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SELF-TRAPPING WITH PICOSECOND PULSES AND “ROCKING” OF MOLECULES*
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We report a study of the spectral properties of self-trapped filaments of light with pico-
second excitation. The clean spectra obtained allow the measurement of the relaxation
time of the nonlinear refractive index induced by the field; it is a few tenths of a picosec-
ond for many liquids. We suggest that “rocking” of molecules in the field of neighboring
ones is the main mechanism for trapping in our case.

The physical mechanisms which are responsi-
ble for the self-trapping of light! of picosecond
duration have already been considered by Brewer
and Lee.? These authors reach the conclusion
that the trapping phenomenon, in the case of pico-
second excitation, is due to molecular electronic
distortion. In this Letter a study of the spectral
broadening of filaments produced by picosecond
laser light pulses is reported. The short exciting
pulses which have been used (~5 psec) usually
produce very regular spectra through the phenom-
enon of self-phase modulation.®* From the inter-
pretation of these spectra the following conclu-
sions are reached: (1) Neither the Kerr effect
due to orientational diffusion of molecules nor the
mechanism of molecular electronic distortion ap-
pears to play a predominant role in self-trapping
of picosecond pulses. (2) The measured values
of the relaxation time 7 for the nonlinear refrac-
tive index 6n (7=0.3-0.6 psec for CS,, toluene,
and bromobenzene) appear to be more consistent
with the measurements of 7 from the extreme
wing of the spontaneous Rayleigh line.® Accord-
ing to the interpretation of this wing due to Sta-
runov® and Fabelinskii and Starunov,” we suggest
that trapping is in our case mainly due to “rock-
ing” of molecules in the field of the neighboring
molecules. The nonlinear refractive index is in
this case due to the rocking motion of the mole-
cules driven by the torque exerted by the optical
field, the torque resulting proportional to the
square of the field’s amplitude. This interpreta-
tion sheds new light on the trapping phenomenon
at least in the case of picosecond excitation.

For our experiments, a TEMy,-mode, mode-
locked ruby laser with 5-psec pulses has been
used.® The unfocused beam of the laser was sent
through a 12-cm-long trapping cell containing ei-
ther CS,, bromobenzene, or toluene. The appa-
ratus for detecting the spectra of the filaments is
very similar to that described elsewhere.® The
theoretical resolving power of the grating was
~0.6 cm ™. With these short pulses, clean peri-
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odic spectra due to self-phase modulation are ob-
tained. An example of these spectra is shown in
Fig. 1. On increasing the laser power above the
threshold power for trapping, the extension of the
spectra steadily increased.® These observations
are in full agreement with the interpretation of
such spectra in terms of self-phase modulation
due to short pulses as first discussed by Shimizu®
and then more fully by Gustafson et al.* When the
power was increased by about a factor 3, the
longest spectra showed an extension of several
hundred wave numbers, and they were no longer
so regular. Often, in this case, a fine struc-
ture®!! with a period ranging between 7 and 10
cm ™! was observed in all the previous liquids.

According to the works previously mentioned,®*
the spectrum f (z,w) of the light pulse after trav-
eling a distance z in the filament can be written a
as

flz,w)=e'*7 [ A(t,z)e Y87+ v gt 1)

where A(f,z) is the field amplitude, y =wyz/c, on
is the nonlinear refractive index induced by the
field, w, the laser angular frequency, and w the
angular frequency of the spectrum minus w,. As
done by Gustafson _ei_?._l.'* one can assume a given
shape for A(¢,z) and a given functional relation
between 6z and A, and then, by computer, calcu-
late f (z,w) to be fitted with the experimental re-
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FIG. 1. Typical regular spectra due to self-phase
modulation as obtained with picosecond excitation.



VoOLUME 23, NUMBER 13

PHYSICAL REVIEW LETTERS

29 SEPTEMBER 1969

sults. Actually, interesting results can be ob-
tained by approximately calculating the integral
in Eq. (1) with the method of stationary phase!?:
At each angular frequency w the main contribu-
tion to the integral (1) comes from the points at
which y67i= -w. For what follows, reference will
be made to Fig. 2 where a typical spectrum is
schematically shown [Fig. 2(a)] and where a bell-
shaped curve (not necessarily symmetrical) is
assumed for 6x(t) [Fig. 2(b)]. In Fig. 2(b) the two
inflection points 1 and 2 of 6z are also indicated.
By using the method of stationary phase one can
show that (1) the number m of minima of the spec-
trum [Fig. 2(a)] on the Stokes side is equal to that
on the anti-Stokes side and (2) the following rela-
tions hold approximately:

an/5ﬁ1=m/l/s, (28.)
5”p/5ﬁ2=—m/VAs, (Zb)

where the time derivatives are taken at the inflec-
tion points and where vs and v,g are the absolute
values of the spectral extensions on the Stokes
and anti-Stokes sides, respectively.

To proceed further, the following functional re-
lation between 6n(f) and A(¢) is now assumed:

7,201 + 7,00 + On=n, A%, 3)

where the equation may describe either one of the
following three phenomena: (1) rotational diffu-
sion of molecules, where it is generally assumed
that 7,=0 and T, is equal to 5 of the Debye relax-
ation time; (2) molecular electronic distortion,
where one must assume that 7,=7, ~0; (3) “rock-
ing” of molecules in the field of neighboring mol-
ecules. This phenomenon was first introduced by
Starunov®’ to account for the experimentally ob-
served wings of the Rayleigh line. More recent
experimental studies on the Rayleigh wing in CS,
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FIG. 2. (a) Schematical drawing of a typical spec-
trum. (b) Bell-shaped curve (not necessarily symmet-
rical) which is assumed for éz() and which is used in
the discussion of the test.

seem to confirm this model.!®* Since the induced
nonlinear polarization can be shown to be propor-
tional to the angular displacement A6 of the mole-
cules, Eq. (3) follows from Eq. (15), Ref. 6, by
putting at the right-hand side of this equation a
term due to the torque exerted by the optical field
on the molecule. By doing this one gets 7,=(I/u)'"2,
T =§/IJ., and (nz)rocking/(nz)rot dif fusion = GKT//J';
where I is the moment of inertia, ¢ is a coeffi-
cient of internal friction, and u is a coefficient

of orientational elasticity. In the case of CS, from
Ref. 7 one gets (nz)rocking/(nz)rot diffusiongo-zy T

=~ (.46 psec, and from the slope of part BC of

Fig. 3, Ref. 7, 7,~0.21 psec. These values can
be taken as indicative; it is important, however,
to notice that the times involved in this case are
of the order of a few tenths of a picosecond.®

Equation (3) is obviously open to criticism.
Firstly it does not describe the saturation of on
at high fields, and secondly it does not present
the two phenomena of rotational diffusion and
“rocking” of molecules in a unified manner.
Therefore it would be difficult to describe the be-
havior of the liquid at the transition region be-
tween the above two phenomena. In the case of
rotational diffusion a more exact procedure would
be that followed by Herman.'® Equation (3) is
therefore assumed here as a phenomenological
one to be compared with the experimental results.

An upper limit for 7, can be readily obtained by
considering Eq. (3) at time ¢, [Fig. 2(b)] and by
taking into account Eq. (2b). Since the right-hand
side of Eq. (3) is positive (which would be also
true even if higher order terms in the fields were
added to the right-hand side to take into account
saturation’®) one gets 7, <(m/v,s). From a large
number of spectra of the type shown in Fig. 1 the
results listed in Table I have been obtained. It is
worth emphasizing that the results have been ob-
tained only from those spectra in which both the
Stokes and anti-Stokes sides could be clearly
measured. From the minimum values of m /v g
in Table I one sees that the upper limit for 7, is
approximately the same for the three liquids,
~0.7 psec. One therefore reaches the first con-
clusion that the phenomenon of rotational diffu-
sion cannot be the predominant one in our case
since the times involved are approximately 2, 4,
and 10 psec for CS,, toluene, and bromobenzene,
respectively.”

This result alone would not eliminate molecular
electronic distortion as a possible mechanism.
An approximate value of 7, can however be ob-
tained by considering Eq. (3) at the two times £,
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Table I. Values for the relaxation time 74 of the non-
linear index of refraction 6z induced by the field as
measured from the spectra.

CS2
\)S \)as
P otz [0tz | ™ favsav, | e 1
psec
1 5.1 10 7 0.5 4 0.36
2 6.2 10.8 9 0.6 7 0.4
3 7 10.9 17 0.65 4 0.6
y 7.5 11.2 13 0.8 4 0.45
5 7.5 10.9 16 0.6 6 0.65
6 10.2 11.9 20 0.77 11 0.85
7 10.2 11.4 12 0.9 8 0.5
8 12.2 16 22 0.82 11 0.7
9 13.1 16 21 0.9 4.5 0.7
10 14.2 17.1 28 0.87 12 0.83
11 15.8 18.1 24 0.83 5.6 | 0.51
1.2 18.4 20.4 38 0.75 9 0.9
Toluene
1 4.y 4.3 3 1.22 24 0.38
2 8.6 7.35 6 1.25 9 0.38
Bromobenzene
1 1.4 2.36 4 0.57 2 0.37
2 2.3 3.3 4 0.55 2 0.22
3 4.16 5.5 4 0.62 2.310.19
4 4.16 6.6 6 0.5 1.5 0.2
5 10.6 13.4 15 0.74 5.5} 0.48

and ¢, [Fig. 2(b)], by taking the ratio of the two
expressions and by using Egs. (2). One easily
gets

T (vs/m)dn, +6n, A2 (@)

—T,(vps/m)on, + bn, A2

where A,% and A,? are the square of the field am-
plitudes at times ¢, and {,, respectively. From
the method of stationary phase applied to the in-
tegral (1) at the angular frequencies wg =27vg

and w s =27V, g one gets A%(t,)/A%(,) = [fllz(éii'l)z/s/
If,|2(67;)28, where |f,|? and |f,|? are the intensi-
ties of the spectra at the points 1 and 2 of Fig.
2(a) and the third derivatives of on are taken at
the times ¢, and #,. It can be further shown that
(632;)/8 / (67,) 8 = Avg /Av 55, where Avg and Av,g
are frequency separations between the first maxi-
mum and minimum of the spectrum on the Stokes
and anti-Stokes sides, respectively [Fig. 2(a)].
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Therefore, from Eq. (4),

Ty (vs/m)on, +ony _ |f,PAv?
~T,(Vas/m)0n, +6ny  [f,|?Avas?

=a. (5)

To calculate 7, from Eq. (5) one must know the
ratios on,/6n, and 6n,/6n,. These ratios are
both assumed to be approximately 0.6. This is in
fact true for any Gaussian pulse, whereas for a
Lorentzian pulse the ratio would be 0.75. We
therefore believe that this assumption will not
drastically affect our results. It is worth men-
tioning that the above ratios can also be obtained
from the spectra (in a rather lengthy way howev-
er) and that the values which have been measured
for a few spectra range from 0.4 to 0.6.

From Eq. (5) the values of 7, can now be ob-
tained by measuring o, vg/m, and v,g/m from
the spectra. To measure o, the contrast factor
of our film (Kodak spectroscopic film 1N) under
picosecond-pulse excitation was determined. The
values of 7, obtained in this way are listed in Ta-
ble I. One sees that for each liquid the values
are quite consistent, irrespective of the exten-
sion of the spectra, and that they are of the order
of a few tenths of a picosecond. One therefore
reaches the second conclusion that the molecular
electronic distortion is not the predominant
mechanism in our case,

From Table I one sees that the average value
for 7, is 0.6 psec for CS,, 0.39 psec for toluene,
and 0.3 psec for bromobenzene. These values ap-
pear to be in agreement with the values of 7 ob-
tained by measurements at the far portion of the
spontaneous Rayleigh wing. In fact, although val-
ues of 7 for toluene and bromobenzene are not, to
our knowledge, available, measurements on CS,
and other liquids indicate that 7 is always of the
order of a few tenths of a picosecond. Hence, ac-
cording to the interpretation of the far portion of
the Rayleigh line due to Starunov we suggest that
molecular “rocking” plays a predominant role in
self-trapping with picosecond pulses. It is worth
noting that the present interpretation does not ap-
pear to be in contrast to the temperature experi-
ments reported by Brewer and Lee? since even in
a glass state the molecules can undergo oscilla-
tions.

Since measurements of filament diameter and
energy in the case of CS, are in agreement with
those obtained with nanosecond excitation,® it is
suggested that in this case too the “rocking”
mechanism may play an important role.
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BY MEANS OF INELASTIC SCATTERING OF LIGHT
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The “critical region” of a binary mixture is found to be characterized by the appear-

ance of an asymptotic dependence such as I'=AKS3,

As is well known, the formula giving the spec-
tral linewidth I of the light scattered by a binary
mixture in the hydrodynamic region is

I'=DK2(1+ Esz)l—n/z’

with D =mass diffusion coefficient, K =scatter-
ing vector, and £ =correlation length.

This formula, however, is no longer valid
when (K21, as we have shown in a previous pa-
per.' In order to obtain the relationship between
T and K in this region, we have performed sys-
tematic measurements in the immediate vicinity
of the critical temperature of a cyclohexane-ani-
line binary mixture. To avoid the difficulties
arising from eventual thermal fluctuations of the
thermostatic bath, the photocurrent due to the
scattered light was recorded on an Ampex tape
recorder, which demanded a relatively short
time during which the temperature was stable to
better than 1073°C. The rather long spectral
analysis was performed at a later time.

Figure 1 shows the observed angular depen-
dence of the spectral linewidth I', for different

values of 7-T.. This angular dependence (for T
-T.=6X1073°K, 5.5X1073°K, 4X107%°K, 3.5
X1073°K, and 1.5X1073°K) is consistent with a
law such as I'=AK® (with A =1.3X107® cm?® sec™?!
and independent of 7-7_.). This result is not
surprising, because for all these values of T-T,
(K21, even for the smallest recorded value of
the scattering angle 6=30°

At temperatures this close to 7, one might ex-
pect spurious effects due to multiple scattering
and concentration gradients with height. Howev-
er a separate experiment conducted on three cy-
lindrical cells of different diameters (14, 10,
and 5 mm) has shown that, in spite of variable
amounts of multiple scattering (as shown by the
observed beating signal-to-shot-noise ratios) the
linewidth of the scattered spectrum does not de-
pend on the cell diameter. This experiment
shows that while multiple scattering strongly af-
fects the intensity of the scattered light, it does
not affect its linewidth. Thus the observed I'~K?
behavior cannot be ascribed to a spurious multi-
ple-scattering effect.
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FIG. 1. Typical regular spectra due to self-phase
modulation as obtained with picosecond excitation.



