k,T,.

I, represents the maximum value of the incident pump
intensity, x the amplification length, and g the gain fac-
tor. The latter contains the material parameters [see
also Eq. (15)] and determines the degree of interaction
between the light field and the specific molecular vibra-
tion. Throughout the literature values of g are compiled
for numerous vibrations of gases, liquids, and solids
(Kaiser and Maier, 1972; Wang, 1975). Several ex-
amples are given in Table I; the frequency of the vibra-
tional mode v, and the spontaneous Raman linewidth are
listed together with values of the gain factor g. The de-
polarization factor pg obtained from spontaneous Raman
scattering is included in Table I to indicate the aniso-
tropy of the Raman transition (see Appendix B). It
should be emphasized that the gain factor g is of the
order of several cm/GW; i.e., laser pulses of high in-
tensity (10° W/cm?) are required for stimulated Raman
scattering in samples of several em of length.

Under steady-state conditions, i.e., for 4,/T,> 1, the
parameter G denotes the exponential amplification of the
Stokes intensity: Ig/Is,=expG. Values of G ~25 provide
efficient Stokes conversion. In the transient case, the
Stokes amplification is smaller than in the stationary
situation. The transient amplification depends in a
more complex form on the product G =gl ¥ and larger
values of G are required to produce a certain degree of
scattering efficiency.

Having introduced the relevant parameters we return
to the question of efficient vibrational excitation under
transient conditions. This situation is analyzed in Fig.
2 for two values of 7, the energy conversion efficiency
of laser into Stokes light. The energy conversion effi-
ciency is of interest since it allows an estimate of the
degree of excitation of the vibrational system. On ac-
count of the exponential growth of the excitation with
distance, the major excitation occurs within a small in-
terval at the end of the interaction length. The gain G
required to produce stimulated Stokes scattering with
efficiencies 715=0.1% and 1% is plotted as a function of
the ratio #,/T,. Going from right to left in Fig. 2, i.e.,
for decreasing values of #,/7T,, the transient character
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TABLE I. Investigated molecules and vibrational frequencies ¥,. Gain factor for stimulated
Raman scattering g; depolarization ratio p; and maximum amplification length x,,,.

Py (cm-t) 67 (cm-1) g(cm/GW)? Ps Koy (CM) Remarks

N, 2326 0.067 22 +7 0.10 35 b,c

O, 1552 0.117 22417 0.11 56 b,c
ccy, 459 1.4 1.5+0.5 0.004 48 d,e,f
CeH, 992 2.15 3.7 0.001 14 b,c,g
CH,CCly 2939 4.3 5.6 0.004 7 h,g
CH,0H 2942 26.6 1.8 0.06 11 g
C,H;0H 2928 17.4 5.1 0.056 8 g
Diamond 1332 2.04 9.2 e 7 c
Calcite 1086 1.20 5.5 “ee 6 g, i,k

2For excitation at 529 nm; cited values are corrected for this wavelength according to Egs.

(15) and (37).

PClements and Stoicheff (1968).

°Grun et al. (1969).

dLinewidth of a single isotope component.
eGorner et al. (1974).

fMurphy et al. (1967).

&Colles (1969); Colles and Griffiths (1972).
bWochner et al. (1977).

iParks (1966 and 1967).

kKiefer and Laubereau (1978).

of the stimulated Raman scattering becomes more dom-
inant. Larger G values are necessary for shorter
pulses in order to achieve the same scattering efficien-
cy Ns. This interesting behavior reflects the less ef-
fective response of the vibrational system to shorter
pulses. The two curves for n5=1% (solid curve) and
7s=0.1% (broken line) are very close together, illu-
strating the high nonlinearity of the scattering process.
Figure 2 may serve as a guide for selecting proper ex-
perimental parameters for the excitation process via
stimulated Raman scattering. The dephasing time 7T,
introduced in Eqs. (5) and (32) is the significant time
constant for the excitation of the vibrational system.

It should be noted that an energy conversion n5=1% cor-
responds to a ratio of peak intensities of approximately

gl x

5
N

Required Gain G

Ratio of Time Constants (PYAPY

FIG. 2. Required stimulated Raman gain versus pulse duration
t, for two energy conversion efficiencies ng of laser into Stokes
light. Here T, is the dephasing time of the excited vibrational
mode.
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10% since the Stokes pulse has a shorter pulse duration
and a smaller beam cross section than the incident laser
pulse.

For larger conversion efficiencies the laser pulse is
depleted by the Stokes radiation and the stimulated gain
saturates. This situation will not be considered here.

The application of Fig. 2 is illustrated by the following
numerical example: We wish to generate stimulated
Raman scattering in CH,CCl, (CH stretching vibration)
with an efficiency of 75=1% using pulses of £, =20 psec.
For 67 =5 cm™ (Table I) we estimate a ratio of £,/7,
=~ 10 and deduce a necessary gain of G~ 32 from Fig. 2.
For an amplification length of ¥ =2 ¢m and the value of
the gain constant g listed in Table I the necessary inci-
dent laser peak intensity is estimated to be I, =3 x 10°
W/cm?. If pulses of /, =3 psec were used experimen-
tally we would need G =65; i.e., a considerably higher
pump intensity of I, =9 x 10° W/cm? is required in order
to achieve the same conversion efficiency of 1%.

Concerning the amplification length x [see Eq. (37)),
the following two points have to be considered: (i)
Small values of x require a high intensity level which
may favor competing nonlinear processes, e.g., para-
metric four-photon scattering (Penzkofer, Laubereau,
and Kaiser, 1973; Penzkofer and Kaiser, 1977) or di-
electric breakdown (Bloembergen, 1976). (ii) Large
values of x introduce the problem of group velocity
dispersion. The group velocity is given by the equation
v=c(n—Adn/dX)"', where c and X are the light velocity
and wavelength in vacuo, respectively. For normal
dispersion the value of dr/dx is negative. As a result,
the Stokes pulse travels faster than the incident pump
pulse. This effect limits the amplification length to a
maximum value Xmax according to the relation: Xmax
=1, v, 05/2(vg— v;). Calculated values of X, are listed
in Table I for the case of a green pumping wavelength
(A2=0.53 um) and a pulse duration of #, =6 psec. Note
that the values of Xmax are of the order of 10 cm.
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15/ T,=0.25
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Stimulated Stokes Intensity

g
~
—

1073

Time t/tp

FIG. 3. Generated Stokes pulse vs time for a moderately tran-
sient, tp/T2= 4.0, and a highly transient, t,/T2= 0.25, situation.
The Gaussian incident laser pulse of duration t, is shown by the
broken curve. Here ng=10"2,

Examples of the time dependence of two generated
Stokes pulses are shown in Fig. 3. The intensity /5 of
the Stokes light was evaluated from Eq. (34) and plottéd as a
function of time (inunits of ¢,, the half-power pulse width of
the incident pulse). The parameter tp/ T,determinesthe
time behavior of the coherent interaction between the
laser pulse and the molecular system. Figure 3 repre-
sents a moderately transient situation of ¢,/7,=4 and a
more transient case with ¢,/7, =0.25 (solid lines). The
broken curve in the figure represents the incident Gaus-
sian pulse assumed in the calculation. It is interesting
to see the rapid rise and decay of the Stokes pulse,
quite independent of the different values of £,/T,. The
Stokes pulse is found to be notably shortened (Carman
et al., 1970). This effect is a consequence of the highly
nonlinear character of the stimulated scattering pro-
cess. Theory predicts a pulse shortening of approxi-
mately 2. The Stokes light rises over several orders of
magnitude when the pump intensity changes only by a
factor of approximately 2. The maximum of the Stokes
pulses in Fig. 3 is shifted with respect to the maximum
of the incident pulse (at £=0); time is required to build
up the material excitation and the stimulated light em-
ission. The delay amounts to a fraction of the pulse
duration depending upon the ratio 4/7,.

3. Material excitation

We turn now to the discussion of two important as-
pects of the vibrational excitation: the degree of coher-
ent excitation and the excess population in the first vi-
brational state. The interaction of the incident light
pulse and the generated Stokes pulse with the molecules
may be visualized as follows: The coherent laser and
Stokes pulse generate a force at the difference frequency
w, = wy — wg which drives resonantly the molecular vi-
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FIG. 4. Coherent vibrational excitation in units of #/mw; vs
time for three values of the parameter tp/ T, (duration of pump
pulse ¢, to dephasing time T,). Note the exponential decay of
the freely relaxing system with time constant T,/2. Calcula-
tions are made for an energy conversion efficiency ng=1% and
an interaction length x=1 cm. Here m and w, denote the re-
duced mass and the vibrational frequency, respectively.

bration [see Eq. (32)]. A well-defined phase relationship
is established between the vibrating molecules in the in-
teraction volume. This collective excitation is repre-
sented by the ansatz [Eq. (11)] for the coherent vibra-
tional amplitude where the phase relation is indicated
by the wave vector k,=k; ~ks. We emphasize the
abrupt onset and cutoff of the pumping process on ac-
count of the rapidly rising and decaying Stokes intensity
(see Fig. 3). This point makes stimulated Raman scat-
tering an attractive excitation mechanism for time-re-
solved studies of freely relaxing vibrational systems.

Examples of the coherent vibrational excitation |Q|?
are presented in Fig. 4; they were calculated from
Eqgs. (34) and (35). [Q|? is plotted as a function of time
t normalized to the pulse duration /, for three values of
the relevant parameter #,/T,. The ordinate is plotted
in units of 7z /m w,, where m and w, denote the reduced
mass and the frequency of the molecular vibration,
respectively. The calculations were made for a typical
experimental situation of x=1 cm and 5=1%.

It is interesting to see in Fig. 4 that the excitation
|Q]? grows very fast over more than two orders of 10
within a time interval of a fraction of #, (almost inde-
pendent of the dephasing time 7,). This behavior is ex-
pected from our discussion of the rapidly rising Stokes
field which drives, together with the laser field, the
coherent excitation. Similar to the Stokes pulse the
position of the maximum value of |@? is shifted with re-
spect to the maximum of the incident pump pulse at
t=0. This delay reflects the accumulative character of
the pumping process. Figure 4 indicates that the delay
of the position of the maximum |Q|2,, increases with the
dephasing time (i.e., with diminishing values of ¢,/7},).

When the pumping process has terminated, the vibra-
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FIG. 5. Excess population z of the first excited vibrational
state vs normalized time. Here n decays exponentially with
the population relaxation time 7';. Parameters are the ratios
t,/Ty and Ty/T,, where t, and T, are the duration of the pump
pulse and the dephasing time, respectively. Calculations are
performed for 1g=1% and x=1 cm.

tional excitation relaxes freely. The exponential decay
of the curves in Fig. 4 provides directly the value of
7,/2. For short pump pulses, £,/7,=0.25 and 1.0, the
exponential decay sets in shortly after the maximum.
For longer pulses, f,/T, =4, on the other hand, the
pumping process terminates more slowly and the ex-
ponential decay starts approximately a factor of 10 be-
low the maximum of the |Q|? curve (see Fig. 4).

The second aspect of the vibrational excitation is il-
lustrated in Fig. 5. We recall that for each Stokes pho-
ton emitted one molecule is promoted from the ground
to the first vibrational state. The excess population of
the upper vibrational state (v=1) is plotted versus nor-
malized time. The numerical examples are evaluated
from Eq. (36); the calculation of the Stokes field and of
the amplitude @ have been discussed earlier. Each
curve in Fig. 5 has two dynamical parameters: the
population lifetime (the energy relaxation time) T, and
the dephasing time T,. The time constants enter the
computation as ratios 4,/7T, and T,/T,. Calculated

curves are presented in Fig. 5 for values of £,/T,=1 and

4 and of T,/T,=0.5, 2, and 8. The attained magnitude
of the occupation probability » is typical and corre-
sponds to the experimental situation of x=1 cm and
Ns=1%. The rapid rise of the excited-state population
over orders of 10 is readily recognized from Fig. 5. A
comparison of the three solid curves with parameter
t,/T, =4 indicates that the magnitude and the time of the
maximum increase with population lifetime 7',. This
behavior is expected since the excess population » ac-
cumulates more effectively and over a longer time of
the pumping process with increasing 7.

Most important are the exponential parts of the curves
in Fig. 5 for larger values of {£. The individual energy
relaxation time T, determines the decay of n. The ex-
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ponential asymptote is quickly reached after the maxi-
mum for T, 2 £,/2 (see curve T,/T,=2 and {,/T, =4).

C. Stimulated Raman scattering of a homogeneously
broadened line with anisotropic scattering tensor:
Contribution of rotational motion

The more general case of a homogeneously broadened
vibrational mode with anisotropic scattering tensor (Aw;
=0, y#0) is treated now. Equations (12a) and (12b) of
Sec. II. A contain orientational averages (s, ;) and(Qszj)‘,r
which require the knowledge of a rotational relaxationtime
T,r- We drop the subscripts “or” and “4” in the follow-
ing equations.

1. Solutions

It is shown in Appendix D that Eg, and Eg, may be
evaluated separately. For the simple case of exponen-
tial rotational decay discussed there, Eqgs. (12)—(14)
are rewritten as follows:

8 ESZ =K1EL[<Q*Sl>is +<Q*sl>an]9 (38)
+ ——) (@s, Ve =tELE¥,, (39a)

4 72
o7 +7) (@80 =5 ar K EuB, (39b)

(atl ;‘_>7l Sﬁ ELESz«Q*s > +<Q*s >an) +C.C. (40)

A similar set of expressions is obtained for the Stokes
field Eg,, polarized perpendicular to the incident laser,
and for the material excitation (@s,). It is important to
emphasize that the molecules with favorable orientation
participate more strongly in the excitation process. As
a consequence, the vibrational amplitude @ is connected
in Egs. (38)—(40) with averages over the angles 8. The
collective vibrational amplitude (@s,) consists, accord-
ing to Eqs. (39a) and (39b), of two components of differ-
ent dynamical behavior: (@s,)={Qs,),+{@s,),,- The
isotropic contribution (@s,);, is governed by the vi-
brational dephasing time T, [Eq. (39a)]. The anis-
otropic contribution {@s, )a,, is strongly affected by the
rotational motion according to the relaxation time 7,
where 1/7,, =1/T, +1/7,5 [see Eq. (39b)]. Two time
constants, T, and 7,5, now determine the evolution of
the Stokes pulse and the material excitation produced

in the stimulated scattering process. It will be shown
below that {(@s,) can be directly measured with pico-
second probing techniques.

2. Stokes pulse

We first discuss the steady-state case where ¢,> T,.
Under these conditions, Egs. (38) and (39) readily yield
exponential growth of the Stokes intensity Ig < exp(gi,x).
For the Stokes field polarized parallel to the laser
field, the gain factor g, is found to be

167 4 Y 5/T,
LY. K‘KzT[ 45 a® 1+7,5/T, :| (41)

Similarly, for the Stokes component polarized perpen-
dicular to the laser field we find a gain factor g,:
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cuy

Tor/ Ty
1+7,/T, " - (42)

&L= Ky Ky Ty 1)5/“2
It is interesting to see in Eqs. (41) and (42) that the an-
isotropic tensor component y contributes to the gain of
the stimulated scattering depending upon the ratio 7,5/
T,. Rapid rotational motion (7,g/7T, < 1) reduces the
contribution of y to the stimulated scattering process.
When 7;/T,~0, we obtain the gain factor of the iso-
tropic situation [Eq. (37)] for the parallel component

E 5, and a vanishing gain for the perpendicular field

Eg,. In the limiting case of very ‘slow rotational motion
T,r /T, > 1, our equations reduce to formulas previous-
ly discussed in the literature (Bloembergen and Lalle-
mand, 1966). We see from Eqs. (41) and (42) that both
gain factors depend on 7,5/7, in a different way. Quite
generally, we can write for the ratio

&./8) Sps<0.75; : (43)

i.e., the gain factor g, of the depolarized Stokes field is
always smaller than g, of the polarized field. In a Ra-
man generator the Stokes field starts from quantum
noise and has to be amplified by a factor of 10'; the
smaller gain coefficient g, gives an amplification of
less than 10%, i.e., the depolarized Stokes field is neg-
ligible.

For the transient stimulated Raman process we do not
present extensive numerical solutions of Eqgs. (38) and
(39). Several cases of practical interest have analytical
solutions of the form discussed above in Sec. II.B. As
an example we consider fast rotational motion with
T,r < t,. In this case, elimination of (@s,);, and @sy),,
in Eq. (38) gives

_ + 1 8 K Ky|E|?
- L
8t’8x' 7-v2 axl 172

_4_ 7’2' TgR/Tz ] ESz =
'[“45 a® 1+1,,/T, B, )0 (49

This equation is equivalent to an expression which is
readily derived from Eqgs. (31) and (32) for the isotropic
case y=0. As a result, the Stokes field given in Eq.
(34) represents also a solution for Eq. (44) after replac-
ing b by b’ when 0’ =k, {1 +4v?1,5/[45a%(7,5 + T,)| },
The time dependence of the Stokes pulse described by
Eq. (44) for y# 0 and Tz < {, is identical to the situation
for isotropic scattering (see Fig. 3).

3. Material excitation

Of special interest is the vibrational excitation pro-
duced in the anisotropic stimulated scattering. Once the
stimulated Stokes field has been evaluated, Egs. (39a)
and (39b) yield the two components {@s,);; and {@s,),, of
the coherent, vibrational excitation. The ratio of the
peak amplitudes is estimated to be

(@spm>| 4 > 7
~¥2yaen = 7 an
Qs | 15 a7 T, * (45)

Equation (45), which holds exactly for the steady state,
gives an estimate of the relative contribution of the an-~
isotropic part {@s,),, resulting from molecular orienta-

tion. For most of the molecular vibrations investigated .
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FIG. 6. Total coherent excitation vs time (solid curve) for a
vibrational mode with anisotropic scattering tensor. Here a
and Y are the symmetric and anisotropic contributions, re-
spectively. The isotropic and anisotropic excitation is depicted
by the broken and dotted curve. T,r denotes the rotational re-
laxation time.

so far in stimulated Raman scattering, the right-hand
side of Eq. (45) is smaller than 1072,

Equation (45) gives a significant orientational contri-
bution for large anisotropy and slow rotational motion.

The time dependence of the coherent excitation pro-
duced in the general case of v #0 is calculated as
follows: The coherent vibrational excitation is numeri-
cally evaluated from Eqgs. (38) and (39). The chosen
parameters are t,/T,=1, T,5/T,=0.5, and y/a=5 (P,
=~ 52%). The isotropic and anisotropic components,
K@s 2 P and K@s ), P, and the total vibrational excita-
tion KQ@s|? = K@s )i +{@s ). |? are plotted in Fig. 6 as
functions of time. Time zero denotes the maximum of
the incident laser pulse of Gaussian shape. The exci-
tations K@s,) [ and K@s ), |? (broken and dotted curves
in Fig. 6) rise to a maximum at slightly different times.
A ratio'of the peak values of 1.8 is seen in the figure.
From Eq. (45) we estimate a ratio of 1.5 for the para-
meters given above. Of special interest is the time
dependence for later times, where the stimulated exci-
tation process has terminated and the molecular system
relaxes freely. (@s,), decays according to the vibration-
al dephasing time 7,, while {@s,),, decreases more rap-
idly at a rate of 1/71,,=1/T, +1/7,z. As a consequence,
the time evolution of the total vibrational excitation is
strongly affected by the orientational motion. During
the excitation process, molecules with favorable orien-
tation become preferentially excited. Immediately fol-
lowing the pumping process, the excitation decays con-
siderably faster on account of orientational averaging.
Two orders of magnitude below the maximum of [(@s,) [,
the coherent excitation turns to an exponential slope
with time constant T,/2. Our example of Fig. 6 demon-
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strates that for our specific case, rotational motion
contributes substantially to the relaxation of the coher-
ent excitation. We note that molecular vibrations with
depolarization factors of the magnitude chosen in this
example have not yet been excited in stimulated Raman
experiments.

In many practical cases, the values of y and 7,5/7,
are small and the contribution of molecular rotation to
the time evolution of the material excitation may be
neglected. This fact is considered to be an important
advantage of time-resolved investigations of molecular
vibrations.

D. Stimulated Raman scattering of an inhomogeneously
broadened line with isotropic scattering tensor

This section is devoted to the coherent excitation of
more complex vibrational modes. First, we study
normal modes with different isotope components (II.D.2).
For molecular vibrations with a large isotope effect,
the spontaneous Raman spectrum exhibits a distinct
line splitting; for a small isotope effect, the spontane-
ous spectrum does not resolve the individual compon-
ents. It will be shown below that coherent light scatter-
ing allows us to measure the dephasing time T, (i.e.,
the homogeneous linewidth) of individual isotope com-
ponents even for unresolved Raman bands.

Next we investigate vibrational modes with a contin-
uous distribution of frequencies. A distribution of re-
sonance frequencies occurs on account of varying mole-
cular surroundings. The best known examples are hy-
drogen bonded molecules where wide inhomogeneously
broadened Raman and infrared bands have been ob-
served. In general, spectroscopic investigations do not
permit us to distinguish between homogeneous and in~
homogeneous line broadening factors. In fact, there is
very little quantitative information about an inhomogen-
eous contribution to the many vibrational modes. The
a priori assumption of a homogeneously broadened vi-
brational line is not justified in many liquid systems.

It will be demonstrated in Sec. II.D.3 that transient
coherent excitation of condensed matter offers the
possibility of measuring separately the homogeneous
and inhomogeneous contribution to the Raman line of an
individual vibrational mode.

1. Starting equations

We restrict our calculations to the case of an isotrop-
ic Raman scattering tensor. It has been pointed out in
Sec. II.C that the anisotropy of the scattering tensor
givesnegligible contributions to the excitation process
in most practical cases. The set of equations (12)—(17)
simplifies considerably for y =0. The Stokes compon-
ent polarized perpendicular to the incident light field
vanishes, Es,=0. The excitation proceeds independently
of molecular orientation: s,;=1,s,,=0 [see Eq. (16)],
and the brackets ¢ ) denoting an average over the ori-
entational distribution may be omitted. Equations (12)—
(14) are rewritten as follows:

8 1 8 ‘ .
(E + T 5{') ESE= KlEL ; );Q;" exp(—z ijt) s (46)
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at | T,

2 1) -2 gE  Aw, 1) 48
8t+T1 ny= 7 Eo t.exp(fAw;t) +c.c., (48)

where we used the abbreviations

AW; =Wy — Wg=W; (49)
and
_ arwiN ___a(1-2%) (50)
1 Cst ’ 2 4m(wL__ ws)

Equation (49) is identical to Eq. (17) and is repeated to
give a complete set of equations. The subscript z of the
Stokes field will be dropped in the following. We recall
that the sum }7; on the right-hand side of Eq. (46) has
to be carried out over all components j of the vibration-
al system and that Eqs. (46)—(50) were derived for the
ansatz of plane waves for the laser and Stokes field
[see Eq. (2)]. The monochromaticity of the stimulated
Stokes emission is considered in Appendix E. Phase-
matching 2; =%, — k¢ is established for all vibrational
components during the stimulated excitation process.

One important aspect of the coherent excitation of a
distribution of frequencies is readily seen from the
limiting case of a very short excitation pulse where
|Aw;t,|<< 1. In this case the factors exp(—iAw;!) of
Eqgs. (46) and (47) are approximately equal to unity and
may be neglected. As a result, the coherent amplitudes
®; build up with equal gain;i.e., we obtain |@,;|=Q. In
addition, the short excitation pulse prepares the differ-
ent molecular species with approximately equal initial
phases. When the incident pump pulse has passed the
medium the stimulated excitation process rapidly term-
inates and the molecular components relax freely. The
collectively vibrating components decay with the de-
phasing time T,. The total vibrational excitation, which
is a superposition of the amplitudes (¢, shows inter-
ference effects. For example, for the case of isotopic
line splitting with constant frequency difference, a
(damped) beating phenomenon is expected with repetitive
maxima and minima.

Experimentally, we work with pulses of finite dura-
tion. To calculate the excitation process we introduce
explicitly a phase factor ¢; for the vibrational compon-
ent j:

Qj= ,QfleXp(i¢j)- (51)

Substituting this expression in Eqgs. (46) and (47) readily
gives the following set of coupled equations:

(:_x_;,%:—t>Es=KIELZJffIQ,Icos(Aw,t+¢j), (52)
5 1 \

(8_t_ +~f> |Q;1=K,ELEg cos(Aw;t+¢),), (53)

%¢j+—'{2%?isin(ijt+¢,)=0. (54)

The field amplitudes E; and E¢ are taken to be real. It
is pointed out in Appendix E that a constant phase of the
Stokes field develops during the excitation (after an -
amplification of several ordersof 10). The imaginary
part of Eq. (46) yields a supplementary condition defin-
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ing the frequency position of the Stokes pulse:
D f:1@,| sin(aw,t+¢,) =0. (55)
i

wg enters Eq. (55) implicitly via Eq. (49). For a symme-
tric frequency distribution of the vibrational system the
Stokes emission occurs according to Eq. (55) at the
center frequency of the spontaneous Raman line (where
Aw; =0).

Equations (52)—(55) describe the time evolution of the
coherent vibrational excitation represented by the set
of amplitudes @; and phases ¢;. Solutions are presented
in the next two sections for two specific cases. The
development of the excited-state population n; deter-
mined by Eq. (48), is similar to the results of Sec.

II.B for a homogeneous line and will not be discussed
here.

2. Equidistant neighboring vibrational levels

Vibrational modes with discrete, equally spaced vi-
brational levels are investigated in this section. Such
a situation occurs, for example, when the molecules
consist of different isotope species. Due to the slightly
different masses of the vibrating atoms, the resonance
frequencies are shifted. The present discussion is re-
stricted to constant frequency spacing Aw of the vibra-
tional levels. We assume a small line splitting and cor-
respondingly small phase factors during the excitation
process. The condition |Aw;t+¢,;|< 27 is equivalent to
moderately short pulses, JAw;,|S 1, and applies to the
experimental situation discussed in Sec. V.B.

Expanding the phase factors in Eqgs. (52)—(55) to first
order we obtain:

2 1 8
(g + 7 ﬁ) ES = KlELQ, . (56)
d 1
(‘5? +T2> Q=k,EEg, (57
o+ TS (awtrg) -0, (58)
ws=%-2_f1wj- . (59)

f; denotes the relative number density of molecules
(20;f;=1). Equations (56) and (57) show that phase-de-
pendent terms have canceled infirst order. As a re-
sult, the individual components are excited with equal
absolute value @ =| Q,] of the vibrational amplitude.
Equations (56) and (57) are identical to the case of a
single vibrational component [see Sec. I.B, Eqgs. (31)
and (32)]; they may be solved independently of Eq. (58).
A Stokes pulse is produced in the same way as calcu-
lated for a homogeneously broadened molecular vibra-
tion. Solutions of E5 and @ have been discussed in Egs.
(34) and (35) in terms of Bessel functions of complex
arguments. The transient stimulated Stokes emission
grows as if the small frequency shifts Aw, were absent.
Accordingly, the total number density N contained in
the parameter «, enters the stimulated gain factor G in
the present calculation: G =2T,k,x, E%,msd, where I de-
notes the length of the sample [see Sec. II.B, Eq. (37)].
This result differs from the steady-state stimulated
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Raman process (f,> T,), where the maximum gain is
proportional to N f;/[1 +(AwT,)?].

With Eg and @ known, the phase factors ¢; of the in-
dividual species j can be evaluated with the help of Eq.
(58). We find

;i =—Aw;t+y;, (60a)
~ where
~ t , =t Q( t/)
Y= ij[” dt exp( T, )T(t)— . (60b)

¢; denotes the phase shift between the individual vibra-
tions and the driving force; numerical calculations indi-
cate that ¢; is weakly time dependent during the stimu-
lated excitation process. The phase factor ¢, contains
theterm — Aw,¢. Consequently, Eq. (11) together with
Eqgs. (49), (51), and (60a) gives a coherent amplitude
(g;) oscillating with frequency w, =wy — ws. In fact, the

. molecular species are coherently driven with the fre-

quency difference w; — wg of the total exciting field.
The situation is similar to the well-known behavior of
harmonic oscillators, which are excited under off-
resonance conditions.

The magnitude of ¥; depends on the ratio ¢,/7,, pulse
duration to dephasing time. Short excitation gives
small values of ¢; as is illustrated by the following nu-
merical examples. In the steady-state situation, #,/7T,
> 1, Eq. (60b) yields ¢;=Aw,T,. In the transient case
we find values of ¢;~0.4Aw;T,, 0.1Aw,T,, and 0.02Aw,T,,
respectively, for Gaussian pulses of duration ¢,/T,
=25, 0.5, and 0.1. For very short pulses, one finds
¢;~0, as was pointed out at the beginning of this sec-
tion.

When the excitation process has terminated, each
vibrational component oscillates with its resonance
frequency w;. At times £2 ¢, the phase factor ¢, has
reached a constant value:

J o dtt ELEg exp(t/T,)
Jowdt ELEsexp(t/T,)

D)0 = —AW; (61)

Equation (61) determines the phase relation of the dif-
ferent vibrational components at the end of the excita-
tion process. The results derived here hold for an en-
semble of vibrational systems disregarding intermole-
cular forces. The spatial variation of ¢; ., will be dis-
cussed in Sec. III.A.4.

A numerical example for the coherent excitation of a
vibrational system with isotopic substructure is shown
in Fig. 7. Calculations were made for three molecular
species of relative abundance 1:0.5: 0.5 and the para-
meter values AwT,=7/4, t,/T,=0.5,using Eqs.(57)-(59).
The parameters chosen refer to the tetrahedron vibra-
tion of carbon tetrahalides. The total vibrational exci-
tation @, of the system is represented by the coherent
superposition of vibrational states:

Qtot = ,zj: f,(CI,>'= ij Qexp(—iwjt+¢j) . (62)

IQtot lz is plotted in Fig. 7 as a function of time (solid
curve). ¢=0 marks the maximum of the excitation pulse.
The vibrational excitation rapidly rises to a delayed
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FIG. 7. Calculated coherent vibrational excitation of three
molecular components vs time ¢/t, (equal frequency spacing
Aw; relative abundance 1:0.5:0.5). The solid curve repre-
sents the beating due to the superposition of the vibrational
excitations. The broken line indicates the vibrational excita-
tion of one molecular component.

maximum at ¢/#,= 0.9, For later times ¢ the stimulated
process rapidly terminates and the three isotopic com-
ponents relax freely. It is interesting to see the beat-
ing phenomenon which decays exponentially with de-
phasing time T, (note broken envelope line). The os-
cillatory behavior shown in Fig. 7 is a direct conse-
quence of the phase relationship established in the exci-
tation process and the frequency spacing Aw of the iso-
topic species. The ]th |2 curve inthe figure displays
the resulting maxima and minima with beat period of
27/Aw. Experimental data on the collective beating are
presented in Sec. V.B. :

3. Distribution of vibrational components

After the discussion of a vibrational system with dis-
crete levels of a small frequency difference, we inves-
tigate the more general case where a normal mode is
frequency broadened by a continuous distribution of vi-
brational states. The set of differential equations which
governs the vibrational system has been derived above
[Eqgs. (52)—(55)]. The phase terms in these equations
will be retained to account for frequency shifts Aw; and
associated phases ¢;. We have obtained numerical so-
lutions of the coupled differential equations and will
briefly discuss our results in the following. A distri-
bution function f(Aw;) of Gaussian shape is assumed for
the vibrational mode. This special choice is supported
by theoretical arguments for stochastic processes.

At this point, we should comment on the use of the
subscript j to characterize individual components of the
vibrational distribution. It is advantageous for the
theoretical treatment and for the present discussion to
consider a quasicontinuous distribution where mole-
cules within a small frequency spread dw belong to a

Rev. Mod. Phys., Vol. 50, No. 3, July 1978

A. Laubereau, W. Kaiser: Investigations with picosecond light pulses

vibrational component j with number density Nf;. In
our calculations we make dw<< 1/T, for each molecu-
lar component j with resonance frequencies w; +0w/2.
The molecules of each subgroup display equal phase
shifts during the stimulated excitation process. The.
notation used here is certainly not unique. Equations
(52) and (55) may easily be converted to a continuous
distribution replacing the sum E, by an integral fd(A w)
and using f(Aw), @(Aw), and ¢(Aw) instead of

fi, @, and ¢;, respectively. Introduction of integrals
in the coupled partial differential equations (52)—(56)
does not change the physical situation. In numerical
calculations one returns to the quasicontinuous distri-
bution discussed here.

We present now our numerical results for the coup-
led differential equations (52)—(55). The time depen-
dence of the stimulated Stokes pulse is found to be simi-
lar to the case of a single vibrational constituent (see
Fig. 3 in Sec. II.B). Our main interest is focused on the
vibrational excitation which has a time evolution as de-
picted in Fig. 8. A fairly broad distribution of width
dw;,, T, =45 and a duration of the pumping light pulse
t,/T,=0.5 are assumed in the calculation. The excita-
tion |@;|? is plotted versus time in units of the pulse
duration f, for the band center Aw;=0 (broken line).
The exponential decay with time constant T2/2 should
be noted. Of interest are the data on the total vibra-
tional excitation |@..|? (solid curve in Fig. 8), where
Q¢ represents the coherent superposition of the vibra-
tional distribution defined by Eq. (62). We emphasize
the different time behavior of the |@,|? curve. The ac-
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FIG. 8. Calculated coherent excitation of a vibrational system
with a (Gaussian) distribution of transition frequencies. The
solid curve represents the total vibrational excitation with
rapid nonexponential decay due to destructive interference of
the various components. The broken line shows the time be-
havior of a molecular subensemble with negligible spread of
transition frequencies; the exponential decay with time con-
stant 7,/2 should be noted.
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FIG. 9. Maximum coherent excitation of an inhomogeneously
broadened vibrational system vs frequency position for differ-
ent values of ,/T,. Aw;=0 denotes the band center.

celerated, nonexponential decay of the solid curve re-
sults from destructive interference between the vibra-
tional components which are excited with well-defined
phases ¢;. It is obvious from Fig. 8 that we have to
select one vibrational component out of the total exci-
tation in order to learn the value of T,. It will be shown
below that indeed one vibrational component can be
studied by probe scattering under carefully selected
experimental conditions.

The vibrational amplitudes of the various components
depend on their frequency position Aw;. This point is

T, x 3¢,/ dt
N
I

o
]

i
~
T

Instantaneous Frequency

'
~
|

Time t/tp

FIG. 10. Instantaneous frequency quj/ ot of various suben-
sembles of the vibrational system (labeled by their transition
frequency position Aw;) during and after the excitation pro-
cess. Here t=0 denotes the maximum of the pump pulse.
During the excitation process (¢/%, ~0) the molecules are driven
with the same frequency w; —wg; after the excitation they re-
turn to their individual resonance frequencies w;.
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elucidated in Fig. 9. The maximum excitation [Q;max|?
is plotted as a function of the distance Aw; from the -
center of the frequency distribution (where Aw;=0).
Figure 9 presents theoretical data for different values
of the ratio pulse duration to dephasing time, ¢,/T,.
The solid curves are calculated for values of ¢,/T, =0.5
and 2, respectively. The broken line represents the
steady-state situation, 4,/T, -, and corresponds to
the well-known resonance curve of a driven harmonic
oscillator under stationary conditions. It is interest-
ing to see in Fig. 9 that the bandwidth of the compon-
ents which participate in the stimulated Raman process
is significantly larger in the transient case than in the
steady-state situation. For example, the excitation of
the molecules occurs over a frequency bandwith

dwexc T, =22 for ¢,/T,=0.5. This value exceeds the
steady-state value by a factor of 11. Figure 9 shows
that a larger fraction of the total molecular ensemble
interacts with the incident laser pulse when the exci-
tation process becomes more transient.

As discussed in the previous section, the vibrational
components do not oscillate with their resonance fre-
quencies during the excitation process; they display
driven vibrations close to the frequency difference wg
— wg of the light fields. This behavior is illustrated in
Fig. 10 for a transient situation with ¢,/7, =1. The
normalized instantaneous frequency T,Aw=T,8¢,/d¢ is
plotted versus time f for several vibrational compon-
ents j. £=0 marks the maximum of the exciting laser
pulse. It is readily seen from the figure that the in-
stantaneous frequency is pulled towards Aw=20 during
the excitation process. When the vibrational excitation
has terminated, i.e., for ¢/4,> 1, the vibrational com-
ponents j shift to their respective resonance frequen-
cies w; where Aw=Aw;. The frequency changes of the
individual components j during the free relaxation are
important for the investigation of the vibrational dis-
tribution with coherent probe pulses. This point will
be treated in Sec. III.A.

E. Excitation by resonant infrared absorption

In the previous sections the excitation of one normal
vibrational mode via stimulated Raman scattering has
been discussed. The frequency of the incident light
pulse is not in resonance with the vibrational (or elec-
tronic) transition frequencies of the molecular system.
In this case the interaction Hamiltonian of Eq. (4). pro-
vides the relevant coupling mechanism. This section is
devoted to a different physical situation. The frequency
of the incident light pulse coincides with the resonance
frequency of the vibrational mode of interest. For opti-
cally allowed transitions the electric dipole coupling
determines the propagation of the resonant incident
pulse.

The frequency of the required light pulses ranges—
corresponding to the normal mode frequencies—from a
hundred to a few thousand wavenumbers; i.e., dynami-
cal investigations using electric dipole interaction ne-
cessitate ultrashort pulses in the infrared. The absorp-
tion properties of specific liquid samples in this spec-
tral range are available from standard infrared absorp-
tion spectroscopy. In this section we investigate the
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vibrational excitation generated by infrared absorption
of an intense resonant pulse of picosecond duration.
Both the coherence and the time scale of the incident
pulse introduce new and interesting features to the
absorption process.

1. Macroscopic variables

In the past decade the electric dipole interaction be-
tween 'light pulses and two-level systems has received
considerable attention (for reviews see Kryukov and Letok-
hov, 1969, Courtens, 1972, and Sargent, Scully and Lamb,
1974). Several striking phenomena have been predicted
and experimentally observed fo r the propagation of short
pulses in resonant media (Kurnit, Abella, and Hart-
mann, 1964; Tang and Silverman, 1966; McCall and
Hahn, 1967; Patel and Slusher, 1967 a and b; Gibbs and
Slusher, 1970; Brewer and Shoemaker, 1971; Grienei-
sen et al., 1972; Grischkowsky, 1973; Aartsma and
Wiersma, 1976). Photon echo, optical nutation, and
self-induced transparency are optical counterparts to
the coherent phenomena observed for magnetic dipole
transitions of spin systems. We point to the extensive
literature on the latter subject (Abragam, 1961;
Slichter, 1963).

Previous optical investigations were performed on
metal vapors or molecular gases at low pressure and
with doped solids at low temperature. In these systems
the dephasing times T, are long (>107® sec) and it is
possible to work with standard electronically switched
light pulses of £,<T,. Relatively high population den-
sities are readily generated with these long laser pulses
of medium-intensity levels. The present treatment con-
siders the situation in liquids where a high molecular
density is combined with very short dephasing times of
the order of 107** sec. Our calculations differ from
previous publications in various respects:

(i) Rapid rotational motion of the molecules which
proceeds in many liquids at rates comparable to the
vibrational dephasing is included.

(ii) Analytic solutions of the equations of motion for
arbitrary values of the incident pulse duration ¢, and
time constants T, and T, of the vibrational transition
are presented. These results are obtained for small
changes of the excited-state population << 1. As shown
below, such a situation prevails in many liquid systems.

Our discussion starts with the ansatz for the electro-
magnetic field

E = LE(x, t)exp(ikx — iwt) +c.c. , (63)

where E is the complex amplitude of a light pulse of
frequency w. For simplicity we assume linear polariza-
tion of the field in the z direction. The propagation of
the light pulse in the x direction is governed by the wave
equation [Fq. (1)],

wZ+2 92Pp

B I
¢ 2 3 at?

ax2 ~ ¢%  ot?

1 and y denote the index of refraction and absorption co-
efficient, respectively, resulting from the nonresonant

part of the interaction of the field with the medium. The
resonant part of the interaction is described by the mac-
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roscopic polarization on the rhs of Eq. (64). A local
field correction is included.
The ansatz for the induced polarization is

B=LP(x, t)explikx — iwt) +c.c. ) (65)

Since the incident field is assumed to be polarized in the
z direction, only the z component of the induced polariz-
ation is considered in Eq. (65). As in Sec. II.A (for the
Raman transition) we use the slowly varying envelope
approximation; i.e., the envelope functions E(x, ) and
P(x,t) are assumed to vary little within an optical period
or wavelength. Neglecting second-order derivatives of
E and P as well as 9P/ot and y9E/3t we obtain from Eqgs.
(63)—(65)

3 1 8 9\, .2710 p?+2
<8x+v 8t+2)E—t o 3 P. (66)

The group velocity v is calculated from the nonresonant
parameters of the medium. Equation (66) relates the
coherent electromagnetic pulse described by the field
amplitude E to the polarization P of the resonant medi-
um; the latter contains the dynamic response of the
molecular system. The specific properties of P have to
be calculated from a microscopic theory before the
pulse propagation in the medium is evaluated.

2. Equations of motion

The resonant coupling of the incident electromagnetic
field to the vibrational transition is expressed by the
Hamiltonian

H=H" - pE,, cosé. (67)
C

H° refers to the unperturbed system; the second term
in Eq. (67) represents the interaction Hamiltonian with
dipole operator p. The factor E , cosé is the local field
component parallel to the induced dipole moment of the
individual molecule. The angle 8 denotes the molecular
orientation with respect to the z axis. It should be noted
that vibrational and rotational coordinates are sepa-
rated in the interaction potential of Eq. (67). In con-
trast to the vibrational motion, the molecular rotation
will be treated purely classically. This approach is
justified since the rotational quanta are much smaller
than 2T and the rotational motion is strongly hindered;

On account of the sharp resonance of the interaction
potential in Eq. (67), only -two levels, the ground and
first excited state of the specific vibrational mode, in-
teract with the incident field. Higher vibrational tran-
sitions may be neglected because of anharmonic fre-
quency shifts. The equations of motion of the two-level
system are discussed in Appendix A. The strong anal-
ogy with the Raman interaction is pointed out in this
appendix. For simplicity we restrict our discussion to
a homogeneously broadened vibrational system excited
exactly at resonance. Writing for the expectation value
of the induced dipole moment

(D)= 5{pyexp(ikx — iwt)+c.C., (68)
one arrives at the differential equations

1 2 T2
({%;,7‘_2.)@):1'—7;2“—;—ZEcose[l—z(nw_z)], (69)
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<i+_l_>n=i—1— p2+2 E (pycosé+c.c. (70)

ot T, an 3
Two quantities describe the instantaneous state of the
molecular ensemble: the amplitude (p) of the transition
dipole moment and the occupation probability » of the
first excited vibrational state in excess of the equilib-
rium value #. The two dynamic variables behave dif-
ferently in time according to the individual time con-
stants T, and T, which have been discussed in Sec. II.A.
P.» denotes the off-diagonal matrix element of the tran-
sition dipole moment. A local field correction (u?+2)/3
is introduced in Eqs. (69) and (70) (Pantell and Puthoff,
1968). Comparing the dipole coupling in Eq. (67) with
the Raman interaction of Eq. (4) we see a close relation-
ship between the dipole transition moment {p) [Egs. (67),
(68)] and the expectation value of the normal mode oper-
ator {g), [Eqgs. (11) and (13)]. In fact, the two quantities
(P and (g) are proportional with the proportionality fac-
tor depending upon the specific molecule and the sym-

metry of the specific vibrational mode. () is connected "

to a local separation of charges and is represented by a
vector, while {(g) is a scalar measuring the vibrational
amplitude. As a result, molecular rotation affects the
time evolution of (p) and {g) quite differently. In order
to evaluate the component P of the total polarization
which points in the direction of the external field we
have to calculate the average of (p)cosé over the rota-
tional subensemble. After integration of Eq. (69), the
orientational average has the form

_.PE p+2
<<P>0059>m—l u 3

t ’
x f At’ exp (1—,;—5)}20')
-c0 2

x[1 - 2(n+7) [{cos 6(¢) cos 6(t')),, -

(71)

We recognize the rotational correlation function
{cos6(t)cos6(t’)),,, which has been discussed in connec-
tion with the analysis of infrared absorption bands; it is
different from the rotational correlation function entering
the Raman effect (Lascombe, 1974) (see Sec. II.C).

The effect of orientational motion on the dynamical re-
sponse of the liquid molecules is illustrated for an expo-
nential decay of the rotational correlation. This time
dependence is expected for the case of rotational diffu-
sion and for times ¢ =1 psec.

1 ={cos6(t) cos6(t")),, =~ sexp(—|t —t'| /TiR) - (72)

Equation (72) defines an orientational relaxation time
T, Which differs from the time constant 7,; by a factor
of 1-3, depending upon the physical processes which
determine the rotational relaxation (Bartoli and Lito-
vitz, 1972).

Substitution of Eq. (72) in Eq. (71) and differentiation
give the desired expression for ((p)cesé), replacing Eq.
(69): . -

(% A —1)<<p>cos6>o,

T, Tir

by H2+2
n 9

= E[1-2(n+n)]. (13)
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We note that the rate of vibrational dephasing and orien-
tational motion add in the relaxation term of Eq. (73).

3. Fundamental equations

We are now in a position to present the differential
equations describing the resonant interaction of an in-
frared pulse with a molecular vibration of the liquid.
The component of the polarization P parallel to the in-
cident field is the linear s:upe rposition of the correspon-
ding dipole moments of the molecular ensemble with
number density N; i.e., P=N{(p)cosb),. From Eqgs.
(66), (70), and (73) we obtain the following set of dif-
ferential equations:

<3
—+
ax

<i+ i)p=ix2E[1 -2m+m)],

10 7
=2y Z>E=iA,P,

v 9t 2 (74)

8t T (75)

9

1
—_— — =1 * _ E*
(at+ T1>n iN,(EP* —-E*P), (76)

where we use the abbreviations

2rw(m2+2)

A= L
1 3uc

s

(1)

tion by
(78)

i.e., both vibrational dephasing and orientational motion
lead to a decay of the macroscopic polarization P in the
liquid. Equations (75) and (78) indicate that dynamic
studies of the induced polarization do not, in general,
provide the dephasing time T, associated with the vibra-
tional transition. Correspondingly, measurements of
the line shape in ir spectroscopy represent a convolu-
tion of the vibrational dephasing and rotational motion.

Equations (74)-(76) predict transient phenomena con-
nected with the resonant absorption of a homogeneously
broadened vibrational transition. For small light inten-
sities enhanced transmission of short pulses was calcu-
lated by Crisp (1970) and experimentally observed in
gases by Hamadani et al. (1974). Nonlinear coherent
phenomena (e.g., self-induced transparency) are de-
scribed by the same equations [(74)-(76)] for intense
pulses with considerable population changes » (see lit-
erature on gaseous systems cited above).

In liquids, the excess population which can be gener-
ated by ultrashort pulses is quite small. Experiment-
ally we have values of #< 102 even for high peak inten-
sities of 10° W/cm®. We note that the electric dipole
transition moments in the infrared have moderate values
and that the ultrafast relaxation processes in liquids
require excitation pulses of a few picoseconds. The fol-
lowing numbers should illustrate the situation: a CH
stretching mode of #=3000 cm™ with maximum absorp-
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tion coefficient of ¥y =500 cm™ is excited with a pulse of

peak intensity 7=10° W/em? and duration ¢{,=4 psec. In
a liquid with number density of N=10%2 cm™ we esti-
mate #=5X10"2 from the formula # = 2yIt,/N% w (popula-
tion relaxation is neglected).

For n<1, Egs. (74) and (75) may be solved indepen-
dently of Eq. (76). Transforming to a moving frame, x’
=x, t'=t— x/v, and eliminating P in Eq. (74), we obtain
a partial differential equation of second order:

82 1 o y 9 2
e - ° ,r 9 Y lE=0. 79
[3x’3t’ PT e v g B Tkt 2T]E 0 (79)

Substitution of the field amplitude E in Eqgs. (74) and (75)

E(x', t")=E(t’) exp(=yx'/2) — A A, x" exp(—yx'/2)

< [ "t expl=(t" = ") /T Byt @A (1 = 1) 1/2) [rag (87 — £7)] 102
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gives the same expression for the macroscopic polariza-
tion P. Equation (79) has to be integrated for the initial
conditions: A known input pulse enters the sample at
position x’=0; no field E and no polarization P are pre-
sent for ¢/ - —co:

E(x,g _ao) :0 ;
E(0,t")=Eq(t'); (80)
P(x',—x)=0.

The initial field E, is assumed to be real. Using Rie-
mann’s method we find the following solution of Eq. (79)
satisfying our initial conditions [Eqs. (80)]:

(81)

Using Eq. (81) in Eq. (74) yields the corresponding solution for the polarization:

. —'7x ¢ =t ” 1y my/2
P(x’,t’)=z7x2exp—2—f dt” exp( — Eo(t") oA 2% (8 = ") [H2) .

T

(82)

Jdy and J, denote the Bessel functions of zero and first order. The factor i on the rhs of Eq. (82) indicates a phase
shift of 7/2 of the polarization with respect to the light field E. Using the expressions for E and P, the excess popu-
lation generated by the interaction process is readily evaluated from Eq. (76):

tl

.
n(x’,t')= Zhaf dt” exp (—

We recall that Eqs. (81)—(83) are valid for homogeneous
vibrational systems at resonance and for small changes
of the occupation number, n <« 1. The equations hold for
arbitrary values of the time constants T, T,, and f,; in
addition, they are applicable to any shape of the incident
pulse.

4. Discussion

First we investigate the solutions (81)-(83) for two
limiting cases. Input pulses are considered which are
very long or very short as compared to the time con-
stants T and T,. Analytical expressions can be derived
which provide direct insight into the nature of the in-
coherent and coherent absorption process. The inter-
mediate situation, where the three parameters 7', T,,
and £, are of comparable magnitude, is discussed sub-
sequently.

The limiting case of long pulses, t,>T,T,, represents
the steady-state situation of conventional infrared
transmission spectroscopy. Under these conditions the
amplitude E, is treated as a constant factor in Eqs. (81)
and (82). Integration over the Bessel functions yields

E(x',t")=Ey(t) exp[ -(7/2 + A 2, T)x'], (84)

Px',t")=(ET)E(x', t'). (85)
From Eq. (83) we find

n(x’, t') = 20, 0,TT, |E(x', t")|?. (86)
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- tll
) |E(x!, )P (x, t7)] .
Tl

(83)

We note that Eqs. (84)—(86) may directly be obtained
from Eqgs. (74-(76), neglecting time derivatives of

P and n. In Eq. (84) we see the well-known exponential
decrease of the light field with distance in a resonant
medium (Beer’s law). The absorption coefficient may
be used to determine the dipole transition moment p,,
contained in the coupling coefficient A, [see Eq. (77)].
We introduce the maximum absorption coefficient y of
the infrared absorption band. Neglecting the nonreso-
nant absorption, y <y, we have

ye 20T, (87a)
which gives
52, = 2Tuc nooy (87b)

4r(1?+2° NT w °
This expression refers to a homogeneously broadened
absorption line at resonance. The linewidth &7y ob-
served in ir spectroscopy, on the other hand, allows an
estimate of the time constant T which is the relevant
lifetime for the induced polarization P in the absorption
process. The exponential relaxation of Eq. (75) leads
to a Lorentzian band shape of width (FWHH) in units of
cm™:

oDy = (meT)™t, (88)

Equations (88) and (78) show that vibrational dephasing
and rotational motion contribute to the width of the
absorption band (Gordon, 1965).
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Next, we briefly discuss the limiting case of the tran-
sient response of the absorbing medium to a very short
excitation pulse. £, should be small in comparison to

"the relaxation time T for a given interaction length yx’,
i.e.,

t,<T and T/yx'. (89)

In this case, the factors J,(x)/x and J,(x) under the in-
tegrals of Eqs. (81) and (82) are approximately con-
stant during a small time interval around the maximum
of the short incident pulse at ¢’ =fmax. Equation (81)
gives

E(x',t') = Eo(t’") exp(~7x' /2)

- 1;— exp[-¥x"/2 = (' =t max) /T

Jy([2yx" (' = tax)/T P2
' [27x’(t, - max/T]IE

!
f At"E(t") .

(90)

A corresponding expression is obtained from Eq. (82)
for the polarization P. It is interesting to notice a
significant change of pulse shape due to the second term
on the rhs in Eq. (90). The pulse propagation in the
medium displays an extended decaying part with oscil-
latory time behavior which results from the Bessel
function J;. Most important, the electromagnetic pulse
travels—apart from the nonresonant absorption term —
essentially without losses through the resonant medium.
This transparency effect occurs without notably popu-
lating the upper vibrational state (z <« 1); it is'inde-
pendent of the intensity level of the input pulse and dif-
fers from self-induced transparency. The transient
transparency predicted by Eq. (90) is a consequence of
the short duration of the interaction; dephasing pro-
cesses do not disturb the coherent response of the me-
dium (small area pulse propagation).

We turn now to the intermediate situation where the
parameters T, T,, and ¢, are of comparable magnitude.
This case is of particular interest for our experimental
investigations. We have evaluated numerical examples
with the help of Eqs. (81) and (82). Input pulses of
Gaussian shape and half-width (FWHH) ¢, were assumed
in the following calculations.

We consider a physical system with a constant linear
absorption coefficient y; i.e., according to Eq. (87b) we
have p2, T =const. The penetration depth x, into the
resonant medium was calculated for a decrease of peak
intensity of the input pulse by a factor of e and plotted
in Fig. 11 versus the ratio of pulse duration £, to effec-
‘tive dephasing time T. For large values of £, (rhs of
Fig. 11) the interaction process approaches the steady-
state situation where yx,=1; i.e., we have Beer’s law.
For shorter pulses (lhs of Fig. 11) the increasing values
of the penetration depth x, and the corresponding smaller
propagation losses are due to the transient character of
the absorption process. The phenomenon is demon-
strated by the following numbers (solid line): For ¢,=T
the pulse propagates twice the distance y™ before the
peak intensity of the pulse decays to the 1/e value. For
t,=T/10 the penetration depth is found to be approxi-
mately 15 times larger than for long pulses under
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FIG. 11. Penetration depth x, for constant intensity transmis-
sion vs ratio of pulse duration ¢, to effective dephasing time
T. Here Y denotes the absorption coefficient derived from
Beer’s law.

stationary conditions.

The incident and two transmitted pulses are presented
in Fig. 12. The normalized intensity |E/E,|® of the pulse
after propagation of a distance x =4y ™! through the
absorbing medium is plotted as a function of time ¢/¢,
for two parameter values t,/T =1 and 2 (solid and
broken lines, respectively). The dotted curve repre-
sents the incident pulse of Gaussian shape. The striking
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FIG. 12. Intensity vs time of a light pulse after propagation of
a distance x=4y"! through an absorbing medium of absorption
coefficient v. Solid and broken curves correspond to the ma-
terial parameters t,/T=1 and ¢,/T=2, respectively (T is the
effective dephasing time of the medium). The dotted curve
represents the Gaussian input pulse.
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breakup of the propagating pulse is of special interest.
Three maxima and additional zero points have developed
as a result of the interaction of the incident field and the
resonant medium. The intensity peaks in the figure are
found to have opposite phases of the electric field. The
reshaping of the pulse originates from the transient
character of the resonant absorption and may be visual-
ized as follows:

The incident field builds up a (delayed) macroscopic
polarization P with 90° phase shift which radiates an
electric field component again phase-shifted by 90° [see
Eqgs. (74) and (75)]. The primary incident field com-
ponent and the secondary induced field have opposite
phase and different time behavior. The pulse com-
ponents are separated by zero values in the electric
field. In the examples of Fig. 12 (¢,/T =1 and 2), the
first zero points occur at £~ 0.2¢{,. The second part of
the electric field again generates a third field contribu-
tion. The positions of the maxima and minima depend
on the propagation length yx and the ratio of pulse dura-
tion £, to dephasing time T. Comparison of the broken
curve (t,/T =2) and solid line (¢,/T =1) in Fig. 12 shows
larger intensities for shorter pulses. The relative
amplitudes of the secondary maxima are found to in-
crease with propagation length x. In fact, the area
under the electric field approaches the asymptotic value
fE(t)dt=0 where the individual peaks of the electric
field give equal contributions of opposite sign.

We emphasize that the pulse breakup and the transient
transparency of weak short pulses in Fig. 12 do not in-
volve significant.population changes of the vibrational
states. The phenomenon results from the coherent in-
teraction of the pulse with the macroscopic excitation
of the vibrational system. The signal velocity is only
slightly affected. The situation is different for self-in-
duced transparency where large population changes in-
troduce substantial reduction of the propagation velocity
of the transmitted pulses.

We have calculated the material excitations, the co-
herent polarization P, and the vibrational excess popu-
lation n, for a variety of parameters. As examples, we
present in Fig. 13 numerical: results of |P|? and » as a
function of time evaluated for a distance x =4y ™! within
the medium and for the parameter £,/T =1. The |P|?
curve should be compared with the corresponding data
of the light intensity in Fig. 12. We note a time delay
of the maxima and minima of |P|® resulting from the
cumulative effect of the vibrational system. Of special.
value for our investigations is the excess population »
of the upper vibrational state. Using Eq. (83), calcula-
tions were made for two parameters T, =4, and T, =2¢,.
According to Fig. 13, the excess population » rises
rapidly with time to a delayed maximum and is followed
by some slight oscillations resulting from the time de-
pendence of the electric field and the polarization. For
longer times £, the excess population #» decays expo-
nentially with the population lifetime T,; i.e., from the
asymptotic time behavior of » it is possible to deter-
mine the important material parameter T, independent
of other parameters such as the effective dephasing
time 7. In Sec. VI.B we shall present experimental
data where T, of a well-defined vibrational normal mode
was measured after short infrared excitation.
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FIG. 13. Coherent polarization |P|?* (solid curve) and vibrational
excess population » (dash-dotted curve) vs time at a penetration
depth of x=4y! (y=the absorption coefficient of the medium).
Calculations are made for a pulse duration ¢, equal to the effec-
tive dephasing time Tofthemedium. The excess population de-
cays with the population lifetime T,; two examples with T =1,
and Ty = 2t, are depicted. '

Concluding the theoretical discussion on excitation
processes, some remarks should be made concerning
Figs. 2 and 11, where data on Raman interaction and
resonant absorption, respectively, are depicted. The
figures demonstrate the effect of transient excitation.
Both the Raman gain required for a fixed Stokes con-
version (i.e., for a certain vibrational excitation) and
the penetration depth for a given intensity loss (i.e., for
a certain material excitation) increase for shorter laser
pulses. Figures 2 and 11 show quantitatively that the
interaction of light and matter becomes weaker for
shorter coherent light pulses. Deviations from the
steady -state values occur when the interaction time ¢,
is of the order of the effective dephasing time of the
system.

I1l. THEORY OF PROBING PROCESSES

Having introduced two excitation processes in Sec. I
we are now in a position to discuss methods for the
study of the instantaneous state of the physical system
during the excitation and during the return to thermal
equilibrium. It has been shown above that the coherent
vibrational amplitude and the excited-state population
are important factors of the vibrational excitation. Dif-
ferent techniques are required to measure the relevant
physical parameters of the vibrational dynamics. In
Sec. III.A we discuss coherent Raman scattering as an
experimental tool for investigating the coherent ex-
citation of the molecular system. Methods of observing
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the excited-state population and energy transfer pro-
cesses are treated in Secs. III.B and III.C.

A. Coherent Raman probe scattering

We repeat the experimental situation considered here.
A powerful light pulse first excites the vibrational mode
of interest via stimulated Raman scattering. A second
weak light pulse with variable time delay with respect to
the pumping pulse traverses the sample subsequently
and probes the instantaneous degree of excitation as a
function of delay time ¢,. The probe wave interacts
with the coherent vibrational amplitude (g) giving rise to
scattered radiation. The interaction process is called
coherent Raman scattering. The significance of the co-
herent material excitaﬁon was first emphasized in a
paper on lattice vibrations of calcite by Giordmaine and
Kaiser (1966). The first application of coherent Raman
scattering for the determination of the dephasing time of
molecular vibrations in liquids was performed by von
der Linde, Laubereau, and Kaiser (1971). At the same
time, Alfano and Shapiro (1971) investigated a mole-
cular vibration in calcite. The lifetime of a lattice mode
(TO phonon lifetime) of diamond was measured by
Laubereau, von der Linde, and Kaiser (1971).

There exists some analogy of the coherent Raman
scattering to the interaction of light with coherent sound
waves. The molecules in the excited volume vibrate
with a definite phase relation and produce a macroscopic
modulation of the optical refractive index via the
coupling parameter 8a/8q. The system behaves like
an oscillating three-dimensional phase grating. Scat-
tering off this phase grating produces sidebands shifted
by the vibrational frequency to higher (anti-Stokes) and
smaller (Stokes) frequencies.

Comparing coherent Raman scattering with conven-
tional spontaneous Raman scattering, we note drastic
differences: The latter process is known to scatter an
exceedingly small fraction of the incident light (~107°)
into the whole solid angle of 47, quite independent of the
specific experimental geometry. Coherent scattering,
on the other hand, is more intense by many orders of
magnitude and generates a scattering signal which is
highly collimated close to the forward direction. Most
important, the scattering efficiency depends critically
on the scattering geometry according to the k-matching
condition (see below).

1. Fundamental equations

The following treatment reveals the close relationship
of the coherent probing process to the stimulated ex-
citation discussed above. Both processes are produced
by the same macroscopic polarization proportional to
the coherent amplitude {(g). The experimental condi-
tions, however, are significantly different for coherent
or stimulated scattering. The latter mechanism gen-
erates the vibrational excitation required for the sub-
sequent coherent probe scattering. The scattered radi-
ation in both cases is coherent and is described by the
amplitude of an electromagnetic field which obeys a
classical wave equation.

The electromagnetic field of the probing process is
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written in the form
E,=3e]E,, exp(iky,x — iwy,t)
+Z Eg;exp(ikg;x — iwg;t)
;
-Z E,;exp(—ik,x+iwy,t)+c.c.}. (91)
j

The subscripts L2, Sj, and Aj refer to the incident
probe pulse, the Stokes scattered light, and the anti-
Stokes radiation, respectively. In several of the fol-
lowing equations we shall use the subscript S for the
scattered Stokes component in order to differentiate be-
tween the Stokes field of the excitation and the probe
scattering process.

Propagation in the x direction is assumed; i.e., we
consider scattering in the forward direction parallel to
the exciting beam. Extension to an off-axis scattering
geometry will be discussed below. Equation (91) as-
sumes parallel polarization of the incident probe pulse
and scattered probe light. Scattering components of

‘perpendicular polarization are not relevant here and

have been omitted. The probing field is polarized in the
y direction which is perpendicular to the laser and
Stokes field of the excitation process [see Eq. (2)]. This
choice has the advantage that components of the excita-
tion and probing field with equal frequency can be dis-
criminated by their different planes of polarization. A
negative sign has been chosen for the anti-Stokes field
components to take into account the proper phase of the
scattering component.

The propagation of the probe field is governed by the
wave equation [Eq. (1)], which is repeated here:

1 9

2
AEp,. - ? '—atz (lJ-zEpr)=

47 9%

? B_tz Ppr . (92)

u denotes the refractive index. The coupling of the field
to the collectively vibrating molecules is described by
the macroscopic polarization P, . The component of Py
parallel to the incident probe field is expressed by the
first term of Eq. (9) (Sec. II.A):

Ppr =EprNZ fj <<Qj>[a+7 (cosz st - %)])or . (93)
i

Equation (93) describes the general case of an inhomo-
geneously broadened vibrational system with the aniso-
tropic Raman scattering tensor discussed in Sec. II.A.
The subscript j labels the component of the vibrational
system with number density Nf; according to its reso-
nance frequency w;. The orientation of the molecular
symmetry axis with respect to the laboratory frame is
denoted by the angle 6;;. The bracket (), indicates
that the orientational average has to be taken over the
subensemble j. The constants a and y represent, re-
spectively, the isotropic and anisotropic part of the
Raman polarizability tensor (8a/9¢), defined by Egs.
(3) and (8) in Sec. I.A. The coherent vibrational ampli-
tude is written in the form of Eq. (11):

(g;)=%iQ; exp(ik,;x —iw,t) +c.c. (94)

Inserting Eqs. (93) and (94) in the wave equation we find
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under similar approximations as used in Sec. II.A

Bx’ Eg; =KsEp, (¢ —tD)fj<Q;kslj>0, exp(iAks,x’) , (95a)

9 .
ox’ EAf = KAEZz(t' - tD)fj(Q}k31/>°, exp(t Akij') . (95b)
t, denotes the time delay between the maxima of the
pumping and the probing pulse. The amplitudes

(Q;81j) in Eqs. (95) represent given functions of time

and space generated by the preceding excitation process.

The following abbreviations are used [see Egs. (15)-

anj:

Tw: w?
K= sopa aN, K, = zki an;
sy;=1+(y/a)(cos?0,; - 3) . (96)

The frequencies of the scattered Stokes and anti-Sto-
kes components are found to be - -

We; =W+ AW;, Wy;=w, —Aw;,

where

W= Wp, =Wy +Wg, Wy=Wp,+ W, —Wg. (97)

wgz denotes the central Stokes frequency of the scatter-
ed probe pulse; Aw; indicates the frequency difference
between the component j and the primary material exci-
tation: Aw;=w; —wg—w; [Eq. (17)]. The Ak values in
Eqgs. (95) represent the wave-vector mismatch of the
Stokes and anti-Stokes scattered fields; they are impor-
tant parameters for the subsequent discussion. We re-
call that the excitation of all frequency components is
described by the wave vector k;=k; — ks [see Eq. (17)].
For the mismatch of the probe beams we find

Akgj=kp,—ks;—k; (98)
and
Akyy=la, =k, —F,. (99)

It should be:noted that Egs. (95a) and (95b) refer to a
retarded time ¢#/=¢ —x /v and to x’=x; in this way E;,
=E,(t’) depends on ¢’ only. v is the group velocity of
the probe radiation. Group velocity dispersion will be
neglected. This approximation is valid for interaction
lengths between probing pulse and vibrational excitation
of a few centimeters, a condition which is readily ful-
filled in our experiments. On the other hand, color
dispersion has to be considered in Eqs. (95a) and (95b)
for the Ak; values. The wave-vector mismatch has dif-
ferent magnitudes for the Stokes and anti-Stokes pro-
cess and for the different components j. We shall re-
turn to this point in the following discussion.

Equations (95a) and (95b) represent the growth of the
coherent field components at the Stokes and anti-Stokes
frequency in the probing process. This probe scatter-
ing affects the vibrational excitation via the interaction
Hamiltonian of Eq. (4) analogously to the stimulated
scattering process (Sec. II.A). Expressions similar to
Eq. (13) may be derived for the buildup or loss of the
vibrational amplitudes @; resulting from Stokes and
anti-Stokes probe scattering.

The disturbance of the vibrational excitation is negli-
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gible if we work with incident probe pulses of sufficient-
ly low intensity. We find the following condition for the

peak intensity I, of the incident probe pulse:

zﬂ Kok THAL I ;<< 1.

(100)
Clg o

Al denotes the effective interaction length of the probe
scattering and will be discussed below. The coupling
parameter «, has been defined by Eq. (15). Equation
(100) should be compared with the stimulated gain G of
Eq. (37). Condition (100) is readily fulfilled in our ex-
perimental investigations with probe pulses of much
smaller intensity than the excitation pulses:

I,<I . (101)

Our ultrashort light pulses are too short for direct
time-resolved observation with standard electronic de-
tectors. With photomultipliers we observe time-inte-
grated scattering signals. We introduce the coherent
probe scattering signal S°® measured at the end of the
sample, x =1:

scoh(tD)=—cg;Sf |2 Eys, 1,t1)|2at" . (102)
- g

The subscript AS indicates probe scattering at the anti-
Stokes (A) or Stokes (S) side. The evaluation of the field
components is carried out with the help of Eqs. (95a)
and (95b). Integration is facilitated using the properties
of the stimulated excitation process. It was shown in
connection with Egs. (34) and (37) that the stimulated
Stokes pulse grows approximately exponentially with
distance:

[Esfzoeexp(x'/Al). (103)

The effective excitation length Al is readily estimated
for a Raman generator. In this case a large amplifica-
tion of ~exp(25) builds the intense stimulated Stokes
radiation up from quantum noise in a sample of length
l. The excitation length A[,

Al=~1/25 (104)

denotes the interval at the end of the interaction path [
where the maximum excitation occurs.

There are no general analytic solutions of Egqs. (95a)
and (95b) and for S°°* since the Q,(x,#) values are found
from numerical calculations. For several special

" cases approximate expressions may be derived which

reveal the relevant properties of the coherent probe
signal S°%(z,).

2. Coherent probing of a homogeneously broadened line:
Isotropic and anisotropic scattering tensor

For a transition with a homogeneous line we have w;
=w,, Aw;=0, and the subscript j may be dropped. The

laser field E;, and the amplitude @ are chosen to be
real and Egs. (95a) and (95b) reduce to

9
WEAS= KasELo(t' —2p) QS )op €XP(iAk, 5x7) . (105)

The phase mismatch A%, ¢ has the form:
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Ak g=Fky,—ks —ky+ks,
(106)
Aky=hy—ky,—ky +kg.

Equation (105) is integrated with the help of Egs. (39)
and (103); substitution in Eq. (102) yields

Scoh(tD ) = Cha S K.ZA SAZ2
21 1+ (24, gAl)?

x [ arE (' - 1,)4@s, (!, x = 1), . (107)
Equation (107) represents a convolution of the coherent
vibrational excitation {(@s,)? and the probing light pulse.
It is interesting to see that the magnitude of the scat-
tering signal strongly depends upon the wave-vector
mismatch Ak, ;. Perfect phase matching Ak, ;=0 rep-
resents the optimum situation. A mismatch of Ak,
=(2Al)"! reduces the value of S°°" by a factor of 2. We
note that Ak, differs from Ak g due to color dispersion
kas=l,swas/c and u,# pg. Simultaneous perfect %
matching of Stokes and anti-Stokes probe beams is not
possible for the collinear geometry. Equation (107) in-
dicates that the delay dependence of S®(¢,) is identical
for the two scattered sidebands.

A numerical example for the scattering signal S*°" is
presented in Fig. 14. The simple case of an isotropic
Raman scattering tensor is considered where y =0 and
(|@lspy=|@|. The coherent (Stokes or anti-Stokes)
probe signals are evaluated from Eq. (107) and plotted
as a function of delay time 7, between the exciting and
probing light pulses. A Gaussian shape and an equal
pulse duration Z, are assumed for the excitation and the
probe pulse. The calculations are made for the para-
meters ¢,/T,=0.25, 1, and 4 which are identical to
those of Fig. 4. The signal curves rise to a peak value

tp/T,20.25

Coherent Scattering Signal Sc°h(to)

-3 | 1
1075 1 2 ;
Delay Time \Dltp

FIG. 14. Coherent (Stokes or anti-Stokes) scattering signal
S°(¢1,) as a function of delay time f5. Calculations are made
for an isotropic Raman scattering tensor and for a homoge-
neously broadened line with three different dephasing times
T,. The corresponding coherent vibrational excitation is de-
picted in Fig. 4.
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which is delayed with respect to the maximum of the
pump pulse at £, =0. The delay of the maximum of the
vibrational excitation (see Fig. 4) and the convolution
of |Q |? with the probe pulse lead to the observed delay
of Sgr. It is interesting to see the effect of T, on the
trailing part of the signal curve. For t,/Tz= 0.25 the
signal curve shows an exponential decay shortly after
the maximum. For values of ¢,/T,> 1, i.e., for longer
pulses, time is required to establish the asymptotic be-
havior of the signal curve. Exponential decay starts
approximately a factor of 3 and 20 below the maximum
for t,/T2= 1 and 4, respectively. The time constant
Tz/z is directly obtained from the exponential slopes

of the signal curves.

We have investigated the effect of the shape of the
probing pulse on the scattering signal S®*. Qur calcula-
tions show that a rapid rise and decay of the probe in-
tensity is important for relatively long pulses, i.e., for
t,>T,. Figure 14 illustrates that pulses of Gaussian
shape allow the determination of relaxation times T,
which are notably shorter than the pulse duration ¢,.
For pulses with extended wings the situation is less
favorable; e.g., for a pulse represented by a hyper-
bolic secant function and for t,/T2= 1, the signal curve
approaches asymptotic behavior more slowly, and the
exponential decay starts a factor of 20 below the maxi-
mum. This number has to be compared with the factor
of 3 mentioned above for Gaussian pulses with the same
parameter ¢,/T,=1.

We turn now to the more general case of an anisotrop-
ic scattering tensor, y#0. To illustrate the effect of
v, we first consider a large anisotropy of y/a=5 and
values of T,,/T,=0.5 and ¢,/T,=1. The orientational
relaxation time 7,; was introduced in Sec. II.C. Ac-
cording to Eq. (107), the S®! curves in Fig. 15 repre-

Coherent Scattering Signal SCOh(lD)

1

1
0 | 2

Delay Time tp/t,

W
~

FIG. 15. Coherent (Stokes or anti-Stokes) scattering signal
Seon(t ) vs delay time £5. The solid and broken curves are cal-
culated for an anisotropic Raman tensor with anisotropy v/a=5
and 2, respectively. The corresponding coherent excitation
(for v/a=5) is presented in Fig. 6.
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sent the folding of the probe pulse with the material ex-
citation I(Qsl)|z (see Fig. 6). After the maximum, the
signal curve first decays quickly. For larger values of
tp the decrease of S®! is less pronounced and reaches
an exponential tail which starts approximately a factor
of 400 below the maximum. The similarity between the
Se°h curve in Fig. 15 and the material excitation in Fig.
6 should be noted. The rapid decay shortly after the
maximum is closely connected with the rotational mo-
tion of the vibrating molecules which affects the probe
- scattering via the anisotropy ¥. The exponential asym-
ptote of the signal curve, on the other hand, represents
pure vibrational relaxation. From the slope of this la-
ter part of S®"(¢,), the time constant 7,/2 is directly
obtained.

It is interesting to note that the time constant 7', can
be measured with our coherent probe scattering tech-
nique even for the unfavorably large anisotropy of the
scattering tensor. In most practical cases the influence
of rotational motion is much smaller. The broken curve
in Fig. 15 illustrates an example where a smaller de-
polarization factor of p;=~0.2 is considered. The corr-
esponding ratio of ¥/a=2 and the same time constants
as used above (7,,/T,=0.5,t,/T,=1) were assumed in
the calculation. In this case the S®" curve quickly turns
to an exponential slope providing the time constant Tz/ 2.
The vibrational dephasing time T, can be directly
determined from the signal curve, without influence of
the rotational motion of the molecules in the liquid.

3. Coherent probing of an inhomogeneously: broadened
line: Isotropic scattering tensor

We wish to discuss now the general case of vibration-
al systems with inhomogeneous broadening. This sit-
uation is of considerable practical interest. To avoid
unnecessary complications in the theoretical discussion
we consider a vibrational system with an isotropic
scattering tensor. It has been pointed out above that the
anisotropic part of the tensor, which is small in many
practical cases, contributes little to the time evolution
of the coherent scattering signal, even for moderately
large values of the depolarization factor.

We use the same notation as introduced in Sec. II.D
for the excitation process and write, for the complex
coherent vibrational amplitude @,

Q;= IQ,l exp(id)j),

where ¢; denotes the phase of the component j of the vi-
brational distribution. Substitution of Eq. (108) in Eq.
(95) yields for the case of an isotropic scattering ten-
sor (y=0,s,;=1)

(108)

2
o7 Easi= KasEpo(t' —tp)
Xf;1Q;| exp(iak,g;x" —ig,). (109)

The field E;, of the probe pulse is taken to be real. The
amplitudes |Q,| and phases ¢; of the vibrational sys-
tem in Eq. (109) are prepared by the independent exci-
tation process. The values of the phase mismatch
Ak, ; have been defined by Eqgs. (98) and (99). Two
ways of coherent probing should be distinguished: non-
selective 2 matching and selective # matching.
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a. Nonselective k matching. Coherent superposition
of states

A solution of Eq. (109) obviously depends on the x de-
pendence of the exponent Ak;x’ — ¢,(x’,¢’). First, we
are interested in the limiting case where the exponent
is approximately constant over the effective interaction
length Al defined by Eqgs. (103) and (104). Since | Ak,
-0¢,/8x'| < |Ak,|, this situation is established for

| AkALl < 1. (110)
Condition (110) will be called nonselective 2 matching.
Using Egs. (53) and (103) in Eq. (102) yields an approxi-

mate analytic expression for the coherent probe signal
at the end of the sample x’=1:

co(; \_Chas  (kysAl)? f” ’ ’ 2
M) =5 Tr 28k, a7 ), ' Budlt! ~to)

x Iij;leu,t')Iexp[mw,t'w,u,t')]l2.
(111)

The mismatch Ak, ¢ of the Stokes or anti-Stokes pro-
cess is indicated by Eqs. (106). Equation (111) repre-
sents a convolution of the total excitation |Q,,,|? [see
Eq. (62)] with the probe pulse E%,. All components j
contribute to the scattered signal according to their
relative number densities f;, amplitudes |Q,|, and
their individual phases; i.e., Eq. (111) represents a
coherent superposition of vibrational states. Due to the
frequency differences Aw;, the superposition of the in-
dividual components gives rise to an interference phe-
nomenon. For a discrete substructure of the vibration-
al system with constant frequency difference Aw of the
vibrational components, the sum on the rhs of Eq. (111)
contains oscillating terms «cosAwt,; i.e., the probe
signal is expected to display a beating phenomenon. For
a continuous frequency distribution the superposition of
states in Eq. (111) leads to destructive interference;
Sen(¢,) decreases rapidly with a nonexponential time de-
pendence.

Numerical calculations for a vibrational mode with
discrete substructure and constant frequency distance
Aw of the individual components are presented in Fig.
16. Three molecular species of relative abundance -
1:0.5:0.5 and the parameter values Aw7T,=7/4and t,/T,
=0.5 are assumed. The physical situation is the same
as for the material excitation depicted in Fig. 7 (Sec.
II.D). The scattering signal S°°(¢,) is plotted in Fig. 16
versus delay time. The broken line in the figure rep-
resents the calculated signal that would be observed
from a single component of the vibrational system. A
measurement of the decaying part with slope 2/T2 of
this signal curve provides directly the dephasing time
T, of the molecular vibration. It will be discussed be-
low that this information may be supplied by a selective
k-matching geometry. Probe scattering with nonselec-
tive 2 matching [Eq. (111)] is shown by the solid curve
in Fig. 16. It is interesting to see the minima and max-
ima of S*%¢,), which reflect the beating phenomenon of
the coherent vibrational excitation; the beats occur at
time intervals of 2r/Aw. Comparison of the vibrational
excitation (Fig. 7) and the probe scattering (Fig. 16)
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AWT,=TC/4
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Coherent Scattering Signal SCOh(tn)

16

Delay Time tp/t,

FIG. 16. Coherent (Stokes or anti-Stokes) probe scattering
signal S°(¢,) of a normal mode consisting of three isotope
species with relative abundances 1:0.5:0.5 and with equal
frequency spacing Aw. Selective £ matching allows us to mea-
sure the exponential decay of one isolated molecular component
(i.e., provides 2/T,) (broken curve). Nonselective £ matching
gives a beating effect due to coherent superposition of the vi-
brational components. The solid and dash-dotted curves cor-
respond to probe pulses of duration ¢, and #,/2, respectively

(¢, is duration of excitation pulse). The corresponding coherent
vibrational excitation is depicted in Fig. 7.

shows less pronounced minima of S°*(#,). This result
is explained by the finite duration ¢, of the probe pulse
in the probing process. To illustrate this point, the
scattered signal is calculated for two durations of the
probe pulse, ¢, and t,,/2 (t, is the pulse duration of the
pumping pulse). Stronger oscillations of the signal
curve result from shorter probe pulses.

b. Selective k matching. Observation of a molecular
subgroup

In the preceding section, the coherent probe scatter-
ing of a substructured vibrational system was discussed
for a short interaction length Al [see Eq. (110)]. In this
case, the spatial phase relation of the collective mate-
rial excitation entering the starting differential equa-
tion (109) may be neglected. Now we discuss the inte-
gration of Eq. (109) under more general conditions.

For geometries with sufficiently large al, the collective
phaserelation ¢ ,(x, ), the collective phase relation ¢, (v, ¢)
is important for the ¢, dependence of the coherent .
probe signal. It will be shown that the dephasing of a
molecular subensemble may be observed under selec-
tive k-matching conditions for systems displaying
wave-vector conservation.

For simplicity, our discussion is restricted to long
times, ¢£>1¢,, after the excitation process, where the '
vibrational system relaxes freely. In this time domain,
analytic solutions of Eq. (109) are possible, since the
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phase factors (f),(x,t) have reached asymptotic values
¢j,,,(x). The variation of ¢; ., with local coordinate x
should be noted; it depends upon the specific nature of
the physical system. We expand the asymptotic phases
¢, - around x =1, the end of the sample where the max-
imum excitation occurs: '

91,al)= By, oD+ EEt (w14 oo (112)

The second term vanishes for systems where the & vec-
tors, prepared during the excitation process, are con-
served. Higher-order terms are neglected. Equation
(109) for the scattered probe field is integrated with the
help of Eqgs. (53), (103), and (112). The following expres-
sion gives the time-integrated scattering signal Seoh

[Eq. (102)] at the end of the sample, x=1:

c

SMtp) = TS (s AP [ dL'Ep (b7 ~ 1p)?

2

X lZf,[1+ (24, g, ;AL T2
J
x |@(1,")| expiawt’ +id,5,,)|" -

(113)
Equation (113) is approximately valid for large time de-
lay {2 2,. Ak,g,; denotes the £ mismatch of the prob-
ing process which is modified by the spatial phase de-
pendence 8¢~,/Bx of the molecular subensemble j. One
finds

2 8¢ Aw, 8¢ 1
AkAs.1=AkAs,J——a;cl=AkAs+v—l——§l, (114a)
where
Aks=kyp—ks —ky+ks; Akg=kq=kiz—k—ks. (114b)

The phase factors 6,5, ; in the exponent of Eq. (113)
have the form

8as,i= Py,0(0)+ arctan(ZA’l'éAs.,Al) . (114c)

Al denotes the effective interaction length of the prob-
ing process introduced by Eq. (104).

Equation (113) indicates that the magnitude of the
probe signal S°® and the relative contribution of the
various components j to the scattering signal strongly
depend upon the 2-matching situation through the prod-
ucts AIEAS,,AZ. This product may differ strongly for
different vibrational components j. Components m with
Ak, A/< 0.5 contribute predominantly to S®*, For these
vibrational components 7 with good phase matching,
we define a frequency spread of dw, of the resonance
frequencies w,. The magnitude of 6w, determines Al.
The dephasing time T, of a vibrational subgroup may be
measured if dw, < 1/T,. According to Eq. (114a), this
condition leads to the following expression for the inter-
action length A7l:

-1
NS vAst(l _Zas %) .

Aw; 8x (115)

Equation (115) represents the necessary condition of
selective £ matching: A small number of vibrational
components 7 which have approximately equal phase
factors and display identical time behavior contribute
to the scattering signal. Equations (113) and (115) yield
(for t5, = 2t,)
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sy =const [ di'E, (¢ - 1,)2]Q (1, )|

o exp(-2¢,/T,) . (116)

It is interesting to see that the probe signal has the
form of Eq. (107) derived for a homogeneously broad-
ened line. Equation (116) shows that S°°® decays expon-
entially with time constant 7,/2; i.e., selective %
matching allows the direct measurement of the dephas-
ing time T, of a small group of molecules within a dis-
tribution of vibrational frequencies. Molecules with
frequencies outside of 6w,, do not contribute to the
scattering signal of Eq. (116) because of their large
values of A%,.

Nonselective Z matching discussed above in Eq. (110)
is repeated here for completeness. For a short inter-
action length Al, the k-matching situation may be made
similar for many components » of the vibrational sys-
tem. An upper limit of the vibrational distribution is
the spontaneous Raman linewidth 6wgy,,-

For dw,, = dw,,,, We observe scattering of all excited
vibrational components. With the help of Eq. (114a) we
estimate the following sufficient condition for nonselec-
tive 2 matching:

Alsv/bw (117a)

spon °

Equation (117a) complements Eq. (110). As pointed out
above in the context of Eq. (111), a coherent superposi-
tion of vibrational states may be observed under non-
selective Z-matching conditions.

Besides the limiting cases (a) and (b) intermediate
situations are possible. When the temporal decay of
Se°h yaries according to the specific £-vector geometry
(e.g., when it varies with sample length I), one has a
direct indication of a distribution of vibrational fre-
quencies with A%,*O. For a homogeneous line, on the
other hand, the time evolution of S®*#,) does not de-
pend on the k-matching condition of the probe scatter-
ing.

The analytic expressions derived above for S®(¢,)
are valid during the free relaxation regime, i.e, for
delay times £,= 2¢{,. To show the time dependence of
the signal curve for shorter times (when the excitation
process has not yet terminated) we present some com-
puter results. The numerical calculation starts from
a solution of Eq. (109); using Eq. (103) one evaluates
the probe scattering signal from Eq. (102). A broad
quasicontinuous distribution of resonance frequencies
(6wy,, T,=45) and perfect wave-vector conservation
8¢,/0x=0 are assumed in Fig. 17 with ¢,/T,=0.5. The
parameters are the same as in the example of Fig. 8
in Sec. II.D for the coherent vibrational excitation. The
broken curve in Fig. 17 represents the time dependence
of the scattering signal S®" evaluated for selective %
matching [Eq. (115)] of the vibrational component situa-
ted at the center of the frequency distribution with Aw;
=0. The rise and decay of the signal curve strongly
resembles the results of Fig. 14 for a homogeneously
broadened line. The exponential slope for larger val-
ues of {; should be noted, which allows the determina-
tion of T, of the selected vibrational component. The
probe scattering signal under nonselective k2-matching
conditions [Eqs. (111),(117a)] is depicted by the solid
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FIG. 17. Calculated coherent Stokes signal S°°h(tD) of an in-
homogeneously broadened vibrational mode as a function of
delay time ¢p/t,. Selective 2 matching gives the time depen-
dence of a small vibrational subgroup at the center of the fre-
quency distribution (broken curve). Nonselective 2 matching
shows destructive interference of various vibrational compon-
ents (solid curve). For conditions of medium % selectivity see
text (dash-dotted curve). The corresponding coherent vibra-
tional excitation is presented in Fig. 8.

curve in Fig. 17. In this case, S®! is connected with
the total vibrational excitation |Qtot |2 and should be
compared with the solid curve in Fig. 8. We point to
the nonexponential decay of the solid curve. This time
dependence reflects the destructive interference be-
tween the various vibrational components having re-
ceived well-defined phases during the stimulated pro-
cess.

Finally, we discuss a moderate %2 selectivity where
the frequency spread dw,, of good 2 matching (Ak, g, ;Al
< 0.5) is equal to the homogeneous linewidth 1/7T,. This
condition is equivalent to the relation AEA s, 54l= Aw,T,/2
[ak,s=0, see Eq. (114)]. Numerical results of S°" are
depicted by the dash—dot curve in Fig. 17. It is readily
seen that the signal curve for this £-matching condition
decays more rapidly than the broken line representing
the selective 2-matching situation. The % resolution is
not sufficient to observe the true dephasing time of a
small selected subgroup of molecules. Our calculations
indicate that larger values of Al by a factor of approxi-
mately 5 (and a corresponding reduction of the observed
frequency spread) would be required to give a value of
T,/2 approximately 20% smaller than the true number.

We briefly summarize at this point: Time-resolved
measurements of the coherent probe signal depend up-
on the wave-vector geometry and the spatial phase cor-
relation (8q>,/8x) prepared by the excitation process.
Under favorable conditions information may be obtained
(i) on the question of whether a vibrational transition
is inhomogeneously broadened, and (ii) on the dephas-
ing time T, of a small vibrational subensemble of the
inhomogeneously broadened transition.
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4. Spatial phase correlation of liquid systems

In the preceding section, we have derived the condi-
tion (115) for coherent probing with selective Z-match-
ing geometry. Information on the relaxation time of a
vibrational subgroup is obtained when Eq. (115) holds.
This means that |8¢,/8x| < |Aw,;/v, 5| is necessary.
Obviously, the spatial phase relation 8¢j/ax prepared
in the excitation process requires special considera-
tion.

An ensemble of spatially independent molecules is
discussed first. The excitation of such a system by
transient stimulated Raman scattering was treated in
Sec. II. The phase relation of the vibrational excitation
was described by the functions ¢,(x,%) governed by the
differential equation (54). For small frequency differ-
ences Aw, a solution was presented [Egs. (60) and (61)].
We are interested here in the spatial phase relation
after excitation, ¢, .(x)or correspondingly 9¢,;/8x. Eq-
uations (61) and (112) give

A
%=_wl_ (117b)
v

This result is due to the propagation of the external
fields which drive the molecular vibration by the pro-
duct ELEg=E,(t —x/v)E 4(t —x /v). Switching off of the
external force occurs at different sites at different
times. The frequency shift 8¢;/8¢ discussed in context
with Fig. 10 is accompanied by the spatial phase change
of Eq. (117b). Consequently, the values of A%k, g, ; [EQ.
(114)] entering the coherent signal [Eq. (113)] are iden-
tical for all subgroups j, and selective £ matching is
not possible for an ensemble of spatially uncoupled mo-
lecules.

It is felt that an ensemble of spatially independent
molecules does not properly describe a real liquid sys-
tem as far as spatial phase correlation is concerned.
The large number density of molecules of 10?! em™ sug-
gests the introduction of some intermolecular coupling.
In fact, the interaction between molecules has been
shown in numerous papers to affect the vibrational mo-
tion of high-pressure gases and condensed media (Buck-
ingham, 1958 and 1960a and b; Monson et al., 1968,
see also reviews by Knaap and Lallemand, 1975 and by
Bauer et al., 1976). The frequency position, linewidth,
and band shape of a vibrational mode is found to depend
on the molecular environment. We investigate here
briefly the influence of intermolecular forces on the
spatial phase correlation of a coherently excited vibra-
.tional mode. The Hamiltonian of Eq. (4) for an indivi-
dual molecule j of the liquid ensemble is extended by
an interaction potential which is assumed to be quad-
ratic in the vibrational coordinates:

&

1 - oo .
H1=H?"‘2‘qu < )h.{ EhEi+mZ To;(a,+q,;7. (118)
ol 752)

k denotes the index of summation over the neighborhood
of the considered molecule j, which extends over an in-
teraction volume AV, The coupling parameters I';; are
due to dipole—dipole interaction or repulsive intermo-
lecular forces and depend on the fluctuating distances
between the molecules % and j (see, for example, Buck-
ingham, 1958). The magnitude of the I',; may be esti-
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mated from the normal mode frequency shift of the
liquid molecule as compared to the gas.

The interaction potential term in the Hamiltonian [Eq.
(118)] leads to somewhat modified equations of motion
for the molecular ensemble, Egs. (53) and (54) for |Q,|
and ¢;, respectively. While the time evolution of |Q,|
is not affected significantly, the phases ¢; are influ-
enced by the intermolecular interaction, particularly
during the decay of the external force ~E  E ;. The spa-
tial phase shift noted above for the uncoupled ensemble
does not occur. The nonpropagating intermolecular in-
teraction determines the return of the driven vibrations
to the resonance frequencies. The wave vector k;=F%;

— kg generated during the excitation process is con-
served. One arrives at

8¢, /0x 0. (119)

The effect of the intermolecular coupling obviously
leads to a collective, nonlocalized character of the vi-
brational modes related to optical phonons in solids. In
Sec. V of this paper we present experimental results of
selective & matching in several liquids. These findings
give strong support to the conservation of the 2 vectors
[Eq. (119)].

In conclusion, we note that our knowledge of the spa-
tial phase correlation is in a preliminary state. More
work is necessary to understand the microscopic na-
ture and the physical consequence of intermolecular
coupling.

5. Wave-vector geometries

It is apparent from the previous sections that the &
vectors of the excitation and of the probe process are
of major importance for the generated scattering sig-
nal. A collinear geometry was considered where all
k vectors are parallel. We now discuss in more detail
the angular dependence of the coherent Raman probe
scattering. The various angles of the excitation and
probe fields are assumed to be small, approximately
a few degrees. This condition is fulfilled in the follow-
ing experimental investigations. The expressions de-
rived above for the probe signal S®°%(¢,) are still valid
for these small angles. Probe scattering on the anti-
Stokes and Stokes side will be treated separately.

Several aspects of the anti-Stokes probing process
are illustrated in Fig. 18. The collinear geometry is
depicted in Fig. 18(a). Parallel laser and Stokes waves
produce via stimulated Raman scattering the wave vec-
tor k;=k; — kg of the material excitation which also
points in the forward direction. The probe pulse with
parallel wave vector k;, coherently interacts with the
vibrational excitation, generating scattered light in the
forward direction with wave vectors k,;. The wave
vector k,,; refers to a specific frequency (within the
distribution f;) which we want to study after the excita-
tion has terminated. On account of the discussion given
in connection with Eq. (119) we write Ak, g ;= Ak, s, ;
[see Eq. (114a)]. The magnitude of A%, determines
whether we are able to observe this vibrational com-
ponent j efficiently. The wave-vector mismatch Ak,
[Eq. (99)] depends upon the angles and frequencies of
the excitation and probing pulses. Phase matching of
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FIG. 18. Wave-vector geometries for the anti-Stokes probing
process. (a) Collinear scattering geometry with &;=kp — kg,
the wave vector of the material excitation. (b) Noncollinear 2
matching for Stokes emission angle «; the angle between ex-
citation (k;) and interrogating pulse (k;,) is denoted by 8. (c)
Noncollinear & matching for two vibrational components. The
anti-Stokes emission occurs under different angles ¢; and ¢,
with respect to the incident probe beam. (d) Wave fronts of two
interfering anti-Stokes beams.

the noncollinear wave-vector geometry is illustrated by
Fig. 18(b). It is known that stimulated Stokes light is
generated within a cone of small angles a < a_,, with
respect to the forward direction, where o, represents
the Stokes divergence. One estimates a,,, ~d/2l, with
d being the beam diameter of the laser pulse. Corres-
ponding to the cone of wave vectors kg(a), the material
excitation displays a distribution of wave vectors k;(a)
=k, —kg(a) of different directions. The absolute value
|k,(a)| is found from a simple geometrical considera-
tion:

(120)

Note that the magnitude of |k;,(@)| depends on the off-
axis angle, while the values of |k, | and |ks(a)| are in-
dependent of @ and are determined by their frequencies
and indices of refraction, k;,s=w; shy,s/c. The inter-
action of the incident probe pulse (k;,) with the cone of
material wave vectors ky(a) depends on the mismatch
AkAj(a). Using geometrical arguments the mismatch
ky(@)=ky; —|ky,+k, —kg| is calculated to be

kj(a)=(k} + k% — 2k kgcosa)t/?,

Ak (@) =ky;— o, +F2 + 12 + 2k, &, cosB
=2k, kg cos(a+B)— 2k kg cosa ]*/2

(121)

The angle between the exciting and interrogating beam
is denoted by B in Fig. 18. For a proper choice of the
angle B perfect matching Az ,,(;) ~0 may be achieved
for a certain part of the k-vector distribution. These
wave vectors kj(a j) contribute dominantly to the probe
scattering.
The highly collimated anti-Stokes emission occurs

under an angle ¢, with respect to the probe pulse (see
Fig. 18). One finds
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kg sin(a +8) — &, sinB
Ry tkyicosa—kgcos(a+pB) ’

tang, = (122)
It is recalled that the angles «,B and ¢; are small and
amount to a few degrees.

As an example we consider now the phase-matching
geometry for two different vibrational components la-
beled 1 and 2. Figure 18(c) shows schematically that
the probe pulse (k;,) has to interact with & vectors of
different directions of the two vibrational excitations in
order to make Ak,; 0. As a result, the anti-Stokes
wave vectors k4, and k,, of the two vibrational compo-
nents have slightly different angles ¢, and ¢,, respec-
tively. The anti-Stokes scattering signal contains dif-
ferent information as a function of emission angle ¢
with respect to the incident probe pulse. Using highly
collimated beams of the excitation and probing pulses
and selecting the angle of acceptance by the help of an
aperture, the angular dispersion of the probe scattering
allows us to isolate a single vibrational component.

For a sufficiently large angle of acceptance the light
beams scattered off different vibrational components
are simultaneously detected. Beating of the vibrational
states corresponds to the interference of the scattered
light waves. Figure 18(d) illustrates schematically the
wave fronts of the two light beams. It is readily seen
that the resulting interference signal depends on the
beam diameter d and the angle A¢=¢, — ¢, between the
scattered components. For a beam diameter

dyg <Mys/B@ (123)
coherent superposition of the vibrational components
can be observed. Using green probe light (A=0.5 um)
and A@ =107 we estimate d, 5 <500 um. Experimentally
we are able to work with beam diameters as small as
30 um.

Quantitative values of the 2 mismatch are presented
in Figs. 19 and 20. Calculations are made for specific
experimental situations discussed in Sec. V. Figures
19(a) and 19(b) illustrate the 2 matching of an anti-
Stokes scattering process. Pump and probe beams of
equal frequency v, =V,; =18 910 cm™ are considered.
They interact with the symmetric tetrahedron vibration
of SnBr, at 30°C, where the two isotopes *Br and ®'Br
produce five lines around 221 em™ in the vibrational
spectrum. -

Figure 19(a) refers to parallel pump and probe beams,
B=0. Using Eq. (121), the wave-vector mismatch Ak,
is calculated with the help of known refractive indices
(Gmelin, 1972) and plotted in Fig. 19(a) as a function of
the Stokes emission angle a for the five isotope com-
ponents j =1-5. The frequency difference between
neighboring isotope species was taken to be Aw/27c
=0.67cm™. The Ak,; curves display minima in the for-
ward direction @ =0 and rise quickly with increasing
Stokes angle. Four species display perfect phase
matching Ak ,; =0 for Stokes emission angles a; ~1.8,
7.3,10.0, and 12.6 mrad. It is interesting to note that
color dispersion incidentally leads for the component
j =4 to almost perfect phase matching, Ak, =~0.3 cm™,
in the forward direction. Substantial mismatch, Ak,
~_7.8 cm™, is found at @ =0 for the most abundant iso-
tope component j =3. These facts allow the design of a
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highly selective system. In a collinear geometry where
the Stokes divergence is made very small (e.g.,

<3 mrad) one observes efficient scattered signals of the
component j =4 while the other components j #4 do not
contribute. '

Figure 19(b) shows the k-matching situation for an an-
gle B8=2.6° between pump and probe beam. The wave-
vector mismatch Ak,; of the five SnBr, isotope species
is plotted versus Stokes emission angle a. It is readily
seen that the Ak,; curves rise rapidly as a function of
Stokes divergence. Phase matching, Ak,;=0, occurs
at different values of the Stokes angle «; for the individ-
ual molecular species j. For example, values of «;
=2.8, 1.9, and 1.0 mrad are found, respectively, for
j =1, 2, and 3 in Fig. 19(b). The anti-Stokes probe
emission of components 1-3 occurs within a narrow
cone with only slightly different angles ¢;. From Eq.
(122) we calculate values of ¢,=2.1, 1.3, and 0.5 mrad
for j =1-3, respectively. These numbers indicate that
coherent superposition for the vibrational components
of SnBr, may be experimentally observed for the con-
sidered off-axis geometry.

We now discuss coherent Stokes scattering. % match-
ing of the Stokes emission is easier to achieve as may
be seen from Eq. (114b), where 25 and kg have opposite
signs. Figure 20(a) illustrates the special case of k;,
=k, (i.e., equal frequencies of the excitation and prob-
ing pulse) and a collinear geometry @ =£8=0. It is in~-
teresting to see that perfect phase matching, Akg;=0,
is achieved at the band center Aw,;=0 [see Egs. (114)].
This point is of advantage in experimental applications.
There is a serious problem with this geometry. We '
have to observe the weak probe signal at the Stokes fre-
quency in the presence of the intense Stokes emission
of the stimulated excitation process. As discussed in
Sec. IV, this difficulty may be overcome experimentally
by the proper choice of the polarization directions.

The Stokes process with noncollinear geometry is de-
picted in Fig. 20(b). The situation is analogous to the
anti-Stokes process of Fig. 18(b). The incident probe
pulse (k,,) interacts with the cone of material wave

T
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Wave Vector Mismatch AkAjI:cm"J

FIG. 19. Wave-vector mismatch of anti-Stokes scattering
ARy ; vs Stokes emission angle @. The five isotope components
of the tetrahedron mode of SnBr, around 221 em™ are consid-
ered with pump and probe pulses of frequency 18 910 cm™. (a)
Collinear excitation and probing beam, §=0. (b) Probe angle
B=2.6°
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FIG. 20. Wave-vector geometries for the Stokes probing pro-
cess. (a) Collinear excitation and probing. Vector k; denotes
the wave vector of the material excitation. Perfect phase
matching, Ak;=0, exists for Stokes waves close to the center
of the vibrational distribution f;. (b) Noncollinear Stokes
scattering, kg;. (c) and (d) Wave-vector mismatch of Stokes
scattering Akg; vs angle @. Calculations are made for the

C-H stretching mode of methanol at 2835 cni!, and for pump
and probe frequencies of 18910 cm™. (c) Collinear excitation

and probing beam, 8=0. (d) Probe angle 8=1°.

vectors k,(a) defined by Eq. (120). Replacing the vec-
tors k,; and k;, of the anti-Stokes scattering by the vec-
tors k&, and kg,;, respectively, for the Stokes probing,
we immediately obtain from Eq. (121) the following ex-
pression for the mismatch Akg (@) =k, — |kg, +k; —kgl:

Akgj(a)=[k2, + k2 + k% — 2k ok, cOSB
+2k;, ks cos(a+B) -2k, kg cosa V2 kg,
(124)

The Stokes emission occurs under a small angle ¢; with
respect to the incident probe pulse. ¢, may be calcu-
lated from Eq. (122), changing the signof %,-

 Figures 20(c) and 20(d) give numerical results [Eq.
(124) ] for the 2 mismatch, Akg; for a specific example.
The CH, stretching mode of methanol at 2835 cm™ is con-
sidered. The situationp =0is illustratedin Fig. 20(c). It
is interesting to see that the # mismatch for various com-
ponentsjis independent of a. This resultdiffers substan-
tially from the anti-Stokes process depicted in Fig. 19(a),
where the 2 mismatch varies strongly witha. InFig. 20(a)
the mismatch Ak increases with frequency difference Aw,
accordingto Eq. (114): Akg,~ Aw,u/c=21AV,u. Frequen-
cy components whichare only AY, =1 cm™ away from the
center of the vibrational distribution have a mismatch of
akg;~9 cm™. Asaresult, the corresponding scattered
Stokes signal S°® is very small [see Eq. (113) Jwhen an
effective interaction length of A7 = 0.4 cm is used. On
the other hand, the vibrational frequencies very close
to the center of the distribution are strongly favored be-
cause Akg, ~0 makes the scattered signal S°" large. In
Fig. 20(d) we present the # mismatch for 8=1° where
the values of Akg;, significantly depend on a. To se-
lect a group of molecules with small frequency spread
Sw,, one has to use a small acceptance angle ¢ of
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the scattered beam. Comparing Figs. 20(c) and 20(d) we
recognize a better & selectivity for the case of 5=0.
Our discussion of the coherent Raman probe scatter-
ing has shown that the 2Z-matching geometry of the in-
teracting beams as well as the observation geometry
are essential for the measured scattering signal S °°,
For special arrangements it is possible to select a cer-
tain frequency component out of a distribution of closely
spaced frequencies and study the dynamic properties of
this single constituent. Even more interestingly, selec-
tive # matching allows us to investigate a small group
of molecules within a distribution of vibrational frequen-
cies. In this way we are in a position to obtain dynamic
information on this molecular subgroup independent of
the broad frequency distribution. For example, the de-
phasing time 7', was measured in methanol for an inho-
mogeneously broadened vibrational mode (see Sec. V).
The following points are important for experimental
investigations. (i) For sufficiently large values of ¢, the
signal curve approaches an exponential slope 2/T,.
This part of the S °°“(tD) curve is most important for ex-
perimental investigations. Measurements should be
carried out over several orders of 10 in order to deter-
mine the correct value of the dephasing time T,. (ii)
It has to be ascertained that additional nonlinear pro-
cesses do not generate significant radiation in the fre-
quency range of interest. In particular, the probe scat-
tering mechanism has to be distinguished from stimu-
lated four-photon parametric interaction of the exci-
tation and probing light pulses via x 2}, the nonresonant
part of the third-order susceptibility (see Levenson,
1974). The latter process can produce radiation at the
anti-Stokes and Stokes frequency position of the probe
scattering for times when the excitation and probing
light pulses overlap, i.e., for small values-of #,. The
contribution of x 2} is not connected to the coherent ex-
citation of the vibrational mode of interest. For con-
centrated samples (e.g., pure liquids) and for vibra-
tional modes with large Raman cross section this mech-
anism is negligible close to the resonance frequencies.
On the other hand, in highly diluted specimens, the ef-
fect of x 2} was recently observed by Zinth et al. (1978).

B. Incoherent Raman probe scattering

In the preceding section we were concerned with co-
herent probe scattering. Our main aim was the deter-
mination of the vibrational dephasing time T, of a spe-
cific molecular mode and a definite group of molecules.
In simple cases, i.e., for a homogeneous line, this
time constant is closely connected to the linewidth ob-
served in spontaneous Raman spectroscopy.

We discuss now methods which allow time-resolved
studies of the population of vibrational quantum states.
It is possible to measure directly the population life-
time T,, to observe the transfer of vibrational energy,
and to follow the decay routes of excited states. Infor-
mation on these energy relaxation processes cannot
be obtained by conventional spectroscopic techniques.
The first measurement of the population lifetime T, of
a vibrational mode in a liquid (electronic ground state)
was reported by Laubereau, von der Linde, and Kaiser
in 1972. A related method was used earlier by DeMar-
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tini and Ducuing (1966) for 7, measurements in gases
on the time scale of 10™ sec.

The measuring technique consists of two steps. First,
a powerful short light pulse traverses the sample and
excites the vibrational mode of interest. As discussed
in Sec. II, stimulated Raman scattering or resonant in-
frared absorption can produce an excess population of
the first excited vibrational state. Subsequently, a sec-
ond weak pulse of different frequency probes the instan-
taneous vibrational excitation via spontaneous anti-
Stokes Raman scattering. The scattered intensity ob-
served under a large scattering angle (e.g., 90°) is pro-
portional to the instantaneous population of the upper
vibrational state (and to the incident laser intensity).2
Experimentally, a time-integrated signal is observed
with a photomultiplier. The time-integrated incoherent
scattering signal produced by the excess population n of
a vibrational state is denoted by S!*¢. We find

c d xg+Ax/2
Sie(ty)= A N(-d%).AQf dx’
1

xp=Ax/2

x J dt'n(x',t') IELZ(t,— tu) !2' :

(125)

x’ denotes the propagation direction of the excitation
pulse which generates the excess population n;. Ax re-
presents the observed local interval in the sample
(0<x,<l). N is the number density of the molecules in
the liquid. (do/dS?),; corresponds to the spontaneous
Raman cross section of the observed (excited) vibration-
al mode 7 and AQ to the solid angle of accéptance of the
detection system. E, is the field amplitude of the
probing pulse. Equation (125) represents a convolution
of the probe pulse of delay time ¢, with the vibrational
population ;. Experimentally, a primary excess popu-
lation is produced in one vibrational mode by the ex-
citing pulse. A secondary excess population resulting
from energy transfer processes to some other vibra-
tional state may be studied by the same incoherent
probing techniques. The frequency of the probe signal
Si¢is centered at w,,+ w;, where w; denotes the fre-
quency of the vibrational mode of interest. In general,
Si%¢ is measured in a frequency interval somewhat lar-
ger than the spontaneous linewidth connected with the
mode i.

Time- and frequency-resolved investigations are pos-
sible with probing pulses of several picoseconds dura-
tion. Two factors contribute to the spectral intensity
distribution of the probe signal: the spontaneous Raman
line shape of the vibrational mode with frequency w, and
the line shape of the incident probe pulse at frequency
w,,. Measurements of S }**(¢,=const) as a function of
frequency provide direct information on the instanta-
neous distribution of population among different vibra-
tional modes (see Sec. VI).

Time-resolved data on the instantaneous population

%At this large scattering angle the phase mismatch for coherent
scattering is very large. One estimates that the coherent
scattering signal is down by ten orders of magnitude in this
direction and can be neglected.
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Incoherent Scattering Signal S'nc(tu)

Delay Time 1t/ tp

FIG. 21. Incoherent (anti-Stokes) probe signal Si"®(fp) moni-
toring the excess population » of the first excited vibrational
state as a function of delay time ¢, between probe and pump
pulse. The signal curves decay exponentially with the popula-
tion lifetime Ty. Comparison should be made with Fig. 5,
where the excess population » is calculated for the same pa-
rameters.

n; are presented in Fig. 21. Examples of the scattering
signal S'"(¢,) are plotted versus delay time ¢, The
interaction of a Gaussian probe pulse with the excess
population » was calculated using Eq. (125). The time
duration ¢, of the probe and exciting pulse is assumed
to be equal. The parameters correspond to the vibra-
tional excitation illustrated in Fig. 5. The ratios of the
relevant time constants, ¢,/T, and T,/T,, determine
the time evolution of S'**(¢,). The signal curves in the
figure show the expected exponential tails. At these lat-
er times the probe pulse interacts with the freely relax-
ing molecules. The slope of the exponentially decaying
part of S*"(¢ ) is a direct measure of the population
lifetime (energy relaxation time) 7).

The low intensity of the spontaneous probe signal
should be emphasized. It results from the limited num-
ber of photons in the ultrashort probe pulse, from the
exceedingly small value of the Raman cross section
(do/dQ),, and from the small excess population n; <1
which is produced experimentally. For a typical exper-
imental situation we have a maximum occupation num-
ber # =107 within an excitation length of Ax ~10™ cm
(number density of the liquid N =5 X10?! molecules/
em?®). For a Raman scattering cross section of 2 X 1073
cm?/sr and a solid angle of acceptance of 107! sr, we
estimate from Eq. (125) the scattering efficiency of the
probing process to be §*¢/I,¢, ~1075, This number
gives the fraction of photons of the incident probe pulse
which are scattered in the solid angle of the detection
system for the optimum setting of the delay time £ .
The frequency of the probe pulse w,, has to be carefully
chosen (w;, >w,) in order to avoid background signals
generated by the powerful pump pulse at the detected
frequency position w,,+ w,; of the incoherent probe sig-
nal.
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C. Fluorescence probing

Here we discuss a probing technique for an excited vi-
brational state which is more sensitive by several or-
ders of magnitude than the incoherent Raman probing
of the previous section. The method is particularly
well suited for highly diluted systems.

The molecular transitions involved in the excitation
and probing process are illustrated schematically in
Fig. 22. Vibrational levels (2) of energy 7w, abovethe
ground state (1) are first populated by an exciting pulse
(see Sec. IL. E). The excess population of the excited
states is subsequently interrogated by a second pulse of
frequency w,. A fraction of the excited molecules is
promoted to a level (3) close to the ground state (4) of
the first excited singlet state S;,. The fluorescence
originating from the S, state is a measure of the instan-
taneous degree of the vibrational excitation in the ground
state. The time-integrated fluorescence signal is ob-
served as a function of delay time £, between the ex-
citation pulse and the probing pulse. It should be noted
that the frequency w, of the probe pulse is adjusted in
such a way that vibrational modes of energy E <7w, do
not participate in the probing process; dynamic infor-
mation on vibrational levels in a small frequency band
around 7Zw, is obtained. These levels contribute to the
probe signal according to their occupation number and
their Franck—Condon factors (i.e., absorption cross
sections). Thermal occupation of the levels E > 7w,
provides a background fluorescence signal. When the
pulse interrogates the medium without preceding exci-
tation, the background fluorescence is readily deter-
mined. The method outlined here was first used by
Laubereau, Seilmeier, and Kaiser (1975) for dynamic
vibrational investigations of dye molecules in liquid so-
lution and more recently in the vapor phase (Maier et
al.,1977). Our technique is related to the probing meth-
od of Allamandola and Nibler (1974), who studied C; in
solid low-temperature matrices on a microsecond time
scale.

3
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FIG. 22. Two pulse fluorescence technique. Schematic of the rel-
evant molecular energy states. Vibrational level (2) is excited
by an infrared pulse of frequency 3. The time dependence of the
population of level (2) is monitored with a second delayed pulse
of frequency v,. The (integrated) fluorescence at vy; is a meas-
ure of the population lifetime Ty of level (2).
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The dynamic processes involved in the probing tech-
nique are analyzed theoretically using the four-level
model indicated in Fig. 22. Several time constants af-
fect the probing process besides the relaxation times
T, and T, of the excited vibrational level (2). The life-
time of the excited state T, is the time constant of in-
terest. The transition (2) = (3) of the probing process
has a dephasing time T, .. and a population decay time
Ty Of the upper level (3). The excess population of the
lowest S, level decays with the fluorescence lifetime
T.- In general, molecular rotation affects the probing
processes. We restrict our discussion to a simplified
model:

(i) We consider (large) molecules where the rotational
relaxation time is considerably larger than the time
constant 7,: i.e., molecular rotation is neglected.

" (ii) We assume the dephasing time T,, o Of the excited-
state absorption to be much smaller than the pulse du-
ration of the probe pulse: T, ,. <<{¢,. The time con-
stant T, . is connected to the macroscopic polarization
of the probe absorption in analogy to the dephasing time
T, of the infrared absorption discussed in Sec. ILE.
Dephasing processes of both levels (2) and (3) contribute
to the decay rate 1/T, ,. of the induced polarization. On
account of the rapid relaxation processes in the excited
electronic state S;, one estimates 7, ,. <107'% sec for
many molecules. Assumption (ii) allows one to describe
the probe process of the population of level (2) by rate
equations.

(iii) The light intensity of the probe pulse is kept small
in order not to affect the population of level (2) notably;
i.e., the probing process represents a small pertur-
bation of the vibrational system.

For the assumptions (i)- (iii) the occupation probabil-

ities n; of level 7 are described by the following differ-
ential equations:

3 _ _

:tz =f(x,t) = (n, —7y)/T, — 0, L(n,+ Ny, —my),  (126a)
e/ —
% =0, Iy + 7y — g) =13/ Tysy (126b)
%:na/Tvib-n4/7n. (126c)

Equations (126) are supplemented by the equation for
the photon flux density I, of the probing pulse:

217 B (127)

( L i>12=-02N12(n2+ﬁ2—n3).
The excess population n, of the excited vibrational state
of interest is generated by the pumping term f (x,?) in
Eq. (126a). #, denotes the thermal equilibrium value.
The population of level (2) depends on the excitation
rate, the population lifetime 7';, and the probing light
pulse of intensity I,. The probing pulse excites level (3)
where rapid redistribution occurs with a time constant
Ty to the fluorescent states represented by level (4).
Experimentally, we observe the time-integrated fluore-
scence signal:
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F(t) = (const) N -1 f dtng(t—-1,) - F,. (128)
f1 =0

The constant factor in Eq. (128) combines various ex-
perimental parameters, e.g., excitation volume, solid
angle of detection, observed wavelength, bandwidth of
the fluorescence signal, and spectrometer transmission.
The quantum efficiency of the fluorescence is denoted
by n. F(¢,) represents the fluorescence signal produced
by the excess population of the vibrational level (2).

The background signal F, in Eq. (128) denotes the
fluorescence emission observed without an excitation
process, f(x,t)=0 [Eq. (126a)]. Clearly, F, is indepen-
dent of ¢,. For the assumptions (i)-(iii)discussed above,
Eq. (126) may be solved independently of Eq. (127)
(propagation of the probe pulse). We have made detailed
calculations of the four-level system depicted in Fig. 22
and of more extended systems involving energy redistri-
bution between vibrational levels (2). Some of our the-
oretical results are briefly summarized as follows:

For weak probing pulses, i.e., for

I <0, o)™, (129)

the population of state (3) remains small (n, <<%,) during
the probing process, and the time behavior of the flu-
orescence signal F(¢,) does not depend on the relaxation
times 7,4, and 7, of the levels (3) and (4), respectively.
Accurate values of these time constants are not avail-
able for many molecular systems. Condition (129) en-
sures that the observed fluorescence signal decays ex-
ponentially with time constant 7T, after the excitation
process has terminated:

F(tp) <exp(~tp/T;). (130)

Equation (130) indicates that the decaying part of the
signal curve gives direct information on the vibrational
dynamics of level (2). The measured time constant 7,
results from energy decay processes to lower-lying
levels (which cannot interact with the probing pulse)
and/or from energy transfer to adjacent vibrational levels
of approximately equal frequency position. Inthe model
described by Egs. (126) it is assumed that levels popu-
lated by secondary redistribution processes do not
notably contribute' to the probe signal. In the general
case, the decay of the fluorescent signal gives in-
formation on the time evolution of an ensemble of
vibrational states with a nonexponential time depen-
dence. A detailed knowledge of the Franck-Condon
factors for the electronic transitions of the

probing process is necessary for a full understanding
of the vibrational information supplied by the fluores-
cence probing technique. Comparing this experimental
method with the incoherent Raman probing of Sec. III.B
we note that the selection rules of the latter process
are more favorable for the investigation of the popula-
tion of a single vibrational level, independent of other
energy states of approximately the same frequency. In
other words, the high sensitivity of the fluorescence
technique is gained at the expense of a more difficult
interpretation of the experimental data. Additional in-
vestigations are required to link the observed time con-
stant to specific vibrational levels and to distinguish
between energy decay and redistribution processes.
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Fortunately, the fluorescence technique is very flexible.
Tunable infrared pulses allow one to excite various vi-
brational levels of the same molecule and properly ad-
justed probe frequencies reduce the number of interact-
ing states.

At the end of this section on probe techniques we em-
phasize the importance of knowing the temporal shape
of the probe pulse. This fact is essential for relatively
long pulses, i.e., for ¢/, =T,,T,. Gaussian pulses which
rise and decay rapidly are well suited for our investi-
gations. Improvement of the experimental time res-
olution is possible by cutting the wings of the probe
pulse with the help of a nonlinear absorber, e.g., a
bleachable dye. This technique requires the transmis-
sion of the absorber to be adjusted to the peak intensity
of the light pulse (Penzkofer et al.,1972). For any pulse
shape it is desirable to measure the probe scattering
signals over an intensity range as large as possible to
clearly interrogate the free relaxation of the system.

IV. EXPERIMENTAL

In the previous part of this paper we presented the
theoretical background for the excitation and the probing
of normal modes in the condensed phases.

We now wish to make several remarks as to the re-
quired quality of the picosecond pulses. Next, the gen-
eration of tunable infrared pulses is discussed. Sub-
sequently, three experimental systems are presented
which were used successfully to obtain new information
on ultrafast dynamical processes in liquids and solids.

A. Generation of ultrashort laser pulses

To obtain reliable experimental data in picosecond in-
vestigations it is important to work with well-defined
single picosecond pulses for the excitation and for the
probing of the material excitation. One has to measure
the pulse duration and one should work with bandwidth-
limited pulses in many applications. It is desirable to
know the peak intensity and the pulse shape of the pulses
used.  All parameters should be kept constant during the
experimental run. The application of the whole mode-
locked pulse train of a high-gain solid-state system
should be avoided since the important pulse parameters,
pulse duration, bandwidth, peak intensity, and pulse
shape, vary from the beginning to the end of the pulse
train (Duguay et al.,1970; Eckardt ef al.,1971; von der
Linde, 1972). The selection of chirp-free pulses from
the pulse train is discussed by Zinth et al. (1977).

In our experimental systems we work with mode-
locked Nd-glass lasers operating at a frequency v,
=9455 cm™. Satellite pulses on a picosecond time scale
are eliminated by contacting the dye cell to one mirror
of the oscillator (Bradley ef al.,1969). A single pico-
second pulse is cut from the leading part of the pulse
train using an electro-optic switch. This switch con-
sists of a high-pressure spark gap in conjunction with
an optical Kerr cell (von der Linde, Bernecker, and
Laubereau, 1970). When one pulse of the mode-locked
train reaches a certain power level, the spark gap op-
erates and the Kerr shutter transmits the subsequent
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pulse. The pulse duration was measured by a quanti-
tative application of the two-photon fluorescence (TPF)
technique (Giordmaine et al., 1967; von der Linde,
Bernecker, and Kaiser, 1970; Zinth et al., 1977;
1978), by the use of a fast streak camera of ~3 psec
time resolution (Malyutin and Shchelev, 1969; Bradley
et al., 1971), and by a nonlinear optical technique using
a rapidly rising and decaying material excitation for
probing the laser pulse (von der Linde and Laubereau,
1971). The latter system has the advantage that the
wings of the laser pulse can be measured several orders
of ten below the peak of the pulse.

The various parameters of our ultrashort light pulses
are as follows: pulse duration 7, ~6 psec; frequency
bandwidth Ay, =3 em™ ¢,X Av,=0.5, i.e., our pulses
are essentially bandwidth limited ; peak power P, =10°
W; pulse shape approximately Gaussian; peak to back-
ground ratio 10%; and mode pattern TEM,,.

B. Infrared pulses for direct vibrational excitation

In Sec. II, we discussed two excitation processes for
well-defined vibrational modes: stimulated Raman
scattering and resonant infrared absorption. The latter
process requires intense, tunable, ultrashort light
pulses in the infrared part of the spectrum. We wish to
comment briefly on the generation of such pulses (Lau-
bereau, Greiter, and Kaiser, 1974).

When a coherent laser pulse passes through a properly
oriented nonlinear crystal, two new pulses are generated
at the signal and idler frequency. The physical process,
parametric three-photon amplification, has been studied
extensively in oscillators at moderate power levels
(Giordmaine and Miller, 1965; for reviews see Smith,
1972, and Byer, 1975). The high peak intensities avail-
able in ultrashort pulses allow efficient generation of
infrared pulses by one transit through the nonlinear cry-
stal. It was found that with single picosecond laser
pulses, conversion efficiencies of several percent are
possible without crystal damage. The generated fre-
quencies depend upon the nonlinear material and the cry-
stal orientation with respect to the beam axis. For
LiNbO, we found a practical tuning range from approxi-
mately 6800 cm~! to 2700 cm~! with a laser pulse at 9455
cm™. The frequency bandwidth of the generated pulsesisa
critical function of a number of parameters such as tuning
curve of the material, crystal length, pumpbeam diverg-
ence, and signal divergence. Inearlyexperiments we ob-
tained with one LiNbO, crystal a bandwidth of approximately
100 ecm™ at an infrared frequency of 3000 cm™. The
bandwidth and divergence of the parametric pulse is sub-
stantially reduced when working with two nonlinear cry-
stals in a distance of roughly 50 cm. The first crystal
acts as a broadband, large-divergence generator, while
a small frequency component is amplified in the second
crystal determined by the (small) divergence of the
pump beam and the distance between the crystals. More
recently, careful measurements with two LiNbO, crystals
gave infrared pulses of 8 cm™ close to the Fourier
transform limit (Seilmeier et al., 1978). The infrared
pulses have rapidly rising and falling wings on account
of the highly nonlinear generation process. This fact
is responsible for the favorable time resolution of
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<0.5 psec which we found when working with these in-
frared pulses.

C. Coherent excitation and probe techniques

Stimulated Raman scattering has the advantage of being
able to coherently excite known vibrations of different
molecules with a single laser frequency. In many cases,
only one vibrational mode is excited for every poly-
atomic molecule. .

Two experimental systems for coherent probe scat-
tering with off-axis and collinear wave-vector geometry
are depicted schematically in Figs. 23 and 24, respec-
tively. The mode-locked laser oscillator is followed by
an electro-optic switch, which cuts one pulse from the
leading part of the pulse train. The selected pulse
passes through an optical amplifier with gain of approx-
imately 100 and is subsequently converted (in most ex-
periments) to the second harmonic at 18910 cm™ or
0.53 um in a potassium dihydrogen phosphate crystal.
The powerful light pulse traverses the sample, a cell
containing the liquids or a single crystalline specimen.
Stimulated Raman scattering is effectively generated
in samples of several millimeters to several centime-
ters in length. In our measurements the energy con-
version of laser to Stokes emission is kept at a few per-
cent in order to stay within the validity of our calcula-
tions and to avoid depletion of the input pulse. The stim-
ulated Stokes pulse is simply measured by a fast photo-
diode and suitable filters (Fig. 23). More detailed in-
formation was obtained using a high-resolution spectro-
meter in conjunction with an optical multichannel an-
alyzer system. We were able to study the spectra of
the transmitted laser pulse, the generated Stokes
pulse, and—in Fig. 24—the spectra of the scattered
probe pulses at various delay times (see, for example,
Fig. 32).

A beam splitter in the path of the input pulsé provides

AT Amplitier switch |—=—] M-LLaser
To Scope TP
[{o]dmm] F vD
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= |p| .
- Sample To Scope
f ] ||
[ L4 L._T’__D ~- ,UD_-—
“ Q

FIG. 23. Schematic of the experimental system to measure co-
herent probe scattering in an off-axis geometry. The mode-
locked laser is followed by an electro-optic switch which cuts
one pulse out of the pulse train. The picosecond pulse is con-
trolled by a two-photon fluorescence technique (TPF). The
energy of the input and of the generated Stokes pulse is mon-
itored with fast photodiodes P1 and PD, respectively. A beam
splitter provides a weak probe pulse which travels through a
variable delay system (VD) before interrogating the momentary
material excitation in the sample. The aperture A determines
the divergence of the observed scattered probe beam.
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FIG. 24. Experimental setup to measure coherent probe scatt-
ering in a collinear geometry. A beam splitter generates the
probe pulse, which is properly delayed before traveling collin-
early to the exciting pulse. The scattered signals of the pump
and probe pulses are separated by the polarizer P,.

a second pulse of smaller intensity, approximately 1072
of the exciting pulse. This weak pulse serves as an
interrogating pulse of a variable delay time #,. Our op-
tical delay system of high precision consists of two
movable prisms. The delay times were carefully deter-
mined taking into account the group velocities of various
optical components. The accuracy of the ¢, scale is bet-
ter than 2%. The properly delayed probe pulse interacts
with the instantaneous coherent vibrational excitation

of the sample.

In the off-axis geometry of Fig. 23 the coherent anti-
Stokes Raman scattering of the probe pulse is observed
close to the forward direction. The spectrometer serves
as a transmission filter for the anti-Stokes signal with
a bandwidth of 20 cm™, The aperture A determines the
solid angle of acceptance of the detection system. As
pointed out above, the size and the position of the aper-
ture A determine which material excitation we observe
with our photodetector (PM). The phase-matching angle
of the probe scattering geometry is determined by the
color dispersion of the medium and by the Raman shift
(i.e., the vibrational frequency) of the specific sample.
The following experimental parameters are relevant for
the off-axis k-matching situation: sample length (de-
termining the interaction length Al); beam diameter (af-
fecting the Stokes divergence a,,,); probing angle S;
and angle of detection Ag. Experimentally, we typically
have a,,,~2° and 8=3°.

In Fig. 24, the weak probing pulse is generated by a
first beam splitter and is subsequently properly delayed
by a variable optical delay system. A second beam
splitter is adjusted carefully to make the probe pulse
travel collinearly to the exciting pulse through the me-
dium. In this way we work with a probing angle 8=0.
Two polarizers P1 and P2 are inserted into the light
path. When both polarizers are parallel, we observe
the strong (ng~1%), highly polarized Stokes pulse and
a much weaker (non-phase-matched) anti-Stokes signal,
both generated by the powerful pumping pulse. With
crossed polarizers these two signals and the laser pulse
are attenuated by a factor of 10°~10°%. It is then possible
to observe the scattered Stokes or anti-Stokes signals
of the interrogating pulse and to study their magnitude
as a function of delay time. Since the probe pulse has
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the same conversion efficiency into Stokes and anti-
Stokes light as the pump pulse (~1%), we are able to
measure the scattered probe signal over approximately
three orders of magnitude. We note that the Stokes
component of the probing pulse is always k-matched in
the collinear geometry, while the anti-Stokes signal is
k-matched for a slightly different frequency. These
facts were used in experiments discussed below.

D. Incoherent probing
1. Spontaneous anti-Stokes Raman scattering

The experimental system to measure the energy relax-
ation time T, is presented schematically in Fig. 25. A
powerful single picosecond pulse at v, =9455 cm™ tra-
verses the sample, generating vibrational excitation at
the normal mode with the largest Raman gain. The KDP
crystal in the second beam produces a light pulse at the
second harmonic frequency (v,;=18910 cm™), which
serves as a probe pulse with variable delay /,, The
probe pulse interacts with the excited molecules of the
sample and the incoherent (spontaneous) anti-Stokes
Raman signal S “‘°(tD) is observed at a scattered angle
of 90°. A monochromator or a set of dielectric filters
is used for the detection of the weak spontaneous Raman
signal. With approximately 10*® photons in the probe.
pulse, one estimates for an occupation number of n
~107 an anti-Stokes signal of 10% photons in a solid angle
of AQ =~0.2 sr.

2. Two-pulse fluorescence technique

The vibrational excitation by resonant infrared absorp-
tion and the physics of the fluorescence probe signal

&L‘——@ |Swi(ch I { M.-L.Laser !
To DPV To DPV
nf11
U1 ihe
DC KDOP F
1 1]
PD o
0o
To Scope PO PD
To Scope To DPV

FIG. 25. Experimental system to measure energy relaxation
times. A single-picosecond laser pulse either generates stim-
ulated Raman scattering in the sample or produces ultrashort
infrared pulses when the two nonlinear crystals (broken line)
are inserted. The infrared frequency is tuned by crystal ro-
tation. The probe pulse travels through the upper delay sys-
tem and interrogates the excited volume. With spectrometer
(SP) and photomultiplier (PM) a spontaneous anti-Stokes signal
or a fluorescence signal can be measured. The input intensity
"is determined by two fast photodiodes (PD) in conjunction with
a nonlinear absorber (D). *
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were discussed in Secs. II.E and III.C, respectively.
The experimental system of the two-pulse tech-

nique is very similar to the setup presented in the pre- -
vious section (see Fig. 25). The powerful laser pulse

at ¥, =9455 cm™' passes through two LiNbO, crystals
(broken line), generating the desired infrared pulse.
After filtering out the laser frequency, the infrared ra-
diation is focused into the sample. At a frequency of v,
=3000 cm™, the pulse duration is ~3 psec and the pulse
energy corresponds to 10 quanta. The frequency and
the bandwidth of the infrared pulse are monitored by an
infrared spectrometer. A beam splitter in the input
beam produces the second pulse which is—in the exper-
iments discussed below—converted to the second har-
monic frequency T/ZL =18910 cm™! in a KDP crystal. The
dye cell after the beam splitter provides a special pulse
shaping of the laser pulse (Penzkofer et al., 1972). The
leading part of the transmitted pulse is efficiently steep-
ened by the nonlinear dye absorber. The pulse at fre-
quency v,; travels through an optical delay line and fi-
nally crosses the infrared beam, i.e., passes through
the vibrationally excited volume. The fluorescence of
the sample is measured with a spectrometer and photo-
multiplier.

V. RESULTS AND DISCUSSIONS OF DEPHASING
PROCESSES IN LIQUIDS

The following three sections are concerned with the de-
termination of the dephasing time for a variety of vibra-
tional modes. In Sec. V. A, we begin with the simplest
case of a single molecular vibration with a homogeneous-
ly broadened Raman line. In the next step (Sec. V.B) we
investigate vibrational modes with discrete but closely
spaced vibrational components. In particular, we pre-
sent a collective beating phenomenon originating from
neighboring isotope species. The more complex situation
of inhomogeneously broadened Raman lines, where a
broad spectrum of vibrational modes is excited in the
pumping process, is discussed in Sec. V.C. Several
comments on the resolution of the wave-vector spectro-
scopy are given at the end of Sec. V.

A. Normal modes with homogeneously broadened
Raman lines )

First we investigate vibrational modes where all mole-
cules have the same resonance frequency. The coherent
scattering signal was measured for a variety of mole-
cules using experimental systems presented in Figs. 23
and 24. One normal vibrational mode was excited for
each molecular system. The mode with the largest gain
factor [Eq. (37) and Fig. 2] dominates in the stimulated
excitation process. We discuss the dephasing time of
two different molecular vibrations of the molecules
CH,CCl,; and liquid N,. Experimental data for CH,CCl,
and liquid N, are presented in Figs. 26 and 27, respec-
tively. )

The coherent Stokes or anti-Stokes scattering signal
Seoh(¢,) is plotted as a function of delay time between the
pump and the probing pulse. Time zero marks the max-
imum of the pump pulse. Both curves exhibit the main
features predicted by the calculated curves in Fig. 14.
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FIG. 26. Coherent Stokes scattering signals vs delay time ¢p.
The CHj stretching mode at 2939 cm™ of CH,;CCl is found to
have a dephasing time 7,/2=1.2 psec.

The scattered probe signal rises to a delayed maximum
and decays exponentially with a time constant character-
istic of the molecule and the specific vibrational mode.
It is possible to collect numerous data points along the
exponential slope and determine the dephasing time with
considerable accuracy of approximately 10%. We note
that in Fig. 27 the exciting pulse has left the sample for
over 200 psec while the freely relaxing molecules still
show an observable phase relation within the excited vol-
ume.

In Fig. 26 the dephasing time T,/2 of the CH, stretching
mode at 2939 cm™ is found to be 1.2 psec for CH,CCl,.
Measurements were made under highly selective k-
matching conditions where vibrational modes of other

Liquid N, (77K) |

¥ =2326 cm’’

1,/2=75* 8 ps

Anti -Stokes. Signal SCOh( tp)

1 |
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FIG. 27. Coherent anti-Stokes scattering signals vs delay time
tp. The fundamental mode of liquid N, at 2326 cm™ gives a
value of T,/2="175 psec.
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TABLE II. Measured dephasing times of several modes and

molecules. Comparison with spontaneous Raman linewidth.
T,/2 (10"'%sec)
Py (cm™1) Measured From linewidth
N2(77K) 2326 75 £8 79 8
CCl, 459 3.5+0.4 3.8+0.5
SiCly 425 3.0+£0.5 2.8+0.5
SnCl4 368 2.8+0.3 2.5+0.5
CH;CCly 2939 1.2 £0.2 1.2+0.1
SnBr, 221 3.0+£0.3 >1.6
CHZ;O0H 2835 2.3+0.5 >0.25
(CH,OH), 2935 3.0+0.5 >0.1

molecules (see Table II) showed considerably longer de-
phasing times. On the other hand, independent tests of
our experimental system gave a lower time resolution of
0.3 psec. It is important to note that the same dephasing
time of 7,/2=1.2 psec was measured under different ~-
matching conditions including off-axis geometries. We
conclude from these measurements that the observed
value of 1.2 psec is the dephasing time 7T,/2 of the
observed vibration without indication of an inhomo-
geneous broadening. We have measured the energy
relaxation time of the same vibrational mode (see
Sec. VI.A.1) and found a value of T,=5.3 psec;

i.e., we have T,/T,=2.2. It is interesting to compare
our time constants with the spontaneous Raman linewidth
of the same vibration (and molecule). From the linewidth
of 6V=4.3 cm™ a time T,/2=1.2 psec is calculated [see
Eq. (28)]. The agreement between the two time constants
supports our conclusion that the observed vibrational
mode is predominantly homogeneously broadened.

Our experimental data on the coherent scattering sig-
nal of the fundamental vibration of N, at 2326 cm™ are
presented in Fig. 27. From the exponential slope of the
experimental curve, a relaxation time of 7,/2="175 psec
is deduced at 77 K (Laubereau, 1974). This number re-
presents the longest dephasing time observed so far for
a liquid medium. Recently, several authors reported an
exceptionally long energy relaxation time of the funda-
mental vibrational mode of liquid N, (Calaway and Ewing,
1975; Brueck and Osgood, 1976). In this case, where
T,/T,~10", the dephasing process is not affected by the
depopulation of the first excited vibrational state. Care-
ful measurements exist of the linewidth 57 of the funda-
mental vibration of liquid N, (Clements and Stoicheff,
1968; Scotto, 1968). From these data we calculate a
time constant of T,/2 =178 psec, which agrees quite fa-
vorably with the relaxation time obtained from our
time-resolved measurement. More recently, similar
results were reported for liquid N,:Ar mixtures (Hesp
et al., 1977).

We recall that the pure dephasing time 7, may be de-
termined from experimental values of T, and T, [see Eq.
(19)]. In the presently discussed liquids the population
lifetime 7, is considerably larger than the dephasing
time 7,; as a result we find Ton ™ T,/2. The values of
T,, calculated in the quasielastic collision model are in-
deed in fair agreement with our measured T, data (see
Sec. II.A.5).
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B. Vibrational modes with neighboring isotope
components: Dephasing time and collective beating

Many liquids are composed of several isotopic species.
The resulting multiplicity of the vibrational modes may
or may not be resolved by spontaneous Raman (or infra-
red) spectroscopy. It will be shown here that coherent
excitation and coherent probing allow us to determine the
-dephasing time of one isotope component. In addition, a
new beating phenomenon is observed which gives values
of the frequency difference of the vibrational isotope
components.

Well-known molecules, the tetrahalides, were chosen
to demonstrate our ideas and to test the theoretical cal-
culations of Secs. II and III. The isotope effect of Cl and
Br gives rise to vibrational multiplicity of the totally
‘ symmetric tetrahedron vibration. Stimulated Raman
scattering of these vibrational modes is readily achieved
on account of the large scattering cross sections. The
isotopic line structure of the spontaneous Raman spec-
trum has been extensively studied for some of these
compounds (Clark and Willis, 1971; Brandmiiller et al,
1967; Eysel and Lucas, 1970). In Fig. 28(a) the Raman
band of the tetrahedron A,, vibration of CCl, around 459
em™ is depicted. The frequency difference between two
neighboring lines is approximately 3 cm™. The molecul-
ar components C*Cl, (1), C*C1*Cl, (2), C*'CL>**Cl, (3),
and C*'CL,%*C1 (4) have concentration ratios of 0.772:1 :
0.486 :0.105, in agreement with the respective Raman
line intensities in Fig. 28(a). The significant overlap of
the lines does not allow an accurate measurement of the
linewidth of a single isotope component.

Considerably different is the situation for liquid SnBr,
at 305 K, where the tetrahedron mode around 221 ¢cm™
is shown in Fig. 28(b). A structure of the Raman band,
on account of the natural abundance of the "Br and ®'Br
isotopes, is not visible in the spontaneous Raman band.
The isotope distribution is masked by the homogeneous
broadening of the closely spaced isotope components.
The wings of the observed band differ notably from a

440 450 460 470

Frequency Vic Cem'l Frequency Vic teni”a

FIG. 28. Spontaneous Raman—Stokes spectra of (a) CCl, and

(b) SnBr,. The line splitting of CCly is due to the natural abun-
dance of 3Cl and 3'Cl. The five Raman bands (broken curves in
b) are calculated from the measured dephasing time and isotope
splitting using the natural abundances of Br and #Br. The
sum of these lines (open circles) adds up to the spontaneous line
shape. Dotted curve represents a Lorentzian line profile.
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FIG. 29. (a) Coherent Stokes signals vs delay time measuring
one isotope component [number 2 in Fig. 28(a)] of CCl by a
selective collinear phase-matching geometry. (b) Coherent
anti-Stokes signals vs time observed in a nonselective off-axis
geometry. The beating of the different isotope components of
CCl, is clearly visible.

Lorentzian line (dotted curve). The broken lines and the
open circles in the figure are calculated and will be ex-
plained below.

We now present our picosecond investigations on CCl,
and SnBr, (Laubereau, Wochner, and Kaiser, 1976a and
b). The results on CCl, are discussed first. The most
abundant isotope component C*’C1**Cl, was investigated
under two different selective phase-matching conditions:
(i) Using the collinear geometry of Fig. 24, the Stokes
shifted coherent scattering signal S*"(¢,) was measured
as a function of delay time 7, [see Fig. 29(a)]. Discrim-
ination against the strong Stokes signal of the pump pulse
was achieved by carefully adjusting the polarization di-
rections of pump and probe pulse. The small aperture in
front of the spectrometer ensures a small acceptance
angle around the forward direction. %2 matching and ob-
servation of the most abundant isotope component is
straightforward under these conditions. From Fig. 29(a)
we deduce a dephasing time of 7,/2=3.5+0.4 psec. (ii)
k matching for a coherent anti-Stokes scattered signal
requires an off-axis geometry. Wave-vector calcula-
tions indicate that the scattered probe emission of the
different isotope components occurs in different cones
of ~2 mrad under slightly different angles A¢ ~6 mrad.
Selective 2 matching was experimentally adjusted with a
small aperture which selects a probe scattering beam of
~2 mrad. The coherent anti-Stokes signal S°°® was mea-
sured as a function of delay time ¢ p using an experimen-
tal system depicted in Fig. 23. The resulting dephasing
time of 3.6 +0.4 psec is in excellent agreement with the
data obtained by the collinear geometry (for experimen-
tal data see Fig. 7(a) in the paper by Laubereau et al.,
1976b).

Different results are observed when the aperture 4 in
the off-axis geometry is removed (Fig. 23). Now, the
solid angle of acceptance is considerably larger (~10
mrad); probe scattering components within this diver-
gence are readily detected. The total signal is expected
to be strongly modulated by the beating of the isotope
components. In Fig. 29(b) the coherent probe scattering



646

Seoh jg plotted versus delay time £,. The decaying part
of the signal curve differs drastically from the data of
Fig. 29(a). Two minima and additional maxima of the
signal curve are clearly indicated by the experimental
data which monitor the relaxation process over four or-
ders of 10. Collective beating of the isotope species of
CCl, is readily seen in the figure. The solid curve is
calculated from the theory outlined above for a nonselec-
tive 2-matching geometry taking into account the scatter-
ing contributions of the four most abundant isotope spec-
ies of CCl,. Since the dephasing time is determined in
an independent experiment [see Fig. 29(a)], the only fit-
ting parameter in the calculation is the frequency differ-
ence A w between neighboring vibrational components,
which is determined with considerable accuracy from the
data of Fig. 29(b). A value of Aw/27c=2.9+0.15 cm™ is
found, which favorably compares with the spontaneous
Raman data of Fig. 28(a). The good agreement of the
theoretical curve (solid line) and the experimental

points in Fig. 29(b) should be noted (see also Fig. 16).

We turn now to our investigations of the tetrabromides,
where the isotopic effect is notably smaller on account
of the lower vibrational frequencies and the smaller rel-
ative mass effect Am/m of the Br and ®'Br isotopes.
For SnBr, the line splitting is not resolved in the spon-
taneous Raman spectrum [see Fig. 28(b)]. According to
Herzberg (1945), the frequency spacing Aw =~ wlm/8(m
+ Am) of the isotope components is estimated to be Aw/
2m1¢ ~0.67 ecm™. This value is considerably smaller than
the width of the Raman band of 67,,, ~3.2 cm™ depicted
in Fig. 28(b).

With selective 2 matching we were able to resolve and
to study two single components of the five isotope spec-
ies. The collinear wave-vector geometry of Fig. 24 was
used and the tetrahedron vibrations around 221 cm™ were
excited. For a sample length of /=10 cm, we estimated
an effective interaction length for the probe scattering
of Al=~0.4 cm. First we measured the scattered anti-
Stokes signal and obtained the dephasing time of the iso-
tope component j=4 (Sn®*'Br,”Br); then we observed the
scattered Stokes signal and studied the most abundant iso-
isotope component j=3 (Sn®'Br,’®Br,).

Coherent anti-Stokes scattering is well phase matched
for the component j=4, as discussed in connection with
Fig. 19. In fact, for j=4 one calculates 2ArAl=0.24,
while for the neighboring isotope components j=3 and
j=5 one obtains considerable mismatch with 2AkA7 ~6.8.
As a result, the components j=3 and j =5 contribute less
than’3% to the anti-Stokes scattering signal [see Eq. (111)].
The measured probe scattering signal S of the isolated
isotope species j=4 is plotted versus delay time ¢, in
Fig. 30(a). The exponential decay of S°" extends over a
factor of approximately 500. The dephasing time of the
single isotope component of 7,/2=3.0+0.3 psec is de-
duced from the slope of the signal curve. This value
corresponds to a homogeneous linewidth of 1.8 cm™, a
number significantly smaller than the bandwidth of 3.2
cm™ observed in the spontaneous spectrum [Fig. 28(b)].

Coherent Stokes scattering is phase matched for j=3,
which is located at the center of the spontaneous Raman
band [see Fig. 28(b)]. We recall that the Stokes frequen-
cy of the excitation process occurs in the middle of the
Raman band. As a result, a strong material excitation
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FIG. 30. (a) Coherent anti-Stokes signal measuring a single-
isotope component [number 4 of Fig. 28(b)] in SnBr,. A se-
lective collinear phase-matching geometry was used. (b) Co-
herent anti-Stokes signals observed by a nonselective off-axis
geometry. The rapid decay of the data points is due to the de-
structive interference of different isotope components of
SnBry.

is generated for j=3 in the forward direction. We have
measured the Stokes signal S°® versus delay time £, us-
ing careful adjustment of the polarizers. The signal
curve was found to be the same as for the anti-Stokes
frequency [Fig. 30(a)]. This result demonstrates that
the two neighboring isotope species have the same de-
phasing time 7,/2=3.0 psec within the experimental ac-
curacy of 10%.

We have studied the same vibrational mode of SnBr,
with the off-axis geometry of Fig. 23 under nonselective
Ek-matching conditions. Coherent superposition of the
different isotopic components is observed in this case.
The picosecond probe data, S are presented in Fig.
30(b). The signal decays rapidly over five orders of 10
during a time interval of ~18 psec. For SnBr, we esti-
mate a long beat period of 50 psec on account of the
small isotope splitting. As a result, the signal does not
reach the first minimum and subsequent maximum of the
beating curve. In fact, the beating maximum around ¢,
=~50 psec is expected nine orders of 10 below the peak
scattering signal. The solid curve in Fig. 30(b) is cal-
culated for the nonselective k-matching situation using
the beat frequency Aw as a fitting parameter and the
measured value of the dephasing time 7,/2=3 psec which
was determined in Fig. 30(a). Good agreement of the
theoretical curve with the experimental data (full points)
in the figure is obtained for a value of Aw/2mc=0.7
+0.15 ecm™, which favorably compares with the theoret-
ical estimates of 0.67 cm™.

The apparent decay time of the solid curve in Fig.
30(b) of 1.2 psec does not represent a relaxation time of
the vibrational system. The observed time dependence
results from the destructive interference of the coher-
ently excited vibrational modes. A relaxation time of 1.2
psec would correspond to a spectral linewidth of 4.4
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em™, which is in contradiction to the observed spontan-

eous bandwidth of 3.2 cm™.

Knowing the dephasing time T,, the frequency spacing
Aw, and the abundance of the SnBr, species, we are able
to evaluate the composed spontaneous Raman band. The
natural abundance of the two Br isotopes leads to a rel-
ative concentration of the five components Sn*'Br *Br,_,
(x=0-4) of 0.173, 0.685, 1.0, 0.653, and 0.160. In Fig.
28(b), five homogeneous bands with linewidth of 1.8 em™
corresponding to the five isotope components are depicted
by broken curves. The sum of the five Raman lines gives
the open circles which agree completely with the experi-
mental Raman band of common SnBr,. This result dem-
onstrates that our picosecond data of 7, and Aw are ful-
ly consistent with the integral information supplied by -
spontaneous Raman spectroscopy. It is interesting to
note that the investigations of Figs. 29 and 30 give evi-
dence of the spatial phase correlation in liquids dis-
cussed in Sec. IIL.A.4.

To conclude this section, the following remarks should
be made. The beating phenomenon originates from the
coherent superposition of the vibrational amplitudes {g) ;
of the excited quantum states. (q)j denotes the expecta-
tion value of the displacement operator (Giordmaine and
Kaiser, 1966). There are differences from the quantum
beats previously observed in gases (Shoemaker and
Brewer, 1972; Gornik et al., 1972; Haroche et al.,
1973; and Heritage et al., 1975): (i) The different ex-
cited states belong to various molecular species. (ii)
The vibrational states have no optically allowed transi-
tions, i.e., there is no emission to be observed. (iii)
The beat frequency is very high, on the order of 10*!
sec™, and the dephasing times are very short, on the
order of several 10™2 sec. Ultrashort pump and probe
pulses are required to study the beating process in the
condensed phase.

C. Molecular vibrations with inhomogeneously broadened
Raman lines

At present, there is limited information on inhomogen-
eous line broadening in liquids. The best known exam-
ples are liquids with strong hydrogen bonding and broad
inhomogeneous OH bands (Pimentel and McClellan,
1960). Spontaneous spectroscopic techniques provide the
total Raman or infrared band, but do not allow a separa-
tion between homogeneous and inhomogeneous contribu-
tion to the total line shape. As a result, it is not possible
in most cases to decide to which extent a normal mode
is inhomogeneously broadened. Our preliminary investi-
gations indicate that even relatively narrow Raman lines
of several cm™, which are generally believed to be ho-
mogeneously broadened, have inhomogeneous contribu-
tions not detected by presently existing experimental
methods.

The investigations discussed now are aimed at tackling
this problem (Laubereau, Wochner, and Kaiser, 1977).
In Sec. V.B, where we derived a method to study Raman
lines of well-known (isotopic) substructure, we mea-
sured the dephasing time of one molecular component.
We now extend these investigations and apply our selec-
tive k-matching technique to vibrational bands of unknown
inhomogeneous character. It will be shown below that
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we are able to study the dephasing time of a small group
of molecules of narrow frequency width.

Two types of measurements are performed to study the
coherent scattering of inhomogeneously broadened Ra-
man lines. First, we investigate the spectra of different
scattered light pulses, and second, we measure the time
dependence of the relaxation process.

The following spectral data give direct information on
the material excitation by transient stimulated Raman
scattering. The CH, stretching mode of ethylene glycol
at 2935 cm™ was chosen to demonstrate the strong effect
of the transient stimulated Raman excitation of a very
broad (60 em™) vibrational band. A large Stokes diver-
gence, typical for nonselective k-matching geometry,
was used in a short cell of 1 cm length. Under these
conditions the probe pulse interacts with many excited
vibrational components with good scattering efficiency.
In Fig. 31, four different spectra are presented.

(a) The spectrum of the incident laser pulse at
7;,=18910 cm™ shows a linewidth of 67, ~5 em™?!, which
is the Fourier transform of the pulse duration of 3-4
psec. ,

(b) The spectrum of the Stokes pulse has a bandwidth of
0Dg ~8 ecm™. We know that the Stokes pulse is shorter
than the pump pulse by approximately a factor of 2 since
the transient buildup of the material excitation scatters
the incoming laser pulse for approximately half of the
pulse duration. The reduced pulse duration gives a
Stokes spectrum of 6pg ~8 cm™. Note: Theory predicts
that the molecules of the vibrational distribution are
driven with the frequency w, — wg during the early part
of the excitation process. As a result, the Stokes spec-
trum does not reflect the molecular distribution.

(c) The spectrum of the Stokes scattered probe light,
Seh(z =0), is taken at the same time as the previous
spectrum (b), but with a perpendicular polarization di-
rection. As expected from the isotropic Raman tensor
of the normal mode investigated here, the spectrum of
Scoh(¢ =0) has the same bandwidth as the previous one
in (b).

Laser Stokes

Y S A

FIG. 31. Optical spectra of four different pulses: (a) incident
laser pulse; (b) generated Stokes pulse; (¢) Stokes scattered
probe pulse: S®(t, = 0) without delay time; (d) Stokes scattered
probe pulse S®%(t,= 5 psec) taken 5 psec after the maximum of the
exciting laser pulse. Note the broad spectrum of the freely re-
laxing molecular system. Measurements were made with the
CHj; stretching mode at 7=2935 cm™ of ethylene glycol, cell
length 1 cm.



648

(d) The Stokes scattered pulse S°"(¢, =5 psec) sees a
completely different situation at the delay time £,=5
psec. For times ? ¢, the molecules relax freely with
their own resonance frequencies. A bandwidth of ~18
cm™ is deduced from the spectrum of Fig. 31(d). This
bandwidth will be discussed below after the time-resolved
investigations. :

As pointed out above, the interaction of the probe pulse
with the material excitation depends strongly upon the k-
matching condition. A greater interaction length Al, re-
sulting from a longer sample, gives a more selective
phase-matching situation. High selectivity means inter-
action with a smaller frequency band of the distribution
of excited molecules. We have measured the spectra of
the Stokes scattered probe pulse for the same delay times
of t,=0 and ¢,=5 psec, but with a longer sample of 10
cm (similar to Figs. 31(c) and 31(d), where =1 cm).
The spectrum for ¢,=0 is found to be 0=8 cm™, which,
in analogy to Fig. 31(c), is the Fourier transform of the
ultrashort Stokes pulse. The spectrum measured with a
delay time of £,=5 psec showed a spectral width of 8
cm™ in contrast to Fig. 31(d). This spectrum is consid-
ered to result from the interaction of the probe pulse of
t,~3 psec with the fast-decaying material excitation (see
below); but in this case we have adjusted a selective %- .
vector geometry and the probe pulse interacts with a
molecular group of a small frequency spread of less tha
one cm™, :

The six spectra discussed so far give the following in-
formation: (i) Selective 2 matching allows us to look at
a small group of excited molecules. (ii) The broad spec-
trum of 18 ecm™ gives evidence that molecules are ex-
cited over a considerable fraction of the spontaneous
bandwidth (87, . =60 cm™ for ethylene glycol). These
observations suggest that the investigated vibrational
mode is inhomogeneously broadened (homogeneous lines
do not allow the excitation of a molecular subgroup).

We now discuss our investigations of the time evolu-
tion of the coherently excited vibrations. The following
data are obtained on the CH, stretching mode of methan-
ol at 2835 cm™!. The spontaneous Raman band of this vi-
bration gives a linewidth (FWHH) of 67, =20 cm~! (see
Fig. 32). A series of measurements was carried out
with different 2-matching geometries varying the sample
length (between 1 and 10 c¢m) and the divergence of the
detected Stokes beam. We present experimental data of
two different experimental situations. In Fig. 33(a), a
highly selective k-matching situation is used with a sam-
ple length of /=10 cm and with a small divergence of the
Stokes beam of @ =3 mrad. In Fig. 33(b), on the other
hand, we devised a less selective k-vector geometry by
using a shorter cell of /=1 cm and a larger Stokes diver-
gence of =10 mrad.

The experimental results of Fig. 33(a) are of special
importance for this section. The scattered probe signal
extending over a factor of 500 is plotted as a function of
delay time #,. After the maximum of the material exci-
tation we find an exponential decay of the scattered sig-
nal providing a time constant of 2.3 +0.5 psec. For an
interpretation of this time constant, we estimate the fre-
quency spread of the molecules monitored by the highly
selective Z-matching geometry. We recall that S°" is
produced predominantly by molecules with AzAl <1 or
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FIG. 32. Spontaneous Raman spectrum of a CH; stretching
mode of methanol at 2835 cm™. The homogeneous lineofthe
observed molecules at the center of the inhomogeneously
broadened Raman band is indicated.

0 < (2muAl)™. For our geometry of sample length =10
cm and corresponding effective interaction length Al~0.4
cm and for an index of refraction of u=1.5, we calculate
80 <0.25 cm™. This number indicates that molecules .
with vibrational frequencies around the center of the
spontaneous line and with a very small frequency spread
scatter predominantly the delayed probe pulse.

The following additional experimental information is of
interest: The measurement was repeated with /=5 cm,
keeping all other parameters unchanged. We found a
signal curve is similar to the one of Fig. 33(a), indicating
the same time constant. Obviousiy, the increased band-
width of the observed molecules did not affect the ob-
served time constant. For /=1 cm, however, the mea-
sured signal curve showed a noticeably steeper slope,
intermediate to Fig. 33(b), where the # matching had
even less selectivity.
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FIG. 33. (a) Coherent Stokes scattered probe signals vs delay
time measured in a highly selective collinear 2-matching ge-
ometry. The vibrational mode of CH;OH of Fig. 32 is investi-
gated. We observe a dephasing time 7,/2=2.3 psec corre-
sponding to a homogeneous linewidth of 2.3 cm-!. (b) Coherent
Stokes signals for a less selective 2Z-matching geometry. The
signal decays rapidly on account of destructive interference -
of neighboring excited molecules.
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We conclude from the results presented here that the
observed time constant of 2.3 psec in Fig. 33(a) corre-
sponds to the dephasing time T',/2 of a small group of
molecules, the frequency of which is close to the center
frequency of the spontaneous inhomogeneously broaden-
ed Raman band. We note that T,/2=2.3 +0.5 psec cor-
responds to a linewidth of 2.3 cm™, which is smaller by
a factor of approximately 8 than the spontaneous band-
width. To illustrate the situation, this homogeneous
narrow line is drawn in Fig. 32 into the center of the
spontaneous Raman curve.

Completely different is the time dependence S°"(¢ )
for less selective £ matching [solid points full line in
Fig. 33(b)]. Under these experimental conditions the
coherent scattering signal disappears rapidly. The low-
er part of the curve gives an apparent decay time of
~0.6 psec. We know from the spectral investigation of
the scattered signal (Fig. 31) that a wide frequency band
of relaxing molecules exists in the medium. The fast
signal decay of Fig. 33(b) is the consequence of the co-
herent superposition of the vibrating molecules. The
measured time dependence does not correspond to a
time constant of the excited molecules but represents
the destructive interference of molecules which vibrate
with a wide distribution of frequencies. We recall our
findings of Figs. 29(b) and 30(b), where the interference
of several equidistant isotope components gave rise to a
collective beating with time periods of rapid decay of
the scattered signal.

We have measured the scattered anti-Stokes signals
for an off-axis geometry without selectivity of the &
matching. The probe interacts with a broad spectrum
of excited molecules. A very rapid decay with a time of
~0.3 psec is observed, which again does not represent
a molecular time constant. This result demonstrates
the good time resolution of our experimental system.

Similar time-resolved data were obtained for the CH,
stretching mode in ethylene glycol, (CH,OH),, at 2935
cm™ with a spontaneous bandwidth (FWHH) of v,
~60 cm™. The results were similar to those of methan-
ol. With highly selective 2 matching a dephasing time of
T,/2=3.0+0.5 psec was found. The corresponding line-
width of 1.8 cm™ was smaller by a factor of 35 than the
measured inhomogeneous Raman band. The larger value
of T, in ethylene glycol appears to be reasonable since
dynamic processes are reduced in this strongly associ-
ated liquid.

In Table II we have listed dephasing times T, for a
number of vibrational modes and molecules.

D. Comments on the resolution of the wave-vector
spectroscopy

It is well known that the spectral resolution of time-
resolved spectroscopic investigations is limited by Gwp,
the width of the Fourier transform of the applied pulses.
For instance, the spontaneous Raman spectrum exhibits
linewidths never sharper than the bandwidth of the inci-
dent short light pulses.

We wish to emphasize that the selective k-matching
technique offers a high resolution not limited by Gw,.
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We recall that the first exciting pulse generates a col-
lective material excitation with a well-defined spatial
distribution of corresponding % vectors. The material
excitation is strongest at the end part of the medium,
where the second probe pulse is effectively scattered
over an interaction length Al. The finite length of the
material excitation gives an uncertainty 0k, =(24l)™
with a corresponding frequency value of 07, =0k, /
27 M. For our highly selective collinear system with
total length =10 cm and Al=0.4 cm we estimate Ok,
~1.2 em™ and 67, ~0.12 cm™. In other words, in

k space we probe molecules which belong to a small
group of frequency spread (FWHH) 207, . The time-
resolved investigation of this group of molecules gives
us directly the dephasing time T, when we select a fre-
quency spread of 69, <<1/T,. In this way it is pos-
sible to determine the linewidth 1/7, within a vibration-
al distribution (an inhomogeneously broadened vibra-
tional mode). The conditions discussed here are satis-
fied in our experiments. In SnBr,, theisotropic compon-
ents were well resolved since their frequency spacing
was Aw/27¢=0.7T cm™. Furthermore, the dephasing
time 7,=3.0 psec suggests a homogeneous linewidth of
one isotope component of 1.8 cm™, much larger than
07, Of the selective experimental arrangement.

In practical cases we have to consider additional fac-
tors which limit the k-vector selectivity: (i) beam di-
vergence expressed by distribution of plane waves; (ii)
effects due to diffraction resulting from finite beam di-
ameters; and (iii) frequency modulation of the laser
pulse.

(i) A certain beam divergence of the pumping and
probing pulse leads to a distribution of . vectors which
contribute to the observed scattered signal. For the
collinear geometry (8=0) it is possible to derive from
Eq. (124) the following expression: 0Akg =k, (sina)oB.
With an accepted Stokes emission of @ =3 x 107%.and for
a divergence of the probing beam of 68=10" we esti-
mate 0Akg/271=20.06 cm™, (ii) For a beam diameter
d and a wavelength A we have a diffraction angle of da
=1.22)\/d. This angle gives for a collinear geometry a
deviation of the material excitation k; by an amount Ok ;
= (kL ks/2k,;)00? [from Eq. (120)]. With d=~5x 10" cm
and A=~5x 10" cm we calculate 6a ~10 and 0%,;/27 u
=0.05 em™. (iii) Possible small contributions of fre-
quency modulation to the total emission spectrum are
difficult to assess. The product, bandwidth times pulse
duration, 5VPX t,, is an important experimental criter-
ion of the pulse quality. Small chirps and small random
phase fluctuations contribute to an uncertainty of %, in
the probing process.

In summary, factors (i)-(iii) point to the necessity
of working with highly collimated beams of sufficient
beam cross section and of paying special attention to
the coherence of the ultrashort light pulses. From our
experimental observation on SnBr, and (CH,OH), we con-
clude that our experimental system has an overall %z re-
solution equivalent to 67 <0.5 cm™. Besides these ex-
perimental points we recall the effect of the spatial
phase correlation of the physical system (Sec. III.A).
Conservation of the 2 vectors generated by the excitation
process is required for investigations with a selective
k-vector geometry.
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VI. RESULTS AND DISCUSSION OF VIBRATIONAL
ENERGY TRANSFER AND POPULATION LIFETIMES
IN LIQUIDS

Experimental data are now presented for the popula-
tion (energy) lifetime T', of the first vibrational state
(electronic ground state) of normal modes of vibrations
of polyatomic molecules. We have devised several ex-
perimental techniques to study T, of a variety of vibra-
tions in a number of molecules. Two excitation process-
es are discussed here: First, the vibrational excess
population is generated by a first intense light pulse via
stimulated Raman scattering (Sec. VI.A); and second, the
vibrational mode is directly pumped by resonant infrared
absorption (Sec. VI.B). After an excess population is
established by the first ultrashort light pulse, the tem-
poral change is monitored by subsequent interrogating
pulses. It is now possible to observe energy decay
routes, energy transfer processes, and redistribution
between vibrational states.

A. Investigations with stimulated Raman excitation

The generation of excess population of the first ex-
cited vibrational state by transient stimulated Raman
scattering was discussed in Sec. II.B.3 and illustrated
in Fig. 5. We recall that the excess population » decays
with the population lifetime T, after the excitation pulse
has passed through the medium. In the experiments dis-
cussed now, the momentary degree of excitation is de-
termined by incoherent Raman probe scattering (see Sec.
II.B). In Fig. 21 the probe scattering signal S was
calculated as a function of delay time £, between the ex~
citation and probe pulse. The exponential decay of Sin
allows a direct determination of the population lifetime
T,.

The following numbers are of interest for the evalua-
tion of the Raman excitation process. With 10*" pump
photons (1072 J) in the picosecond laser pulse we gener-
ate approximately 5x 10'® Stokes photons and the same
number of vibrationally excited molecules. For an ex-
cited volume of 10°® cm™® we calculate an occupation
density (at v=1) of 5x10' ecm™3. Since the total number of
molecules per cm?® in a liquid is approximately 5x 10%
‘cm™, we estimate an occupation number of n ~1073,
This number has to be compared with the thermal inco-
herent scattering signal. For vibrational modes of ¥
=3000 cm™ and 1000 cm™ one estimates for 300 K val-
ues of #=107% and 1072, respectively; i.e., using the
stimulated Raman process, we are able to excite mole-
cular vibrations with ?=3000 cm™ far above the thermal
equilibrium value. This statement does not hold for low-
lying vibrational modes (?<1500 cm™), where the ther-
mal population is substantial at 300 K.

1. Determination of the population lifetime

The population lifetime 7', of well-defined vibrational
modes was measured in a number of neat liquids and
mixed liquid systems (Laubereau et al., 1972; Alfano
and Shapiro, 1972; Monson et al., 1974). An example
is presented in Fig. 34, where the totally symmetric
CH, valence bond vibration at 7=2939 ecm™ of 1,1, 1-
trichlorethane is investigated (Laubereau et al., 1973).
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FIG. 34. Incoherent probe signals vs delay time #; measured in
pure (solid circles) CH3CCl; and in CH3CCly : CCl, mixtures;
mole fractions of CH3CCl; are 0.8 (O); 0.6(m); and 0.4 (O). The
totally symmetric valence bond vibration at P=2939 ecm™ is in-
vestigated. The observed population lifetimes 7, are listed.

The measured spontaneous anti-Stokes signal S™ (¢ p) is
directly proportional to the momentary excitation of the
observed vibrational mode. The signals Sine (¢ p) are
plotted as a function of delay time £, for various mix-
tures with CCl,. The data points rise to a delayed max-
imum during the pumping process and decay exponential-
ly providing the desired population lifetime 7T',. For the
neat liquid CH,CCl,; (full circles) we find a time con-
stant of T, =5.2 psec. This value should be compared
with the dephasing time 7,/2=1.2 psec of the same mole-
cule and vibrational mode which was discussed in con-
nection with Fig. 26. ’

The question now arises of which physical processes
determine the population lifetime 7', in the liquid state.
We shall demonstrate in a number of experiments that
vibrational energy can decay via inter- and intramolecu-
lar processes. In several cases it was possible to see
directly part of the decay routes of the excited mode.

A straightforward demonstration of the importance of
intermolecular processes is given by the concentration
dependence of the population lifetime of CH,CCl, de-
picted in Fig. 34 (Laubereau et al., 1973). It is readily
seen from the figure that the population lifetime in-
creases strongly from 5.2 psec to 29 psec when the mole,
fraction x of CH,;CCl, decreases from 1.0 to 0.4. Since
CCl, has low-lying molecular vibrational levels (7 <800
em™) as compared to the excited vy vibration at 2939
em™, the interaction between the two different types of
molecules is expected to be small. We shall return to
the population lifetime of the vy vibration of CH,;CCl, be-
low. We note briefly that the spontaneous Raman line-
width of the vy vibration in CH,CCl, : CCl, mixtures
shows a small concentration effect of the order of 10%;
i.e., it is not possible to deduce population lifetimes
from the spontaneous Raman linewidth.

2. Energy transfer and redistribution between vibrational
states

We continue with the discussion of experimental in-
vestigations which provide direct information concern-
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FIG. 35. Incoherently scattered probe signals measured in
CH3CCl;. The upper curve (O) represents the temporaloccupa-
tion of the laser-excited v, vibration at 2939 cm=!. The lower
curve (®) represents the occupation of the 6, vibration at 1450
cm-. The curves through the experimental points are calcu-

lated.

ing vibrational energy relaxation processes in liquids.

Evidence for the decay of high-lying vibrational states
to lower energy levels is presented next. It is well
known that CH. stretching modes correspond to a fre-
quency of vy ~3000 ecm™, while the CH bending modes
have approximately half the energy of 0y ~1500 cm™.

As a result, a decay of a primarily excited stretching
mode via bending modes is expected. This notion was
confirmed experimentally for CH,CCl, (Laubereau et al.,
1973) and for ethanol (Alfano and Shapiro, 1972; Lauber-
eau ef al., 1974). In Fig. 35 we present data for pure
CH,CCl,. The spontaneous anti-Stokes signal is plotted
for two frequencies. The upper curve (open circles)
corresponds to a frequency shift of vy =2939 em™; it
gives information on the degree of occupation of the pri-
mary excited vibrational mode. The value of T, =5.2
psec has been discussed above. Of interest are the scat-
tering data at a frequency shift of ~1450 cm™ (full cir-
cles). These data points are a measure of the occupa-
tion density of the §; bending modes. It is seen from the
figure that the bending modes are populated as a result
of the decay of the higher-lying stretching modes. The
ratio of the maxima of the initial and the lower mode
indicates that one vibrational quantum at v, produces
two quanta at 5, with high efficiency.

The following experiment was designed to give direct
evidence for intermolecular energy transfer in liquid
systems (Laubereau et al., 1973). The vy stretching
mode at 2939 cm™ was first excited in the mixture
CH,CCl, : CD;0OD with x =0.6 of CH,CCl,. The vibration-
al decay of this mode was monitored at the correspond-
ing frequency and found to have a time constant of T,
=6.5 psec (open circles in Fig. 36). Then the occupation
density of the stretching mode of the deuterated alcohol
at vp=2227 cm™ was measured. The full circles in Fig.
36 clearly show the rise and decay of the population of
this lower-lying mode. Knowing the spontaneous scat-
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FIG. 36. Incoherent probe signals of CH3CCl; : CD;OD (with
mole fraction 0.6 of CH;CCl;). The open circles represent the
occupation of the primary excited v, vibration (2939 cm™) of
CH3CCly. Vibrational energy transfer leads to subsequent oc-
cupation of the v, vibration (2200 em-!) of CD3OD (closed
circles).

tering cross section of the higher and lower vibrational
modes and taking the ratio of the corresponding maxi-
ma from the curves of Fig. 36, we are able to estimate
the transfer rates of the vibrational decay processes.
Our calculations indicate highly efficient vibrational
transfer processes vy — vy and vy ~ Oy in this liquid sys-
tem.

In Fig. 37, the normal vibrational modes are depicted
for four molecules, CH,CCl,, CD,OD, CCl,, and CH,I.
The decay of the excited vy stretching mode into two 6y
bending modes is marked by two arrows. The energy
transfer from vy =2939 cm™ of CH,CCl, to vy =2227 cm™
of CD,OD and v, =713 ecm™ of CH,CC], is also indicated
in the figure. We stress the near energy resonance of
the energy transfer process in the mixed liquid system.

With increasing size of a molecule the density of vi-
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gated or discussed transitions.
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CH stretching vibrations of ethanol measured with a cw argon
laser. Bottom: Incoherent anti-Stokes probe signals vs fre-
quency taken with a delay time of 11 psec (). Broken curve
indicates the expected profile of the primarily excited vibra-

tional mode at 2928 cm™!. The solid curve is calculated as-

suming quasiequilibrium between vibrational states around
2900 cm-.

brational states rises very rapidly for higher energy.
The rate of redistribution of vibrational energy between
neighboring energy states is an important question in
molecular physics. We have performed a number of ex-
periments with different molecules which allow us to ob-
serve the rapid energy redistribution process.

As a first example we report on investigations of eth-
anol CH,CH,OH (Laubereau et al., 1974). This molecule
has five vibrational modes (one being degenerate) around
2900 cm™. The spontaneous Raman-Stokes spectrum in
this frequency range (measured with a cw argon laser)
is depicted in Fig. 38(a). Three resolved bands and one
shoulder correspond to the four vibrational modes. In
the stimulated Raman process; the most intense Raman
band at 2928 ¢cm™ has the largest gain and, as a result,
this vibrational mode is primarily excited. In Fig. 38(b),
anti-Stokes signals of the delayed (11 psec) interrogat-
ing pulses are presented as a function of frequency. The
data points clearly indicate that the observed spectrum
is much broader (150 cm™) than expected from the oc-
cupation of just the primarily excited vibrational level
at 2928 cm™ (the broken line in Fig. 38(b) is calculated
for an instrumental resolution of 30 em™). The curve
through our experimental point is calculated under the
assumption that quasiequilibrium exists between the vi-
brational states around 2900 cm™. We conclude from
these data that shortly after the excitation a vibrational
redistribution has occurred, which is followed by energy
decay to low-energy states. More detailed investiga-
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tions suggest a redistribution time of approximately 1
psec (Laubereau et al., 1974).

B. Investigations with infrared excitation

With tunable infrared pulses we are in a position to
excite any vibrational mode which has a sufficiently
large transition dipole moment. The occupation number
n, which can be achieved in the medium, depends upon
the absorption coefficient ¥ of the specific vibration.
Typical numbers for the following investigations follow:
Our infrared pulses around 3000 cm™ have approximate-
ly 10'® photons. For absorption coefficients of several
100 cm™ we obtain occupation numbers of several 1073
in a focused beam. Spontaneous Raman probe scattering
is possible with diluted liquid systems of several 1072
concentration. Using the fluorescence probe technique,
the sensitivity of the system is higher by three orders
of magnitude (see below).

Let us return to the investigations of ethanol (Spanner
et al., 1976). In Fig. 39, the anti-Stokes probe signal
with frequency shift of 2930 cm™ (spectrometer band-
width of 85 ecm™) is plotted as a function of delay time
tp,. The sample consisted of 4% of CH;CH,OH in CCl,.
An infrared pulse at ?=2930 cm™ excites the CH,
strectching mode of ethanol. The scattered probe sig-
nal shows two interesting features: a first rapid decay
with a time constant of approximately 1 psec, and a con-
siderably slower relaxation time of ~40 psec. Taking
into consideration previous investigations of ethanol
(Laubereau et al., 1974), we interpret the results of
Fig. 39 as follows: (i) During and immediately following
the infrared excitation, rapid distribution of population
occurs between 11 degrees of freedom, five neighboring
CH stretching modes at v =1, and six CH bending
modes at v=2. The total spontaneous scattering

. cross section of these modes is much smaller

than that of the primary excited state. The re-
duced total scattering cross section leads to a de-
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FIG. 39. Incoherent anti-Stokes probe signals with frequency
shift of ~2900 cm! vs delay time. Sample: 4 mol %
CH3CH,OH in CCl,. The CHj; stretching mode was excited by
an infrared pulse. The first fast signal decay is related to
rapid energy redistribution between neighboring energy states.
The slower decay corresponds to energy relaxation to lower-
lying bending modes.
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FIG. 40. Incoherent anti-Stokes signals of CH;I measured at a
frequency shift of 2950 cm~!. (a) The molecule is excited by an
infrared pulse of P=2950 cm™! (open circles). (b) The infrared
pumping pulse has a frequency of ¥=3050 cm™!, exciting the
highest vibrational mode of CH;I. Note the small time delay
necessary for energy exchange.

crease of the scattered probe signal. (ii) The slower
vibrational energy relaxation results from decay to low-
er-lying bending modes. We recall that in pure ethanol
the decay of vy was measured to have a time constant of
T,=22 psec. Obviously, the presence of intermolecular
contributions in the pure liquid gives rise to the shorter
population lifetime.

Next, we present investigations of CH,I, a relatively
small and well studied molecule (Spanner et al., 1976).
The high symmetry (C,,) gives rise to six fundamental
vibrations, three of which are totally symmetric and
three of which are degenerate (see Fig. 37). All modes
are Raman and infrared active (Herzberg, 1945). The
highest vibrational modes at v,(¢)=3050 cm™ and v,(a,)
=2950 cm™ correspond to the asymmetric and symme-
tric CH; stretching modes, respectively. The CH bend-
ing mode at v4(¢)=1440 cm™ is degenerate and in Fermi
resonance with the v, vibration. In Fig. 40, the anti-
Stokes scattered probe signal with frequency shift of
2970 cm™ is plotted versus delay time ¢,. These data
monitor the temporal development of the v, mode, the
lower of the two CH, vibrations. We have performed
two experiments: First, we excited the v, mode of the
CH,l molecule with an infrared pulse centered at fre-
quency of 2950 cm™. The rapid rise and decay of the
scattered probe signal (open circles) suggest a fast dis-
appearance of the population of this excited vibration.
Second, we tuned the frequency of the infrared pulse to
3050 cm™ in order to excite the higher v, vibration of
CH,I. The scattered probe signals are shifted by ap-
proximately 1 psec and decay again with the same slope
of T,=1.0 psec (closed circles). We feel that the shift
of the maxima of the two curves gives direct evidence
for the short time required to establish energy redistri-
bution between the two neighboring CH, stretching
modes. To interpret our data, we calculated a simple
model with an energy transfer rate 1/ T, between the two
CH, modes and two separate transfer rates 1/7(v) be-
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tween the individual CH,; modes and other energy states
of the molecule. In this model the observed decay rate
of the lower v, mode has the form 1/7T,=1/T,+1/T(v,).
We emphasize that the calculated time constants have to
be compatible with a number of experimental observa-
tions: the position and relative height of the maxima in
Figs. 40(a) and 40(b), the slopes of the curves in Fig.
40, and the limits given by the spontaneous Raman line-
widths. Under these conditions, our model . gives the
following values: T,=1.5 psec, T(v,) ~3 psec, and T'(v,)
=~0.5 psec. The calculated curves in Figs. 40(a) and
40(b) are based on these three time constants. The
agreement with the data points is quite satisfactory.
Our observations indicate that vibrational energy of the
CH, stretching modes relaxes very rapidly in CH,I.
Overtones and combination modes are expected to pro-
vide the primary transfer and decay channels. Theo-
retical results indicate that interaction with rotation
and neighboring vibrational levels is effective on account
of coriolis coupling and strong Fermi resonance
(Laubereau et al., 1978).

A final remark should be made concerning the spon-
taneous Raman band of the v, mode of CH,I. Experimen-
tally, we find a linewidth of 6v =5 cm™, which, assum-
ing a homogeneously broadened Lorentzian line, cor-
responds to a time constant of 1.0 psec. Comparing this
number with the short T', value obtained in the preceding
experiment, we see readily that the energy relaxation
provides a considerable contribution to the spontaneous
Raman linewidth.

The third investigation in this section introduces a
new two-pulse fluorescence technique to monitor the mo-
mentary vibrational excitation (Laubereau, Seilmeier,
and Kaiser, 1975). The theory of this probing process
was discussed in Sec. I.C. We briefly repeat. A first
ultrafast infrared pulse (~3 psec) of frequency v,
pumps vibrational modes and a second delayed in-
terrogating pulse of frequency v, promotes the vi-
brationally excited molecules to the first excited singlet
state S,. The observed fluorescence originating from
the S, state is a direct measure of the instantaneous
degree of excitation. The frequencies v, and v, have to
be adjusted to the energy states of the molecules under
investigation. In particular, the frequency v, is selected
in such a way that thermally occupied energy states of
E <hv, lead to a small fluorescence signal.

Our first measurements using the resonance probing
technique were made with coumarin 6, a relatively large
molecule with 43 atoms (see Fig. 41 top). This
molecule was selected for a number of reasons:

~ The quantum efficiency is high; the solubility in CCl,

(no vibrations >800 cm™) is good; the molecule is
available in high purity; and with v, around 3000 cm™
we are able to work with D,=18910 cm™, the second
harmonic frequency of our Nd-glass laser. In these
experiments the molecule was excited with infrared
pulses of ¥, =2970 cm™, The normalized fluorescence
signal F(¢,)is plotted versus delay time between infrared
pump and green probe pulse inFig.42. We point to the small
concentration of 4 X107*M. The observed fluorescence
rises to a maximum during the infrared excitation and
decays first rapidly with a time constant of 1.3 psec

and later with a longer time value of 8 psec. Tentatively,
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FIG. 41. Top: The coumarin 6 molecule. Bottom: Infrared
absorption spectrum around 3000 cm™! of coumarin.6 in CCly.

the short time constant corresponds to a redistribution
process to the many neighboring vibrational energy
states and/or to a decay to lower energy levels. The
longer time value appears to be connected with a not yet
identified long-lived energy state. This picture is sup-
ported by the fact that we observe a considerably small-
er effective transition probability to the S, state (smaller
Franck-Condon factor) during the early fast decay than
during the later slow relaxation. In this context some
recent experimental observations on nile-blue-A-oxa-
zone are of interest. Seilmeier ef al (1978) tuned the
frequency v, of the infrared pulse between 2700 and
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FIG. 42. Normalized fluorescence signal vs delay time {5 be-
tween infrared pump pulse and green probe pulse. The mole-
cule is excited by an infrared pulse at 2970 cm™. The fluor-
escence signal is a measure of the instantaneous vibrational

excitation in the electronic ground state.
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3400 cm~! and correspondingly the frequency v, holding
the sum v, +v, constant at 18910 cm~*. In this way,
more than 10 distinct peaks in the fluorescence signal
were found. Tentatively, these modes are assigned to
mixed states of low lying bending modes with overtones
of the skeletal vibrations of the chromophore. The good
coupling of the latter modes to the 7 electrons gives
rise to large Franck-Condon factors and large matrix
elements for the transition to the S, state.

A final word concerning the time resolution of the
two-pulse technique of Fig. 42 appears to be approp-
riate. Replacing the cell containing the coumarin mole-
cules by a nonlinear crystal (e.g., LiNbO,), we have
measured the parametrically generated sum frequency
v, + v, at the intersection of the two pulses. The energy
of this sum signal was determined as a function of delay
time between the two incident pulses of frequency v, and
V,. The signal curve gave two important data: the time
zero, where the peaks of the two pulses coincide, and
the time resolution resulting from the overlap of the
wings of the two pulses. Experimentally we found a
time resolution of better than 0.5 psec (Spanner et al.,
1977). This result suggests that the two time constants
observed above are true parameters of the coumarin
molecule.

A different approach to learning more about relaxation
times in the electronic ground state was reported by
Ricard and Ducuing (1975). Rhodamin 6G in alcohols
was strongly excited by a first intense pump pulse at
18800 cm™!, The specimen was partially bleached by
transitions to the first singlet state S,. After a time
delay of 200 psec, a second preparing pulse at 17800
cm™ forced, by stimulated emission, the molecules to
return to the vibrational manifold of the electronic
ground state. A third weak pulse at 18 800 cm™! moni-
tored the recovery of the ground-state absorption. Re-
laxation times of 4 and 3 psec were estimated for
rhodamin 6G in ethanol and 1-butanol, respectively. We
note that this experiment reports on the ground-state
recovery via a higher-lying vibrational manifold. Our
experiments with ultrafast infrared pulses are con-
cerned with the time development of vibrational modes
which were excited within a (narrow) known frequency
range.

Vil. VIBRATIONAL RELAXATION TIMES IN SOLIDS

In solids, it is possible to excite optical phonons by
the stimulated Raman process. The phonon dispersion
branches w(k) are known for many crystals and the
excited phonons are well defined. With our pump pulse
of A~1 um or 2=27/A~10° cm™ we excite phonons very
near to the center of the Brillouin zone. In the experi-
ments discussed here, optical phonons are excited by a
first pump pulse and the decay of the excitation is monitored
with delayed probe pulses using coherent probe scat-
tering in a properly calculated phase-matched geome-
try. There are two physical processes which give rise
to a decay of the probe signal: (i) The generated pho-
nons decay into phonons of lower energy via anharmonic
terms of the lattice potential. For instance, one TO
phonon decays into one TA and one LA phonon of approxi-
mately half the energy. Conservation of crystal mo-
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mentum and selection rules restrict the decay routes to
well-defined terminal states. This three-phonon process
has been discussed in the literature and is believed to
be the dominant phonon decay mechanism (Orbach and
Vredevoe, 1964; Orbach, 1966 and 1967). (ii) The
collimated pump beam generates phonons within a very
small volume of 2 space. Only phonons with these &
vectors are monitored by the phase-matched probing
technique. The probe signal decays when the phonons
change their wave vectors, for instance, by scattering
on lattice imperfections in a diffusive process or by
interaction with acoustic phonons of very small energy
in a four-phonon process. Since the dispersion of
optical phonons is small over a considerable part of &
space, the excited phonons might change their 2 vector
along the phonon branch without significant loss of
energy. Such phonon processes have been very rarely
discussed previously, and to our knowledge there is no
experimental evidence for this phenomenon. The co-
herent probing technique does not distinguish between
the two processes (i) and (ii).

One difference between liquids and solids should be
noted. In liquids, we start with individual molecules
which are characterized by a two-level system. The
excitation leads to a moderate excess population of the
first vibrational state with occupation number . Some
small intermolecular coupling is introduced later in this
paper (Sec. III.A.5). In solids, we study optical phonons,
a collective excitation of the crystal lattice with har-
monic oscillator levels. The optical pump beam excites
a small number of lattice modes with very large phonon
occupation. Numerical examples of phonon occupation
numbers are given in Sec. VILA.

The differential equations for the vibrational excitation
e.g., Egs. (31) to (33), and the probing technique, e.g.,
Eq. (105) with s, =1, are also valid for solids as has
been confirmed experimentally.

We have investigated three types of lattice vibrations:
the fundamental TO phonon of diamond; the internal
vibration (A,,) of CO;~ in CaCO,; and a polariton mode
of GaP.

A. Fundamental TO phonon in diamond

The phonon dispersion of diamond is well established
from inelastic neutron scattering (Warren et al., 1965
and 1967). There is one TO phonon branch in the dia-
mond lattice. By stimulated Raman scattering, one
excites TO phonons at ¥,=1332 cm™ very near to the
center of the Brillouin zone. It is interesting to esti-
mate the number of strongly excited modes and the
phonon occupation number n, Our highly collimated and
monochromatic pump beam generates phonons within a
beam divergence of 2 X102 rad and within A2 =20 cm™.
From the equation N, =k2AkAQ(27)~° we estimate a
density of optical modes of N,, =107 modes/cm®. Con-
sidering the small excitation volume of high phonon
density (~10~% cm?®), the number of modes participating
in the excitation process is of the order of 100. Our
pump pulse produces a phonon density of N,~10'" cm ™2,
whith gives a phonon occupation number of n,=N,/N,,
=10'% i.e., 10'° quanta are generated per mode via the
stimulated scattering process. A comparison with the
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FIG. 43. Coherent anti-Stokes scattering signal of the 7O pho-
non of diamond vs delay time ¢, for two crystal temperatures,
77 K (full circles) and 295 K (open circles).

thermal equilibrium value %7 =~ 107° (at 300 K) indicates
a high degree of excitation exceeding the thermal value
by a factor of 10*3. Experiments have been performed
to study the relaxation process of these hot phonons
(Colles and Giordmaine, 1971).

In Fig. 43 the coherent anti-Stokes probe signal is
plotted versus delay time ¢, for 300 and 77 K (Lauber-
eau ef al., 1971). The delayed maximum of the excita-
tion and the exponential decay (over three orders of 10)
allow a direct determination of the vibrational life-
time. Time constants of 2.9+ 0.3 psec and 3.4%0.3 psec
are found for 295 and 77 K, respectively. A comparison
with time constants deduced from the linewidths of
Spontaneous Raman scattering gives very good agree-
ment with our directly measured lifetimes. This result
suggests that our hot phonons decay with the sametime
constant as phonons excited at the low power level of
spontaneous Raman experiments. To understand this
finding, one has to consider the large number of 8.8
%102 modes/cm?® in one phonon branch which partici-
pates in the thermal vibration. The total rms amplitude
of the C atoms at 77 K is approximately 0.2 A (James,
1959), while the vibrational amplitude of our small
number of modes is estimated to be 10~* A, i.e., less than
1073 of the thermal amplitude. It is not surprising that
our hot phonons decay via the same anharmonic terms as
the thermal TO phonons.

Detailed calculations exist on the lattice dynamics of
the diamond lattice (Bilz, 1978). These calculations
suggest that the relaxation times measured here cor-
respond to the energy decay of the TO phonon into two
acoustic phonons. )

B. Internal A1 g vibrational relaxation of COs' “in CaCr.v3

Calcite has a complicated phonon spectrum with 27
phonon branches (Plihal, 1973). The intense pump pulse
excites via stimulated Raman scattering the internal
A ¢ mode of the CO; ~ islands with v, =1086 cm ™! and
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FIG. 44. Coherent anti-Stokes probe signal of a CaCO; crystal
vs time ¢p for two crystal temperatures, 90 K (open circles)
and 295 K (full circles). The internal A;, mode of the CO3"
group at P=1086 cm™! is investigated.

wave vector 2, =1.1x10* cm™. The coherent probe
scattering technique takes advantage of the optical bire-
fringence of the trigonal CaCO, crystal (Giordmaine
and Kaiser, 1966). When the pump pulse at v, propa-
gates as an ordinary beam through the specimen, an
extraordinary probe pulse at 2v, gives excellent phase
matching for probe scattering. Details of the experi-
mental system and the scattering geometry are dis-
cussed by Laubereau, Wochner, and Kaiser (1975). In
Fig. 44, the probe scattering signal is presented as a
function of delay time between pump and probe pulse.
The signal curve rises to a maximum shortly after the
peak of the pump pulse, since time is required to build
up the lattice excitation to its maximum value. For
larger values of ¢, the excitation process rapidly
terminates and we measure the free relaxation of the
internal vibration. We wish to emphasize the large
range of experimental data. We are able to measure
the exponential decay of the signal over five orders of
10 and follow in this way the vibrational relaxation with
good accuracy over a period of 60 psec. From the
slopes of the signal curves we obtain time constants of
4.4+0.3 psec and 8.7+£0.7 psec at 295 and 90 K, re-
spectively. The curves in the figure are calculated
according to the theory outlined above; the experimental
parameters of the pump and probe pulse are used to-
gether with values of the time constants deduced from
the exponential slopes.

Experimental data are available for the spontaneous
Raman linewidth of the same vibrational mode investi-
gated here (Park, 1966, 1967; Kiefer and Laubereau,
1978). Assuming a Lorentzian line profile, the corre-
sponding time constants are calculated to be 4.4+ 0.2
psec and 7.8 +0.9 psec at 295 and 90 K, respectively.
The good agreement with our experimental relaxation
times should be noted. In earlier work by Alfano and
Shapiro (1971) larger time constants were reported.
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“ceived considerable attention.

The physical processes responsible for the observed
phonon decay time are not certain at present. The ex-
cited optical mode at 1086 cm™! is far above the acoustic
branches which have energies <100 cm™~, This fact
rules out a decay process similar to the situation in
diamond. Three-phonon decay processes to lower
optical branches are possible according to symmetry
selection rules and conservation laws. One example
is 1086 (A,,) - 712 (E,) +376 (E,). A different vibrational
process, the change in phase relation between individual
CO; ~ complexes, leads also to a decay of the observed
coherent scattering signal. This relaxation process has
some analogy to the case of polyatomic liquids. Mea-
surement of the energy relaxation, i.e., of the inco-
herent probe signal, would be of great value in learning
more about the relaxation process of internal molecular
modes in crystals.

C. Polariton mode in GaP

GaP has the simple zinc blende structure with one TO
phonon branch. The single lattice resonance is both
Raman and infrared active. In recent years, the polari-
ton mode (a mixed phonon—photon state) of GaP has re-
The energy dispersion
E(w) is well established for this compound (Henry and
Hopfield, 1965). Very little is known about the lifetime
of the polariton along its dispersion curve. In a first
investigation we measured the relaxation time of one
definite polariton which is still close to the pure TO
lattice mode (Laubereau, von der Linde, and Kaiser,
1973).

The polariton mode was coherently excited by two
intense picosecond light pulses. One pulse was gene-
rated by a mode-locked Nd-glass laser and the second
one was obtained by a Raman—Stokes process in
SnCl,. The frequency difference between the pump
pulses determines the frequency w, and the beam geom-
etry selects the wave vector &, of the polariton. The
insert of Fig. 45 shows part of the polariton dispersion
curve of GaP indicating the position of the investigated
polariton. The material excitation was monitored by a
third probe pulse of variable time delay with respect
to the two pump pulses. The phase-matched anti-Stokes
scattering of the probe pulse is presented as a function
of delay time ¢, in Fig. 45. The delayed maximum of
the scattered signal is due to the transient nature of the
pumping process. Of interest is the later part of the
scattering curve which corresponds to the free decay
of the excited mode. Our experimental data show
directly an exponential decay over two orders of magni-
tude. A time constant of 5.5+0.5 psec is inferred from
the figure.

The spontaneous Raman line of the TO phonon of GaP
shows a complex line shape of a width of approximately
4 cm™ (Barker 1968; Ushioda and McCullen, 1972;

Hon and Faust, 1972). This Raman line is not fully
understood at the present time. Infrared reflection data
and measurements of surface polaritons in GaP suggest
a lifetime of the TO phonon of 4.8 psec (Kleinmann and
Spitzer, 1960, Marschall and Fischer, 1972). With this
time constant we estimate for a simple polariton model
that the polariton investigated here has a relaxation
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FIG. 45. Anti-Stokes scattering signal of a GaP crystal vs
time #;. The insert shows part of the polariton dispersion
curve and indicates the observed mode by an open circle.

time of ~5 psec. The good agreement with our experi-
mental time constant of 5.5 psec indicates that we mea-
sured indeed the lifetime of a polariton mode with our
time-resolved probing technique.

VIil. CONCLUDING REMARKS

In this paper we have reported on a series of inde-
pendent experiments concerning ultrafast vibrational
processes in condensed matter. To achieve these data
we had to develop new experimental tools which were
discussed in the first part of this article. The brief
excitation of the vibrational system is the first step in
our investigations. The coherent excitation via stimu-
lated Raman scattering plays an important role in
various experiments. Stimulated Raman scattering
prepares the vibrational system in such a way that sub-
sequent probing with a second ultrashort light pulse al-
lows a detailed study of the spatial distribution and the
temporal development of the material excitation. The
time evolution of the excitation has received special
consideration in this paper since it enables us to learn
directly about the dynamic behavior of the molecular
system. One important time constant, the dephasing
time T,, was studied for a variety of vibrations and
molecules. It was shown that the temporal decay of the
coherently prepared vibrational system gives direct
information of the value of T,. We have demonstrated -
in a number of examples that care has to be taken in
performing these experiments. Vibrational modes
which have a substructure of isotope components or
which are inhomogeneously broadened require special
attention in the interpretation of the temporal behavior
of the measured scattered probe signal. The destruc-
tive interference of neighboring vibrational components
is able to obscure the true value of the dephasing time.
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We have developed a technique which allows us to iso-
late a small group of excited molecules with small
frequency spread and to study their time behavior.
Highly selective k-matching geometries have proved to
be a useful tool for these measurements. We have
started to investigate rather complicated vibrational
modes and to determine directly the dephasing time of
the molecules close to the center of the vibrational dis-
tribution. These investigations allow us for the first
time to separate homogeneous and inhomogeneous
contributions to the measured spontaneous Raman
line. In most of these cases, the value of T, is

the major line broadening factor; i.e., the Raman
lines are predominantly homogeneously broadened.
We wish to note that we are not allowed to make

the reverse statement; the spontaneous Raman
linewidth is not a measure of the dephasing time.
Without additional information, the isotropic part of a
spontaneous Raman line should not be related to a single
time constant. ) ‘

Investigations of the vibrational energy relaxation are
believed to be an important contribution to the under-
standing of dynamical processes in condensed phases.
We have developed two excitation processes, stimulated
Raman scattering and direct resonant infrared pumping.
It is now possible to study a variety of ultrafast vi-
brational phenomena. Experiments are presented on the
population lifetime T';, on the decay routes of excited
vibrational states, on the energy transfer between dif-
ferent molecules, and on the energy redistribution with-
in the same molecules. At the present time, a very
limited number of vibrations and molecules has been
investigated. The vibrational systems were selected to
get a first understanding of different fundamental pro-
cesses. The population lifetime of several polyatomic
molecules was found to be between one and 100 psec.
The report of the population lifetime in liquid N, of T,
~10 sec was certainly a surprise after the dephasing
time was established to be T,/2="5 psec. It is very
difficult for a molecule without dipole moment and with-
out lower energy states to dissipate its high vibrational
energy of 2350 cm™. Of considerable interest is the
experimental observation that energy transfer between
different molecules occurs very rapidly and very ef-
ficiently under near-resonance conditions. Transfer
rates of 10'® sec™ have been observed. Similarly, the
energy redistribution between neighboring vibrational
states appears to proceed very fast, with time constants
of the order of 1 psec. This observation is of interest
for larger molecules or for the higher excited vibration-
al states where the mode densities become quite large.
We were able to observe rapid changes of vibrational
population in relatively large dye molecules (~50 atoms
per molecule) working under well-defined excitation
and probing conditions.

The combined knowledge of dephasing time T, and
population lifetime T, allows us to estimate the pure de-
phasing time 7,,. We are now able to state which dy-
namic process determines the homogeneous linewidth.
For several molecules (e.g., N,, CH;CC1;) we found
Ty/2~ Ty i.e., the population lifetime plays a negligible
or minor role in the dephasing process. The situation
is different for the CH, stretching vibration of CH,I,
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where the rapid energy decay gives a major contribution
to the value of T, and, as a result, to the measured
spontaneous linewidth.

The various experimental techniques discussed here
are applicable to solids as well. Our first results on
three crystals are quite limited at present. Coherent
probe scattering was used in all cases. It is generally
believed that for the TO mode of diamond we have
T,/2=T,. More dynamic measurements should be made
in other crystals. »

In summary we wish to say that the investigations
presented here have provided a variety of new informa-
tion on ultrafast molecular processes. We are still at
an early stage. Many experiments have to be done
which promise to answer still open questions. We con-
sider the field a challenging and intriguing topic of
molecular physics.
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APPENDIX A: DERIVATION OF THE EQUATIONS
OF MOTION

~We derive the equations of motions of the vibrational
system in terms of a two-level model. A weakly coup-
led ensemble is considered. The wave function for an

individual molecule ¢ may be written

Di(8) =ay(Dpa +0:(Hy . (A1)

¥, and ¥, denote the first excited vibrational state and
the ground state corresponding to eigenvalues of the
Hamiltonian of energies 7Zw,/2 and —%w,/2, respective-
ly. The energy of the system connected to other de-
grees of freedom (which remain unchanged) is taken as
the zero of energy. w, is the transition frequency. In-
teraction of the vibrational system with an external per-
perturbation is described by the Hamiltonian

H=H +H', (A2)

where H, refers to the unperturbed system and H’ rep-
resents the interaction. The time evolution of the en-
semble of two-level systems may be described by a
vector r (Feynman, Vernon, and Hellwarth, 1957), the
components of which are connected to the elements of
the density matrix p as follows:

¥y =Pap +Ppa =A*b +b*a,

7y =i(Pye = Pap) =4 (D *a— a*b) , (A3)

73=paa_pbb=a*a_m~ .
The rhs of Eq. (A3) indicates that the elements of the
density matrix are readily expressed in terms of the
coefficients a(f) and b(#) of the wave function [Eq. (Al)],
The bar indicates that an ensemble average has to be

taken. It should be noted that », and 7, are real quanti-
ties whereas p,; and p,, are complex in general.
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The molecular system develops as a function of time
according to Eq. (A4):

do_

at 7w (A4)

Lo, H] =%[pH— Hp].

Equations (A2)—(A4) give the following equations of
motion:

i
= ’
F=Wwe?, + —h—(H ap ~ H,ba)yg ’

i
=Wy — A (H'qp +H'pa)75, (A5)

. N
&ﬁ &ﬁ &b

; 1
= —h—i(Hlab - H’ba)71 + "ﬁ"—(H’ab +H,ba)1’z .
The quantities H';, and H';, denote the matrix elements
of the perturbation H’, e.g., H'y, =y, |H'|¢;) . Equa-
tions (A5) are valid for a perturbation H’,, of arbitrary
magnitude. It is assumed that the diagonal elements
H’,, and H’,, may be neglected as compared to %w,/2.

In many practical applications we have H',; =H',, =0. In
cases where H',,+H'y, #0, these terms produce a shift
of the transition frequency w,. Redefining H, and H’,
the shift (averaged over time) may be included in H,.

The physical meaning of the vector r is readily seen
from its definition. Equations (A3) indicate that the
component 7, is a measure of the excited-state popula-
tion and of the energy stored in the two-level system.

It will be shown below that the interesting observables
of the system are closely connected with the compon-
ent 7, and ;. Defining a vector w, the components of
which are connected to the interaction elements H',,.
H'’,, and the transition frequency w,, Eqs. (A5) can be
written as a vector equation. This equation leads to the
well-known spin vector model for magnetic dipole tran-
sitions or to the pseudospin vector model for electric
dipole transitions.

Equations (A5) represent the response of the two-
level systems to an external perturbation. Relaxation
processes due to the interaction between the molecules
have to be included. This problem has been extensively
studied for systems with magnetic dipole interaction
(Wangsness and Bloch, 1953; Redfield 1957; Slichter,
1963). It has been shown that Eq. (A4) may be general-
ized in the following way in order to account for relaxa-
tion processes:

d, P4 —
Pac’ - =[p, Hlg, o+ Z Ra,a',88(Pps’—Ppg), (AB)
dt n &~

where pgy denotes the equilibrium value of the element
Ppgg. It is important to note that the relaxation terms
Ry sp in Eq. (A6) are constant factors. The impor-
tant terms of the tensor R involve a— a’=8-3’. The
symmetry properties reduce R to two parameters:

Raa,bb =Rbb,aa = —1/T1 ’
Rab,ab =Rba,ba E"]-/Tz .

T, and T, are the two relaxation times of interest.
Equations (A6) are valid for sufficiently large time con-
stants T,, T, > 7;, where 7. is a correlation time (see
Sec. II.A). The equations of motion which include re-
laxation processes are

(A7)
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dr, = _wy +—?—(H'ab - H'yp)7.
at T, o'z " n 8
%+ ;z = wy 2——%‘(H’ab+H,ba)r3, (A8)
%+&%ZL:__%(H'M - )7,

1
+‘hT (H'ap +H'ya)75 .

7, denotes the equilibrium value of the population dif-
ference 7,. It is interesting to note that the compon-
ents 7, and 7, which are related to the off-diagonal
elements p,, are governed by the dephasing time T,.
The component 7, is connected to the population life-
time T,. Equations (A8) are quite general with respect
to the perturbation H’ and will be applied to two speci-
fic interaction processes.

1. Raman interaction

We wish to treat a situation where the external elec-
tromagnetic field does not contain resonant components
of frequency w,; i.e., electric dipole transitions are
negligible. The interaction occurs via the Raman po-
larizability 8 a/8¢ leading to the perturbation Hamil-
tonian of Eq. (A9) [Eq. (4) of Sec. IL.A.]:

)oY
H'=-%q <——) ELE; A9
2 hz,‘: aq ni =i ( )
so that
o
==t 2 (22) B, (A10)
h,i q hi 4

where ¢,, denotes the transition element {¢,|4l¢,) of the
normal mode operator ¢. To simplify the discussion
we choose the phases of the eigenfunctions ¥, and ¥, in
such a way that g,, is real, i.e., 9,,=9;,. Using the
properties of the density matrix we see that the expec-
tation value of {(g) is given by

(@) =Tr(0q) =74 - (A11)

We introduce the excess population of the upper vibra-
tional state » and relate it to the component 7, of the
vector » (which represents the instantaneous state of
the vibrational system):

vy=2(n+n)—1. (A12)

Substituting the quantities 7, and 7, in Eqs. (A8) and
eliminating 7,, we get the following results for small
damping, w,7T, << 1:

d 2 d )
Fr e Wi ()
(alt2 T, dt ~°°

a
- Sags, S(32) mmli-2men), (A19)
" \0q/
dn n 1 da Ka)
e ) e 1o

Equations (A13) and (A14) correspond to Eqs. (5) and
(7) of Sec. II.A. For the transition element ¢,, the ex-
pression

Qop = (11/2 m w)* ' (A15)
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was introduced for a harmonic vibration. Partial de-
rivatives are used in Egs. (5) and (7) on account of the
spatial dependence of the physical variables (g) and =.

2. Electric dipole transition

The resonant interaction of an external electromag-
netic field E with the vibrational system via dipole
coupling is described by the Hamiltonian [see Eq. (67),
Sec. ILE]

H'=~}pE,. cosf. (A16)
The interaction matrix element of interest is given by
H'yy = =papE,, cosO, (A17T)

where p_, denotes the electric dipole matrix element p ,
={Ya|Dl0y). Dap is assumed to be real, which can be
achieved by a proper choice of the phases of the basis
Y, and ¥,. The expectation value of the transition
dipole moment is connected with the component 7, of
the pseudospin vector [compare (A11)]:

<Z’> =T1'(Pﬁ) =¥ lap -

The excess population » of the upper vibrational state
is related to the vector component 7, as in the case of
the Raman interaction [see Eq. (A12)]. Substitution of
Egs. (A18) and (A12) in Egs. (A8) and elimination of
7, yield an equation for (p). We use the local field:

Eoe =5(R*+2)E (A19)

(A18)

and the ansatz of Eq. (68) (Sec. II.E). Neglecting sec-
ond-order derivatives yields Eqgs. (69) and (70) for the
amplitude {p) of the electric dipole moment.

APPENDIX B: SPONTANEOUS RAMAN SCATTERING

For the reader who is not familiar with Raman scat-
tering, several definitions and relationships are sum-
marized in this appendix.

Measurements of the spontaneous Raman effect are
conveniently done with a linearly polarized laser (inten-
sity I, and frequency w;). The scattered light is ob-
served at 90° scattering angle in a plane perpendicular
to the electric vector of the incident light. With the
help of a polarizer, two components of the scattered
light are recorded within a small solid angle of ac-
ceptance: (i) scattered light of intensity I, being po-
larized parallel with respect to the laser, and (ii)
scattered light of intensity 7, with perpendicular polar-
ization. I, +I, is the total scattered intensity of the
Raman line centered at frequency w; - w,. The ratio
of the scattered to the incident light intensity per
molecule, per unit solid angle and length, determines
the total differential scattering cross section of Raman
scattering,

90/0Q=(I, +1,)/(INxAQ), (B1)

where N denotes the number density of the molecules.
x is the length of the scattering volume seen by the de-
tector.

According to the theory of Placzek (1934), the scat-
tered light is determined by the polarizability tensor
(2 a/29) of the observed vibrational mode [see Eqs. '
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(3) and (8)]. The isotropic and anisotropic components
a and vy of the polarizability tensor are related to the
scattering components /; and I, as follows:
I x45a2 +4y2,
I,3y2, (B2)

The two scattering components add up to the total scat-
tering cross section. From scattering theory we ob-
tain

80 /09 =L f (45a® +Tv?), (B3)
where f combines several factors:
4
o(wy = @) B4

f =8 i1 = exp(~fiag kT *

g denotes the degree of degeneracy and » the reduced
mass of the vibrational mode of frequency w,. The
scattering cross section is seen from Eqgs. (B3) and
(B4) to depend strongly on the frequency w, of the inci-
dent laser. The polarizability constants @ and y, on the
other hand, are frequency independent and characteris-
tic of the molecules and the specific vibrational mode.

~ For liquids a local field correction L is incorporated
in the parameters a and y:

a=La’ andy=Ly’. (B5)

a’ and 7y’ are the corresponding constants of the isolated
moleculés. L denotes the correction factor. In simple
cases one uses the Lorentz field correction L =( 2 +2)?/
9 (Schrétter, 1960; Nestor and Lippincott, 1973).

The scattering cross section 90/0Q is of the order of
1072° ¢m? (per steradian and molecule) for strong Ra-
man lines. The absolute magnitude of 90/8 may be
determined with good accuracy using modern laser
techniques (Kato and Takuma, 1971).

The depolarization ratio for linear polarized light
ps is defined by the intensity ratio:

ps=1./1y. (B6)
This ratio is found from Egs. (B2) and (B6) to be
ps=37v2/(45a® +4y?). (B7)

Equation (B7) indicates that 0 < p, <0.75. Values of
ps< 0.1 are often found for highly symmetric, strong
Raman lines. Values of 90/ and p, have been listed
in the literature for numerous liquids (see, for ex-
ample, Nestor and Lippincott, 1973). Knowing these
two parameters, one may readily calculate the con-
stants a and v with the help of Eqs. (B3) and (B7):

[ 3-4p, 80 1/2
“‘[fu+pgan] ’
(B8)

—[ 45ps EO;JI/Z
VI FA ey 2]

For an incident plane wave the scattered intensity I

within a solid angle of A is, according to Eq. (B1),
80

Is=Nga xI,AQ. (B9)

Using Eqgs. (B3) and (B4), we rewrite Eq. (B9) for the
case of an isotropic scattering tensor (¥ =0), a non-
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degenerate vibrational transition (g=1), and for Zw,
> kT,

Niwga®

[g= 22@s%
ST 3ctmw,

X[ AQ, (B10)

where wg=w; — w,. Introducing the electric field £,
(I,=culEL|?/87) we obtain

_ Niwgua®

2
= 2ancima, MPal’ag.

(B11)

S

This equation will be used in Appendix C for the calcu-
lation of the initial Stokes intensity.

The spectral intensity distribution of the spontaneous
Raman lines gives information on vibrational and ro-
tational processes. This point is briefly discussed in
Sec. IL.A.6.

APPENDIX C: INITIAL CONDITION FOR
STIMULATED SCATTERING

In Sec. II.B analytic expressions for the stimulated
Stokes pulse and the coherent material excitation are
presented which include aninitial Stokes field Eg(0, ¢').
The initial vibrational amplitude @(0, ') was neglected
in Egs. (34) and (35). In the high gain situation of in-
terest the stimulated emission builds up over many
ordersof 10. Our calculations for the conversion of
laser to Stokes light depend only weakly on thé absolute
magnitude of the initial Stokes field. The following
derivation of the effective initial Stokes field is ade-
quate for most practical cases.

The theory of stimulated Raman scattering includes
spontaneous scattering as a limiting case for very
weak incident laser light. A comparison with results
of spontaneous Raman scattering yields the desired
initial condition for the stimulated Stokes amplifica-
tion process. As discussed in Appendix B, an incident
laser pulse E;(t') generates a spontaneous Stokes scat-
tered intensity (in the forward direction) within a solid
angle AQ of

4 9 2
Ipon = ——-————Zi\ﬁffn‘;o x<a—g) [E(t)]2a8. (c1)
x denotes the sample length.

Our result for the stimulated process is presented
by Ed. (34) in Sec. II.B for the case of a homogeneously
broadened vibrational system with isotropic scattering
tensor. We are concerned here with very weak laser
pulses. Expanding the Bessel function I, in Eq. (34) to
first order we obtain the following expression for the
scattered Stokes field:

Eg(x, t") =Eg(0, ¢') + kKo xEr ()

t’ "t , ”
><f_°o dt”exp( T, ) E (t")Eg(0, t") + -~ .
(c2)

Going to intensities, we set Ig,=cuE%O0, t")/8m:
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Ig(x, t) =Ig[1+2k,Kk,xEL (1)

t’ -t
X f at” exp( >EL(t")
o T,

x (Eg(0, t")Es(0, £"))/E$(0, ')

+ higher terms. (C3)

In Eq. (C3) we introduced the first-order autocorrela-
tion function of the initial Stokes field where the brack-
ets () denote an average over a finite acceptance angle
AR (number of electromagnetic modes which partici-
pate in the Raman scattering process). This function
deviates from zero during a short correlation time #,
which is related to the frequency width Awg of the initial
Stokes field: fc~1/Aws. Assuming exponential time
behavior we write

(E5(0, ¢')E(0, t"))

ES(O tl)Z uei(p[—Awslt’- t””- (C4)
’

Substitution of Eq. (C4) in Eq. (C3) yields
Ig(x, t') =Igol1 +2k Kk XEL(2")

Xf ¢ dt” exp [(t” _ t')Aw]EL(t”) RN (CS)

where we introduced the effective bandwidth
Aw=Aws +1/T,, (Ce)

which will be discussed below. The second term in
Eq. (C5) is proportional to the incident peak laser in-
tensity and to the sample length x’, as is expected for
the spontaneous scattering signal. On the other hand,
Eq. (C5) depends on the shape and duration of the inci-
dent laser pulse as well as on the frequency width Aw
or dephasing time 7, [note Eq. (C6)]. This point was
discussed by Akhmanov et al. (1971) and Bloembergen
and co-workers (1971). For steady-state conditions we
have Aws=1/T, or Aw=2/T,, and the integral in Eq.
(C5) is readily solved to give

Ig(t', x) =1g,[1 +2k,K,xE % /Aw]. (cm

Using the definitions of «, and «, [Eq. (15)], comparison
of Egs. (C1) and (C7) yields the desired initial Stokes
intensity:
2
ISQ= —I—E—i—i—lp—-w%AwAQ. (C8)

The result of Eq. (C8) is equivalent (except for a factor
close to unity) to the zero-point energy flux of the num-
ber of Stokes modes contained in the solid angle AQ
and the frequency interval Aw=2/T, (equal to the spon-
taneous Raman linewidth). In other words, the initial
condition /g, represents the equivalent noise input of
the Raman generator.

In the transient case the frequency width of the stim-
ulated Stokes emission is larger than the incident
laser pulse by a factor of approximately 2, due to a
corresponding reduction in pulsé duration: Awg=~2Aw;.
As a result, the exponential term in Eq. (C5) varies
considerably more rapidly in time than E;(¢”). Equa-
tions (C7) and (C8) remain approximately valid and are
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used in the computations of Sec. II.B.2

The equivalent noise input I, of Eq. (C7) is estimated
in the following example: For a sample length of x’ =2
cm and a beam diameter 2 X 1072 ¢m the stimulated Ra-
man process occurs in a solid angle of AQ=~107* sr.
For a Stokes emission at frequency wg/2wc=2x 10*
em™! within a bandwidth of Aw/27c~10 cm™ we find an
initial Stokes intensity of 1072 W/cm?. This equivalent
input level should be compared with the incident laser
intensity of the order of 10° W/cm?; i.e., amplification
of the Stokes light over many orders of 10 is required
in the stimulated Stokes process to achieve the conver-
sion efficiencies (e.g., 7 =1072) discussed in Sec. II.B
(see Fig. 2).

APPENDIX D: STIMULATED RAMAN SCATTERING
FOR AN ANISOTROPIC SCATTERING
TENSOR ’

In this appendix, the differential equations of tran-
sient stimulated Raman scattering for the anisotropic
case are derived; they are solved and discussed in
Sec. II.C. Inspection of the gene