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S(t~) = JIIEA, Fdt, where the delay time tD is the
time difference between the generating and the
probe pulse. %'e consider the propagation direc-
tion of the anti-Stokes field E» collinear with
the propagation direction of the pump pulse since
the relevant angles are small in our experimen-
tal system (see below). With t'= t x/—v, where
v is the group velocity, we obtain for the coher-
ent growth of E»

BEAS (X~ t') 21Tt&d As
Bx c'k As BQ

where ~» = ~~+ ~~ and 4» = k I + k~ are the fre-
quency of the anti-Stokes field and the corre-
sponding wave vector, respectively. Q(t'+tD)
is the vibrational amplitude generated by the in-
tense pump pulse with electric field E~,(t'+ t~)
[see Fig. 1(a)I. N is the number of molecules
per cm' and Bn/BQ represents the change of
polarizability with vibrational amplitude. The
phase mismatch is given by &k = k~, +k~-k».
Integration of Eq. (1) gives the anti-Stokes signal
S(tD) as a function of delay time tD:

The integral in Eq. (2) represents the convolu-
tion of the vibrational intensity with the light in-
tensity of the probing pulse. It should be noted
that for perfect phase matching, i.e. , ~k=0,
the signal S(t~) grows with the square of the in-
teraction length l. In Fig. 1(b), calculated val-
ues of S(tD)/S, „(tD) are plotted versus delay
time tv/t~ for the same phonon fields discussed
in Fig. 1(a).

The following points should be noted. For
small values of t~/7 and large delays tD/t~ the
anti-Stokes signal decays exponentially with 7;
allowing the direct determination of the dephas-
ing time T. For intermediate values of t~/T=3
the shape of the S(tD) curve depends strongly on
the form of the probe pulse. Rapidly decreasing
Gaussian probe pulses give a S(t~) curve which
decreases exponentially with 7 starting approx-
imately a factor of 5 below the maximum. On
the other hand, probe pulses with larger wings
give substantially different S(tD) curves. As an
example, the change of S(t~) for an exponentially
decaying probe pulse (hyperbolic secant) is de-
picted in Fig. 1(b) (dashed line). In this case the
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FIG. 2. Schematic of experimental system. Three
light beams, B1, B2, and 83, interact in the sample,
I C; glass pieces make the fixed delays, ED, and the
variable delay, VD; filter X; spectroxneter SP'; photo-
detector P; two-phonon fluorescence system TPF. In-
set: Schematic of noncollinear phase-matched probe
anti-Stokes scattering. A~& and k&2 are the directions
of the intense generating pulse and probe pulse, re-
spectively.

curvature of the S(tD) curve changes continuously

for a considerable range of values of tD/t~; the
exponential slope, which allows the determination
of v (dotted line), begins approximately two or-
ders of 10 below the maximum. Finally, the situ-
ation for large values of t~/T should be discussed.
It is clearly seen from Fig. 1(b) that the S(t~)
curve represents to a good approximation the
shape of the Gaussian-probe pulse. For instance
the calculated S(tD) curve deviates from the
Gaussian function by only several percent for
t~/7 =32. Similarly, probe pulses with other
time dependence are readily analyzed by mea-
suring the anti-Stokes signal S(tD) as a function
of delay time tv with large values of t~/T (see
below). It is important to emphasize the chang-
ing properties of the S(tv) curves: The position
of the maximum is located near tn/t~ =1 for
t~/7 = 3 and shifts closer to the ordinate for
larger values of t~/7'. The form of the wings
varies strongly with the parameter t~/7' and with
the shape of the probe pulse.

In Fig. 2 our experimental system is depicted
schematically. It consists of a mode-locked Nd-
glass laser which is followed by an optical shut-
ter' to cut a single picosecond pulse out of the
pulse train. A careful analysis of this pulse sug-
gests good mode locking of our system. ' Possi-
ble frequency modulation (chirp) is small in our
pulses. Measurements of the two-photon fluores-
cence (TPF)' gave contrast ratios very close to
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3 (no suppicosecond structure) .The single pulse
passes an optical amplifier, a potassium dihydro-
gen phosphate crystal for conversion to the sec-
ond-harmonic frequency (18.868 cm ', corre-
sponding to a wavelength of 0.53 p,m), and finally
enters the measuring cell. The powerful incident
pulse (index 1) traverses the medium generating
molecular vibrations and Stokes-shifted light.
The laser and first Stokes pulse are measured
with the fast photocells I'1 and I'4; they allow
an estimate of the conversion efficiency. It was
ascertained in our investigations that the conver-
sion efficiency was small (several percent) in
order to stay within the range of validity of our
theoretical investigations. Two beam splitter s
provide two light pulses (indices 2 and 3) of
small intensity, approximately 10 ' of the pump-
ing pulse. One pulse (index 3) with variable time
delay tD served as probe pulse for the vibrational
field in the medium, while a second probe pulse
(index 2) with fixed time delay was used as a
reference signal to improve the accuracy of our
measurements. The optical delays were care-
fully determined taking the group velocities of
the glass specimen into account. The accuracy
of the tD scale is better than 5%%uo, while the ab-
solute position of the origin is known to approx-
imately 2 psec. Both probe pulses are coherent-
ly scattered by the molecular vibrations. In
our system the anti-Stokes signals were observed
with the help of two spectrometers. The insert
in Fig. 2 indicates schematically the scattering
process. The laser (k») and first Stokes wave

(ks, ) generate the phonon (k~); the probe beam

(k~, ) interacts with the same phonon (k~) to give
the observed anti-Stokes wave (k„s). In reality
the various angles are small. %e have adjusted
our system for close phase matching, with the

phonon wave vector k~ collinear with k~, and

kAs, i.e., 4'=0. Phase matching is facilitated
for two reasons: (a) On account of our beam
geometry, beam diameter/cell length =2X10 ',
the vibrational amplitude is still large for 8 =10 ',
(b) The small interaction length l of the probe
and pump beams makes leak & w, even for phonon

wave vectors 0~ close to the forward direction
(k„).

In Fig. 3 we present our experimental data.
The anti-Stokes signal 8(tD) of the probe beam

(3) is plotted versus the delay time to for carbon
tetrachloride (&u~/c = 459 cm ') and ethyl alcohol

(Id~/c = 2928 cm '). The experimental points are
average values of five to ten individual measure-
ments. The signal-to-background ratio was
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pIG. 3. Measured anti-Stokes signal S (tz)/S~» ver-
sus delay time t& for ethyl alcohol and carbon tetra-
chloride. The curve drawn through the experimental
points of CC14 is calculated.

larger than 200 and 3000 for CC14 and C2H,QH,
respectively. First we wish to discuss our re-
sults with ethyl alcohol. Spontaneous Raman
data of the 2928-cm ' vibration indicate a Iine-
width b, ~/c = 20 cm ' which suggests a relaxation
time ~ =0.26 psec. On the other hand, the TPF
technique gives a duration of our light pulses of
t~= 8.3 psec. From these data we estimate t~/v.
=32 for ethyl alcohol. It has been pointed out
above [see Eq. (2)] that for large values of t~/~,
the S(tn) curve gives direct information on the
shape of the probe pulse. ' In fact, Fig. 3 gives
a direct picture of our light pulse. %e can infer
from Fig. 3 that the probing pulse is asymmetric,
rising sharply close to a Gaussian function and
decaying exponentially. " The experiment gives
t~ = 8+ 1 psec. The observed asymmetry of the

light pulse is expected on account of the finite
relaxation time of the bleachable dye in our pas-
sively mode-locked laser. " Figure 3 shows
clearly that our experimental data are —over
three orders of magnitude —well accounted for by
a Gaussian and an exponential function.

%'e now turn to the discussion of our measure-
ments in CCl, . Our data of Fig. 3 exhibit a shift
of the maximum to a value of tD =1~ which is ex-
pected for the more transient situation of CC14
and a distinct exponential decay for large values
of t~. From the exponential tail of the S(tD)
curve we find the dephasing time of CC14.. 7.

= 4.0+ 0.5 psec. Knowing the shape of the probe
pulse, we are now in the position to compare
our experimental data quantitatively with the cal-
culations outlined above. In Fig. 3 the theoreti-
cal curve calculated for the pulse shape found
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in the experiment with ethyl alco ho l (f~/7. = &.0)
is drawn through the experimental points. The
calculated curve fits our data quite mell at tD= 0,
at the position of the maximum, and also for
larger values of t~. The comparison with theory
confirms the dephasing time of 7 =4 psec. It
is interesting to compare this value of 7 with
measuxements of the spontaneous Raman line-
width. Earlier data suggested a value of A~/c
—= 10 cm '. More recently the isotope structure
of the Raman emission in CC14 has been resolved
and I),ro/c —= 1.5 cm ' was reported for the most
prominent Raman line. " Quite obviously our ex-
perimental dephasing time of & = 4.0+ 0.5 psec
corresponds to the width of the individual isotope
components of the Raman line.

Finally, me wish to emphasize once more the
importance of knowing the shape (the wings) of
the laser pulse. The determination of a dephas-
lng time of & 4 psec with a pl obe pulse width
of t~ = 8 psec requires rapidly rising (Gaussian)
pulses. Calculations show, for example, that
with a Lorentzian pulse of the same duration
(t~ =8 psec), only 7. values larger than =80 psec
can be measured.

Investigations of the type discussed here are
readily extended to other media, to compressed
gases and especially to solids where TQ phonons
(e.g. , in diamond" ) and internal vibrations (e.g. ,'
in CaCO, ) have been excited by stimulated Raman
scattex ing. Using tmo incident pumping beams
with the proper frequency difference, it will be
possible to excite molecular and lattice vibra-
tions with smaller gain factors.

The authors wish to acknowledge valuable dis-

cusslons with Dl . M. Malex'.

Our investigations should be contrasted to the mea-
surements of the lifetime v' of the excited vibrational
state. In this case spontaneous Haman scattering of
excited H2 molecules was observed by F. DeMartini
and J. Ducuing, Phys. Rev. Lett. 17, 117 (1966). The
relaxation times v' and 7 correspond in the Bloch
equations to Ti and T2, respectively. Very recently,
internal vibrations in CaCO& were investigated "by
measuring the intensity of spontaneously Haman-scat-
tered light" of a picosecond probe pulse [R. E. Alfano,
Bull. Amer. Phys. Soc. 15, 1324 (1970)].
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A simple lattice gas, of the familiar kind with only short-range pair interactions, is
proved to have a coexistence curve whose diameter is singular at the critical point.
Particle-hole symmetry is violated only because the range of interaction energies a
molecule can experience depends on which of two nonequivalent sets its'lattice site be-
longs to,

Theoretical analysis has cast doubt on the va-
lidity of the law of the rectilinear diameter,
which asserts that dpd(T)/dT is asymptotically
constant at the liquid-vapor critical point {p~(T)
= z[p„(T)+pl, (T)]J. Three models have now been
described with diameters reflecting the constant-

volume specific-heat singularity' ':
dp, (T)/dT-const xc„, T-T, .

One can argue that each of these models is
atypical. That of Hemmer and Stell~ is one di-
mensional, requires forces of infinite range, and


