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Raman-assisted spatial cross phase modulation in carbon disulfide
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We report on the observation of spatial modifications of a weak beam copropagating with a strong
beam due to Raman-assisted cross phase modulation. This effect, due to the interference between non-
linear polarizations associated with the third-order susceptibility, is enhanced when the difference be-
tween the frequencies of the incident beams is resonant with the frequency of a vibrational mode of CS2.
In principle, the phenomenon may be observed in a large variety of materials and can be exploited in ap-
plications such as spatial soliton switching.

PACS number(s): 42.65.Jx

The study of nonlinear optical transverse effects such
as spatial self-phase modulation (SPM) of a laser beam
has been a subject of active research in the last three de-
cades [1—8]. Among the various phenomena related to
SPM are self-trapping and filamentation [1,2], light bend-
ing [3], generation of spatial solitons [4], and pattern for-
mation [5]. In principle, all kind of media may exhibit
SPM and a large amount of results have been reported
for di6'erent systems such as atomic vapors [5], solids [6],
liquid crystals [7], and photorefractive crystals [8].
Theoretically, these phenomena may be described by the
wave equation which governs the propagation of a laser
beam inside a nonlinear medium. The effect of the non-
linearity is included through an intensity-induced change
in the samples refractive index and/or an intensity-
dependent absorption.

In general, the previous studies on transverse spatial
effects are related to phenomena governed by the frequen-
cy degenerate third-order nonlinear susceptibility
and effects due to the nondegenerate susceptibility have
not received much attention. However, the investigation
of such effects is worthwhile because its knowledge may
allow beam profile manipulations in a variety of situa-
tions of fundamental interest [9] and as well as dual-
wavelength all-optical spatial switching applications [10].

In this paper we report changes in the spatial profile of
an optical beam induced by another beam due to
Raman-assisted cross phase modulation. The effect is
enhanced when the difference among the frequencies of
the two incident beams is in resonance with the frequency
of a vibrational Raman transition of carbon disulfide.

The two-color Z-scan technique [11] was used to
characterize the phenomenon. This technique is based on
the spatial cross phase modulation induced in a probe
laser beam (frequency co, and wave number k, ) by a
pump laser (frequency co2 and wave number k2) when

they propagate collinearly in a nonlinear medium. As in
the conventional Z scan [12], the two-color Z-scan tech-
nique is based on the transformation of the probe beam
wave front during beam propagation through a nonlinear
sample, to amplitude distortion of the beam through a
small aperture placed in the far-field region. The
modulus and sign of Rey''(co„co2, —co2, co, ) and

Imp' '(co„co@,—co@,m, ) may be obtained by analyzing the
transmitted beam intensity as a function of the sample
distance from the focusing lens.

The present experiments were performed using two dye
lasers which consist of an oscillator plus one stage of
amplification, transversely pumped by the second har-
monic of a pulsed (5 Hz) neodymium-doped yttrium
aluminum garnet (Nd:YAG) laser, delivering pulses of 9
ns and 100 kW peak power. The oscillators were operat-
ed with a grazing incidence grating in the range of
560—640 nm with linewidths ~0.02 cm

The two incident beams w ith parallel polarizations
were focused onto a cell (10 mm length) containing
spectroscopic-grade CS2. The sample was placed along
the propagation direction of the laser beams (the Z axis)
and the spatial changes in the probe laser transmission
was recorded for different Z positions and laser frequen-
cies. Caution was taken to make the pump and the probe
beams focus on the same point. The measured radius of
the pump beam at the focus was w2 =92 pm and the ra-
dius of the probe beam, w„was adjusted to be 65 or 92
pm. The probe beam intensity was weak enough and did
not induce detectable nonlinear phase change but was
much stronger than the Raman signal excited by the
pump beam. Qn the other hand, the peak power of the
incident pump beam (40 kW) was strong enough to in-
duce a detectable cross phase modulation. Under these
excitation conditions, the profile intensity change of the
probe beam at the far-field region was clearly visible,
which made the adjustment of the beams' overlap and the
measurements quite easy. The probe frequency was fixed
at 16920 cm ' and the pump frequency was tuned in
such a way that co2 —co, was set to different values close to
resonance with the vibrational mode of CS2 (~z =655.7

'). A photodiode was placed at the center of the
probe beam profile 100 cm behind the position Z=O.
The aperture in front of the photodiode had a diameter of
2 mm.

Z-scan measurements were carried out for different
values of the frequency detuning 6=~2—co, —co~. The
transmittance signal collected by a lens positioned close
to the sample is almost fIat indicating that nonlinear ab-
sorption, such as two-photon absorption, is negligible and

1050-2947/95/51(6)/4910(3)/$06. 00 1995 The American Physical Society



RAMAN-ASSISTED SPATIAL CROSS PHASE MODULATION IN. . .

thus we consider that Imp
ment with previous measuremen

ues of 6o-color Z-scan transmittances for two values o
are shown in Figs. 1(a) and 1 . n e
6=3000 cm, ig. a sF' 1( ) hows a signal profile with a va-

~ ~

a eak which indicates an effective posi-p
tive rea non1 onlinearity (induced focusing . e

Z &0 corre-is measure a ongd 1 ng the beams' direction and
ins onds to locations o ef th sample between the focus g
ed1 The experiments were performelens and its focal p ane. e

/k =1 and 2, and a larger sensi ivi ywltll 0 =k2w2/kiw I aI1
hen a =2. This means that when the ra-was obser ed whe a =

d of the pump beam at the focus is xe, eius 0 e
lar er robe transmis-ti htly the probe beam is focused, arge p

shows eh th two-color Z-scan signal or zero e
co2

—co, =mII). In this case a large change in the Z-he Z-scan
rofile

'
d d th esult mimics the case whererofile is observe an e r

[12]. However, in the
Iri( + ) 2II1 „d 2

ar absor tion occurs
present case, as in Fig. 1(a), coi co2,

1.4—
/4X

) ~4

4 4

4 ~ ~

are o6' resonance with excited states and two-photon ab-
sorption is neghgi e

' 'bl „13]. The strong change in the
probe beam wave ron is af t '

ttributed to the Raman contri-
bution and the theoretical curve traced with parameters

ment with the experiment, as discussed below.
The enhancement o e cf th cross-phase-modulation efT'ect

d t the Raman resonance is c ear yrl demonstrate inue o e
Fi . 2 where the intensity transmission c angan e is shown

h R man detuning. For this measure-
men et the sample was positioned at Z =32 mm an t e

ile the robe-frequency o ef th pump laser was varied whi p
laser frequencync was fixed.

it (T/T ) is calcu-The normalized transmitted intensity
lated following the usual procedurere ll 12. First, we

h robe field is proportional toconsider that t e pro e
m leat the exit surface of the samp e,exp[ —

ikey(z,

r, I a
th hase variation of the pro e due o,

aser. The far-field intensity distribution is the
calculated using difFraction theory
sion obtaine ord f T/T includes the laser beam spatial

l dths. The infIuence of the Ra-arameters and pu se wi s.
h

p
l ded in the calculations througman resonance is mc u e

r z I which is a complex quantity and contains con-

ori inates from thewell as from its imaginary part which orig n
n de hasin relaxation.

'llustrate the theoreticalThe solid lines in Figs. 1 and 2 i us ra e
results obtained assuming that the maain nonlinear contri-
butions are ue od to the Kerr and Raman efT'ects. There-
fore, the optical nonlinearity was expressed y

A(3) (3) +X (~I~~2~ ~2~~I XNR
( )+ I-

02—250
Z(mm) where the value of the nonresonan pt art .' is obtained

r refractive indexrom t e mear th asurements of the nonlinear re
m ' as deter-[12 y aI1 gNRd ' ' /R =4.36 cm and I II =0.2 cm

mined in Ref. 14 .
The fact that the amplitude of the va ey sigi

lar er than the peak signal indicates that other
mec an to the results. Noticemechanisms are also contributing o e

2
2.8 ——

~ e ~ ~ ee~OO

~R =-655.7
a=(~,—~

0-
—250 0

Z(mm)
250

1.9—

FIG. 1. (a) Normalized transmission fo
'

n for 6=3000 cm ' as a
Z with a= 1 and 2. To is the transmission of the

ntal and theoretica resu s, re-dashed curve illustrate experimen
s ectively, for a = . e= 1 The open squares and the solid curve cor-

i and theoretical results, respective-respond to the experimenta an e
as a function oly, when a ==2. (b) Normalized transmission as a

when 6=0 and a =2.

4 4~4 ~
~ ~ ~

~ 44
~ 4

1.0- r—2 0
RAMAN OETUNING a(cm ')

for a =2 as a function ofFIG. 2. Normalized transmission for a =
the Raman detuning when the samp pm le is laced at Z=32 mm.



4912 H. MA AND CID B. de ARAUJO 51

that this experiment was performed with a large Raman
detuning (6=3000 cm ') and thus the Raman contribu-
tion to the Z-scan profile is negligible. A qualitative un-
derstanding of the results may be attained in the follow-
ing way. First we note that the strong pump beam may
stimulate density waves due to the large electrostrictive
elfect in CSz [2]. In fact, when very high intensities are
used, a characteristic noise can be heard as originating
from the CS2 cell and the incident beams may be scat-
tered by the density waves along various directions. Al-
though the results of Fig. 1(a) have been obtained using
not very high intensities, the probe beam is scattered due
to the effect of the pump beam, and the intensity passing
through the aperture, placed in the far-field region, de-
creases. This process is particularly important when the
sample is in the Z &0 region because the scattering
phenomenon contributes in the same way as the Kerr and
the electrostrictive nonlinearities, and so a deeper valley
signal is observed. At the Z & 0 region the collimation of
the probe beam due to the positive electrostrictive non-
linearity is compensated by the scattering effect. Thus
the Z-scan signal at the Z & 0 region is less afFected than
for Z&0 and the Kerr nonlinearity dominates the re-
sults. It was also noted that the electrostrictive and
scattering contributions are power dependent. When
high pump powers are used the Z-scan peak decreases

and the valley becomes deeper. On the other hand, if low
powers are used, the agreement between the experimental
and the theoretical results based on Eq. (1) is improved.
In the cases illustrated by Figs. 1(b) and 2 the frequency
detuning 6 is such that the Raman contribution is
enhanced. The good agreement between the experimen-
tal results and the theory shows that the Kerr and the
resonant Raman susceptibilities provide the main contri-
butions for the cross-phase-modulation process in these
cases.

Finally, we emphasize that the transverse nonlinear
phenomenon presented here is quite general and can be
observed in any material with allowed Raman transitions.
In particular, for CS2 where fundamental studies of spa-
tial solitons have been performed [16], we expect that ex-
ploitation of the Raman-assisted cross-phase-modulation
effect will open new possibilities to control spatial soliton
trapping and switching. Moreover, this variation of the
Z-scan technique provides a nonlinear method for spec-
troscopical studies of Raman resonances in condensed
matter.

This work was supported by the Brazilian Agencies
Conselho Nacional de Desenvolvimento Cientifico e
Tecnologico (CNPq) and Financiadora de Estudos e Pro-
jetos (FINEP).

[1]For a review of earlier studies see Y. R. Shen, Prog. Quan-
tum Electron 4, 1 (1975); J. H. Marburger, ibid. 4, 35
(1975).

[2] Y. R. Shen, The Principles of nonlinear Optics (Wiley,
New York, 1984); M. D. Levenson, Introduction to non-
linear Laser Spectroscopy (Academic, New York, 1982).

[3] A. E. Kaplan, Pis'ma Zh. Eksp. Teor. Fiz. 9, 58 (1969)
[JETP Lett. 9, 33 (1969)]; G. A. Swartzlender and A. E.
Kaplan, J. Opt. Soc. Am. B 5, 765 (1988); Q. Xing, K. M.
Yoo, and R. R. Alfano, Opt. Lett. 18, 479 (1993).

[4) J. S. Aitchson, A. M. Weiner, Y. Silberberg, M. K. Oliver,
J. L. Jackel, D. E. Leaird, E. M. Vogel, and P. W. Smith,
Opt. Lett. 15, 471 (1990); G. A. Swartzlander, Jr., D. R.
Anderson, J. J. Regan, H. Yin, and A. E. Kaplan, Phys.
Rev. Lett. 66, 1583 (1991);G. A. Swartzlander, Jr., and C.
T. Law, ibid. 69, 2503 (1992).

[5] G. Grynberg, A. Maitre, and A. Petrosian, Phys. Rev.
Lett. 72, 2379 (1994); A. Petrosian, M. Pinard, A. Maitre,
J. Y. Curtois, and G. Grynberg, Europhys. Lett. 18, 689
(1992); See also N. B. Abraham and W. J. Firth, J. Opt.
Soc. Am. B 7, 951 (1990) and references therein.

[6] T. Honda, Opt Lett. 18, .598 (1993);D. V. Petrov, A. S. L.
Gomes, and Cid B. de Araujo, Phys. Rev. 8 50, 9092
(1994); Appl. Phys. Lett. 65, 1067 (1994).

[7] R. Macdonald and H. J. Eichler, Qpt. Commun. 89, 289
(1992); M. Tamburini, M. Bonavita, S. Wabnitz, and E.
Santamato, Opt. Lett. 18, 855 (1993).

[8] A. A. Zozulya, M. Saff'man, and D. Z. Anderson, Phys.
Rev. Lett. 73, 818 {1994);G. C. Duree, J. L. Shultz, G. J.
Salarno, M. Segev, A. Yariv, B. Crossignani, P. Di Porto,

E. J. Sharp, and R. R. Neurgaonkar, ibid. 71, 533 (1993).
[9] J. M. Hickmann, A. S. L. Gomes, and Cid B. de Araujo,

Phys. Rev. Lett. 68, 3457 (1992); A. J. Stentz, M. Kau-
ranen, J. J. Maki, G. P. Agrawal, and R. W. Boyd, Opt.
Lett. 17, 19 (1992); H. Ma and Cid B. de Araujo, J. Opt.
Soc. Am. B 11, 1512 (1994).

[10]H. Ma and Cid B. de Araujo, Appl. Phys. Lett. 63, 3553
(1993);Opt. Commun. 1IO, 615 (1994); M. Shalaby and A.
Barthelemy, ibid. 94, 341 (1992).

[11](a) H. Ma, A. S. L. Gomes, and Cid B. de Araujo, Appl.
Phys. Lett. S9, 2666 (1991);M. Sheik-Bahae, J. Wang, R.
De Salvo, D. J. Hagan, and E. W. Van Stryland, Opt. Lett.
17, 258 (1992}; (b) H. Ma and Cid B. de Araujo, Appl.
Phys. Lett. 66, 1581 (1995).

[12] M. Sheik-Bahae, A. A. Said, and E. W. Van Stryland, Opt.
Lett. l4, 955 (1989); M. Sheik-Bahae, A. A. Said, T. H.
Wei, D. J. Hagan, and E. W. Van Stryland, IEEE J.
Quantum Electron. 26, 760 (1990).

[13]R. T. Lynch, Jr. and H. Lotem, Phys. Rev. Lett. 37, 334
(1976).

[14] H. Ma, A. S. L. Gomes, and Cid B. de Araujo, Opt. Lett.
17, 1052 (1992).

[15]D. Wearie, B. S. Wherett, D. A. B. Miller, and S. D.
Smith, Opt. Lett. 9, 331 (1984); H. Kogelnik and T. Li,
Appl. Opt. 5, 1550 {1966).

[16]R. de la Fuente and A. Barthelemy, IEEE J. Quantum
Flectron. QE-28, 547 (1992); A. Barthelemy, C. Froehly,
S. Maneuf and F. Reynaud, Opt. Lett. 17, 844 (1992); H.
Maillotte, J. Monneret, A. Barthelemy, and C. Froehly,
Opt. Commun. 109, 265 (1994).


