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Observation of broadened and oscillatory optically induced Kerr kinetics in neat liquids

P. P. Ho, P. Y. Lu, and R. R. Alfano

(Received 6 April 1979)

Broadened and oscillatory Kerr profiles in time were observed in neat liquids by means of intense

picosecond optical excitation. This new observation can be used to measure the molecular relaxation time
and a nonlinear index of refraction.

Ultrafast laser spectroscopy has been exten-
sively applied to study very rapid events that
occur in nature. ' A variety of novel techniques
have been used to measure phenomena on a sub-
nanosecond time scale, such as the optical Kerr
gate, ' streak camera, ' excite and probe tech-
nique, ' two-photon absorption induced Quores-
cence, ' second harmonic generation, ' and pico-
second continuum. ' In this paper, we report the
first observation of a broadened and oscillatory
optical Kerr effect induced by an intense pico-
second laser pulse in liquids. The optical Kerr
effect was measured at various intensity levels
of the orienting laser pulse and compared with
theoretically calculated curves. A new technique
is derived for measuring the relaxation tim'e and
the nonlinear index of refraction in condensed
matter.

In the optical Kerr effect (OKE), a linearly pol-
arized laser pulse generates a nonlinear polari-
zation in the medium which induces a transitory
optical birefringence. The difference between the
induced indices of refraction parallel and perpen-
dicular to the polarization direction of the orient-
ing laser field E„,is given by'

en(t ) =n', (z„',(t ) )

r~
+ —'

I (E', (t')) exp[-(t —t')/7ojdt',
7p J

(E'„,(t )) = -', E» exp(- t '/T~ ),

where v, is defined as 1/e' decay time of the

(2)

where 8'2 is the nonlinear index of refraction
arising from fast relaxation mechanisms' (relax-
ation times are fast compared to the laser pulse
width); n', is the nonlinear index of refraction
arising from a molecular relaxation process with
a relaxation time r, (slow compared to the pulse
width)' ";E', is the orienting laser field of fre-
quency w2; and (E'„,(t)) is the time average of the
optical field which is assumed to be

pulse envelope. A probe pulse E„,at a frequency

ural

(wavelength &,), initially polarized at an angle
of 45' with respect to the polarization direction of
the orienting pulse E „experience a phase re-
tardation

~y(t) =(2~L/~, )a (t)

between its parallel and perpendicular polariza-
tion components upon traveling through an acti-
vated Kerr cell of length L. This causes the
polarization state of the probe pulse to be altered.
The probe signal transmitted through a Kerr gate
as a function of delay time TD between the probe
and the orienting pulse is detected by a slow photo-
detection system. ' ' ' ' " The normalized signal
at T~ xs

I
S, (7 )=,— (E', (t —~ )) sin'-,'5(gt) dt,

~ OC
(4)

~ (n2+n02)(E22, )'exp(-2m~2/3v f) .

In this case, the peak amplitude of the transmitted
signal S, (T~) is a function of (E»)', and the full
width at half-maximum (FWHM) of S, (T~) in time
is about 2(-,'ln2)'/' ~, = 2v, .

where S, is the signal of the probe light which
passes through the Kerr gate when the axes of the
analyzer is oriented parallel to the polarization
axis of the polarizer, and (E', (t)) is assumed to
have the same r& as (E„',(t)). The pulse durations
measured by TPF for the 1.06- and 0.53-p, m pul-
ses are approximately the same [=6 ps within our
experimental accuracy (+15%)].

When the intensity of the orienting pulse in the
OKE is such that i5$& 1, two approximation equa-
tions can be derived for S, (r~) depending on the
relative values of vp and 7&.

(i) When v, «T, , Eq. (4) can be approximated by

s, (v, ) = — (z„',(t —~,)) dt
1 "", 5@(t)
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In this case, the peak amplitude of S, (vD) is pro-
portional to (n,'E,')'; and the decay time of S, (T~)
is equal to —,7, for TL) 5

When the intensity of the orienting pulse is such
that 6Q &1, the above approximations are no long-
er valid. Using a focused picosecond laser pulse,
6$»1 can easily be achieved. For a peak field
of 10' stavolt/cm (power density =12GW/cm'), the
phase retardation in a 1-cm-long carbon disulfide
(CS,) cell is about 30m and in a 1-cm long nitro-
benzene(NB) cell is about 12m. Under these con-
ditions, we have observed a broadened OKE profile
in time for the CS, liquid (~, & r, ), and a broadened
oscillating OKE profile in time for the NB liquid
(~,& v& ). These complicated OKE time profiles
arise from the birefringence in the wings of the in-
duced phase retardation 6$(t).

A schematic diagram of the experimental appara-
tus used to measure the intensity dependence of the
OKE kinetics is shown in Fig. 1. The single shot
picosecond laser technique offers a convenient
method for measuring the OKE" "kinetics. A
single 1.054-pm (1.05) pulse with =6 ps duration

(ii) When T, » ~, , Eq. (4) can be approximated by

S,(.,) = — &E.', (t —;))
( —, (

1 "", (vI& '
4 ~00 I~i)

generated from an amplified mode-locked Nd:
phosphate glass laser system" was used to induce
the Kerr birefringence in a 1-cm-long sample. A
second harmonic0. 527-y, m(0. 53) pulse was used to
interrogate the sample. Its beam diameter was ex-
panded and passed through an echelon. In this man-
ner, the adjacent segments of the interrogating
beam (30 pulses) were delayed with a step progres-
sion of =2.5 ps per step. The oblique wave front
probed the transitory birefringence induced in the
sample. The 0.53-p. m step signals transmitted
through the Kerr gate were imaged by a camera
lens onto the target face of a Hamamatsu GBC SIT
videocamera. The video signal was processed by
a Hamamatsu Temporal Analyzer. The time axis
of the oblique front was calibrated by moving a de-
lay prism in the 0.53-p, m laser beam path. The
1.05-p, m pulse was incident on the sample at an
angle of approximately 3' to the propagation direc-
tion of the 0.53-p, m beam. The 1.05-p, m beam was
focused to a diameter of about 3 mm at the sample
cell. The area of the segmented 0.53-p. m beam
profile was focused to a size of 1 mm by 1 mm at
the sample site to ensure complete overlap with the
1.05-p. m beam profile inside the sample. The en-
ergy of the 0.53- and the 1.05-p. m pulses were
measured by a fast photodiode and oscilloscope on
each laser shot. The energy was calibrated using
a Hadron thermopile. The peak power density of
the pulse I2O [ =E»(C/Sm)] was calculated from
(W/A&~ v v), where W is the measured energy of a
single pulse, A is the effective laser beam area,
and v& is defined by Eq. (2) assuming a Gaussian
pulse envelope. "'" The chemicals used in this
experiment were the highest purity available from
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FIG. 1. Schematic diagram- of the experimental setup. A, 1-mm slot; 8, beam splitter; C, 1-cm-long optical cell;
0, Hamamatsu photodiodes; F1; Corning 4-96 filter; F2; Corning 7-99 filter; F3, Corning 4-96 filter; L1, f= 4-cm
lens; L2, f= 40-cm lens; L3, f= 30-cm cylindrical lens; L4, f= 30 cm lens; LG, 50 mm/fL. S camera lens; and M, di-
electric coated mirrors. Pl and P2, polaroid HN22 polarizers; polarized along the directions 45' and -45', respec-
tively. TV, Hamamatsu Temporal Analyzer video system. Echelon: 30 pieces of 1-mm thickness glass oriented at
Srewster's angle with respect to the polarization direction of F~~.
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FIG. 2. Kerr transmitted signal of CS~ liquid at vari-
ous intensitites of the orienting 1.05-pm pulse. (a) Ex-
perimental data; (b) calculated curves from Eq. (4).
The parameters chosen are X& ——0.53pm, I.= 1 cm, n2
= 0.4 &&10" esu, n2= 1.6 &&10 ~ esu, &0= 1.8 ps, and
7'& ——5 ps. The measured power densities were accurate
to within +20/o. The location of zero (&D ——0) for the ex-
perimental data was chosen where S& (7&) reaches its
maximum value for the CS& gate. (1) I20= '68(MW/cm )
[~@(0)=0.217l], (2) «20=135 MW/cm [gp(0) = 0.42m'], (3)I20
= 680 MW/cm [6@(0) 2.1x] (4) I2p= 3 40%/cm [&Q(0)
= 10.6r].

the Eastman Kodak and Fisher Scientific compan-
ies.

The measured transmitted signals from a CS,
and a NB gate at various orienting intensity levels
are plotted in Figs. 2(a) and 3(a), respectively.
The corresponding calculated curves are plotted
in Figs. 2(b) and 3(b) by assuming values of the
parameters I„, v, , v„n'„and n', for Eg. (4).
Since the power density and pulse durations of the
laser pulse fluctuate within +2(P/q, these parame-
ters were accurate within that variation. The nor-

rD[5$(t ) = 2w] = Tain(n', 8',, v~m v) I /2&, &0),

for vD&5v& and 7» v» and the last maximum of
S, (vD) is approximately located at a delay time

'rg[5$(t ) = m] = To in(n2E ~os m v) I, /A. ~so), (8)

malized Kerr signals for the CS, gate are plotted
iri Fig. 2 for different power density levels of
the orienting 1.05-p, m pulse of 0.068, 0.135, 0.68,
and 3.4 GW/cm'. The salient feature of the data
presented in Fig. 2 is that the Kerr kinetic profile
for CS, broadens in time as the power density of
the orienting pulse is increased. The normalized
Kerr signals for the NB gate are plotted in Fig. 3
for different power density levels of the 1.05-p. m
orienting pulse of 0.135, 0.68, 3.4, and 13.5 GW/
cm'. The salient features of the data displayed in
Fig. 3 are that the Kerr kinetic profiles from NB
first broadens [ Fig. 3(a)-(2)], and then becomes
a complex oscillating pattern [Fig. 3(a)-(3) and

(4)] as the power density of the orienting pulse is
increased to 13.5 GW/cm'. Since the echelon in
our setup spans about 75 ps on a single laser
Gash, the experimental curve displayed in Fig.
3(a)-(4) is a combination of three different laser
Qasheswhich cover different overlapped time re-
gions. This may account for the slight differences
between the measured [Fig. 3(a)-4] and the cal-
culated [Fig. 3(b)-(4)]curves.

In the analysis of the CS, gate data, the orienta-
tional relaxation time and the total nonlinear index
of refraction was chosen to be 1.8 ps (Refs. 21 and

22) and 2X 10 "esu (n', =4n', ),"respectively. When

I» is less than 0.1 GW/cm'(5P & 1), the Kerr
transmitted signal can be fitted to the calculated
function of exp(-27 ~2/3v', ); and the FWHM of
S,(v~) is about 2r, = 10ps. When the intensity of the
laser beam is increased to 0.13 GW/cm' (5p &1),
the FWHM of S, (T~) is wider than 2v, , and it mon-
otonically increases with I,p Because 7p+~) the
oscillation period of sin'[-,'5$(t)] for the CS, gate
is much faster than the pulse duration of the probe
beam. " As expected, we did not observe any ap-
preciable oscillations in the curve of S, vs T~. In
the above analysis, we have neglected photoinduced
absorptions in CS,. When l„exceeds 4 GW/cm',
multiphoton absorption"' "about 3500 A may be ob-
served" in a CS, liquid.

In our analysis of the NB gate data, "the mole-
cular orientational relaxation time was taken to
be 35 ps."'"'" When 5$(t)»v(I»&3 GW/cm'),
the curve of S, vs 7D is complex. Since the os-
cillation period of sin'[-, 5$(t)] in the tail of the
5$(t ) curve is slower than the probe pulse dura-
tion, the last valley of S, (~~) is approximately
located at a delay time
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FIG. 3. Kerr transmitted
signal for NB liquid at vari-
ous intensities of the orien-
ting 1.05-pm pulse. (a) Ex-
perimental data; (b) calcu-
lated curves from Eq. (4).
The parameters chosen are
X&= 0.53 p,m, L, =l cm, n2
= 0.5 x10 ~ esu, , np2- 2 x10-~
esu, 7p= 35 ps, and w& = 5 ps.
{1)I2p = —-35 1VDV/cm [6/{0)

0,167l ] (2) I2p = 680 MW/
cm [6/(0)= 0.787t'], (3) I2p
= 3.4 GW/cm' Pf(0) =3 9~]
(4) I2p = 13.5 GW/cm2[6$(0)
=15.5 ].
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for 7D&5v, and v, 7, . The time separation be-
tween the last valley and the last peak of S, (ro) is
calculated from Egs. (7) and (8) tobe T, ln2. A value
of 25 ps is measured for the time separation from
the data in Fig. 3(a)-(4), which yields 7, =36 ps
for NB. In addition, the value of n', E', estimated

0
from the values of ~o(2m) and vD(w) excludes any
contribution from the fast nonlinear index of re-
fraction. Using the peak power density of 13.5
GW/cm', a value of n02= 2.lx 10 " esu is calcu-
lated for NB. These values (v, and n', ) for NB
are in excellent agreement with published values.
Similar effects have also been observed in ben-
zene, toluene, m- nitrotoluene liquids.

In conclusion, the optically induced Kerr kinet-
ics in various liquids have been measured with the

aid of intense picosecond laser pulses. Complex
Kerr decay profile curves were observed at power
densities exceeding l GW/cm'. The location of
the last peak of the oscillating Kerr kinetic pro-
file is a function of 70 8 and Egp The separa-
tion time between the last valley and the last max-
imum in the oscillatory Kerr kinetic profile is
equal to v, ln2.
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