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Phase-modulation effects in self-diffraction

Qiguang Yang, Jinhai Si, Yougui Wang, and Peixian Ye*
Institute of Physics, Chinese Academy of Sciences, P.O. Box 603, Beijing 100080, People’s Republic of China

~Received 14 March 1996!

Phase-modulation effects in self-diffraction with two pump beams incident on a nonlinear medium were
studied theoretically and experimentally. Based on a two-level model and considering the influence of the
phase modulation on the phase matching, expressions describing the first-order and second-order scattered
intensities were derived. The influences of phase modulation on the pump-intensity dependence and the
sample-concentration dependence of the scattered intensities were discussed via numerical calculations. Ex-
periments were performed with tetrahydrofuran solution of 1,4-diethinyl benzene to demonstrate the theoretical
results. Some interesting results predicted by the theory, such as the fact that the scattered intensities of the
sample with lower concentration can be larger than that with higher concentration at suitable high intensity of
the pump, have been observed.@S1050-2947~96!06808-4#

PACS number~s!: 42.65.Hw
o
s

re
o

m
s
re
-
lax
b

ti
tly
n

th

ne

d
le

an
e

r
m
i

en
a
o

cte
de
e
on
in

ted
t
by
ase
tch-
tion
say,

elf-

re
nsi-
ner-
nd
ex
m-
their
ase
is

arly
sion
we
.
nd-
of
m-

h as
on-
ick-
mp
rly
last
pre-
d
en-

ar-

s

I. INTRODUCTION

In terms of nonlinear optics, self-diffraction, in which tw
coherent light waves interact and produce scattered wave
a well-known nonlinear wave mixing process@1,2#. In the
grating approach, this process may also be seen as the
out of the purely sinusoidal or nonsinusoidal modulation
the refractive index of a material written by two pump bea
@3,4#. This kind of light-induced grating has been used a
powerful tool for the investigations of spectroscopy and
laxation dynamics@5,6#. A lot of experiments, such as for
ward phase conjugation, beam amplification, ultrafast re
ation processes and saturation spectroscopy, etc., have
performed in the self-diffraction regime.

Perturbative approaches have been used in the theore
treatments of self-diffraction, although they are not stric
valid for the studies of saturable absorbers near resona
Fragnitoet al. developed a nonperturbative approach for
population gratings created in a saturable absorber@7,8#.
This theory was applied to the self-diffraction in rhodami
6G-doped boric acid glass by Kumaret al. @9#. Recently,
Divakara Rao and Sharma extended this theory to the stu
of diffraction of a third beam at an arbitrary incident ang
from the grating written by two coherent pump beams@10#.
All of these treatments, however, neglected the self-
cross-phase modulation effects of the laser beams; nam
the phase mismatchings and/or the coherence lengths fo
interactions were considered to be independent on the pu
beam intensity. From the experimental point of view, one
especially interested in the case of two strong incid
waves. Under this condition, the intensity-dependent refr
tive index changes, which influence the phase-matching c
dition, should not be neglected. This fact has been refle
in the weak beam amplification experiments via forward
generate optical wave mixing in the local response nonlin
medium, in which the gain of the weak beam was dem
strated theoretically by Khoo and co-workers to be com
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from the third-order wave mixing processes of the genera
waves and the pump waves@11–15#. It has been shown tha
the gain factor of the interaction is substantially reduced
the phase mismatching, but the intensity-dependent ph
modulation effects can compensate for this phase misma
ing, leading to a phase-matched weak beam amplifica
process and an appreciable gain enhancement. That is to
phase-modulation effects may play an important role in s
diffraction.

In this paper, we treat the self-diffraction problems whe
the two incident beams have equal and rather strong inte
ties. Therefore, the high-order scattered waves were ge
ated not only from the third-order wave mixing, but also, a
mainly, from the nonsinusoidal components of the ind
grating written by the incident waves. In particular, we e
phasize how the intensities of the scattered waves and
intensity ratios are affected by the intensity-dependent ph
modulation. In the theoretical section, a two-level model
adopted for the nonlinear medium, and operation in a ne
resonant wavelength is assumed. From the Fourier expan
of the macroscopic electric polarization of the medium,
obtained the radiation sources of themth scattered waves
Then the analytical expressions for the first- and the seco
order scattered intensities in the limit of small depletion
the pump beams were derived when only two Fourier co
ponents were dominant. The roles of various factors suc
the pump-beam intensity, the linear absorption or the c
centration of the sample, the detuning parameter, the th
ness of the sample, and the crossing angle of the pu
beams in the nonlinear medium in self-diffraction are clea
identified. The interesting results are discussed. In the
section, our experimental results are presented, which
liminarily demonstrate the theoretical predictions in limite
regions of the pump-beam intensity and the sample conc
tration.

II. THEORY

Consider two coherent plane waves with identical pol
ization and equal amplitudes,Ẽ0

15Ẽ 0
25Ẽ0 , crossing at a

small angle~2u! in the nonlinear media with wave vector
1702 © 1996 The American Physical Society
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54 1703PHASE MODULATION EFFECTS IN SELF-DIFFRACTION
k0
1 and k0

2 , as is sketched in Fig. 1. The total field in th
medium can be written as

E5E01dE

5 (
m50

`

Em cosS 2m11

2
kxD , ~1!

where k5uk0
12k0

2u5~4p/l!sin(u), Em5Ẽme2 ikmzz, with
kmz5(v/c)[n 0

22(2m11)2 sin2u]1/2. km
6 is the wave vector

of the 6mth scattered waves,l is the wavelength of the
pump beam,n0 is the linear refractive index of the samp
~including the contributions of the solute and the solvent!, E0
represents the pump wave, anddE represents the scattere
waves.

This field must satisfy Maxwell’s wave equation

¹2E1
v2

c2 n0
2E52m0v2PNL, ~2!

wherePNL is the nonlinear polarization of the medium.
Assuming a two-level system characterized by a dip

momentm and longitudinal and transverse relaxation tim
T1 and T2, the density matrix equations can be solved a
the macroscopic polarization,P(E) can be derived as a func
tion of the optical field:

P~E!52
2a0«0

k0

~ i 1d!

~11d21uE/Esu2!
E ~3!

with the definitions

d5~v2v0!T2 , a05
m2NT2k0

2«0\
,

wherea0 is the line-center linear absorption coefficient,k0 is
the magnitude of the wave number at frequencyv, N is the
molecule number per cubic meter, anduEsu

2 is the line-center
saturation ‘‘intensity’’ @16#.

Consider the Fourier decomposition of the macrosco
polarization and divide the Fourier components into line
~PL! and nonlinear~PNL! parts; one may obtain

PL52
2«0a0

k0

i 1d

11d2 E,

FIG. 1. Geometry for studies of self-diffraction where two pum
beams make a small angle 2u.
e
s
d

ic
r

PNL'ABIsS AI02122I 0
2A2

1
2«0a0

k0

i 1d

11d2DE0@e2 i ~k0zz1k0x
1 x!1e2 i ~k0zz1k0x

2 x!#

1A2BI0I s~12AI0!E0@e2 i ~k0zz1k1x
1 x!1e2 i ~k0zz1k1x

2 x!#

2A3BI0
2I sE0@e2 i ~k0zz1k2x

1 x!1e2 i ~k0zz1k2x
2 x!#1•••,

~4!

with

A5
1

2I 01I s~11d2!
, B5

2«0a0

k0
~ i 1d!,

where I 0}uE0u2 is the intensity of the incident beam
I s}uEsu

2, andk6
mx5k0x

6 6mk56(m11/2)k is thex com-
ponent of the wave vector of the6mth-order scattered wave
Each term in Eq.~4! represents a source for a pair of wav
that will emerge from the medium with wave vectorsk6

m
5(k6

mx ,kmz). Substituting Eqs.~4! and~1! into Eq.~2! and
assuming that the absorptiona0

v5a0 /~11d2! at frequencyv
is negligibly small, but maintaining the intensity-depende
phase changes, we can get the first- and the second-o
scattered intensities as follows:

I ~1!~ l !5R2I 0l 2 sinc2S p l

l 1c
D ,

~5!

I ~2!~ l !5T2I 0
2A2l 2 sinc2S p l

l 2c
D

with

R5
k0

k1z
a0A11d2I 0I sA

2~12AI0!,

T5
k0

k2z
a0A11d2I 0

3/2I sA
2,

l 1c5
2p

k0z2k1z2S sin wd
,

l 2c5
2p

k0z2k2z2S sin wd
,

wd52arctangd ,

S5
k0

k0z
a0A11d2I sA~AI02122I 0

2A2!1
k0

k0z

a0A11d2

11d2 ,

kmz5
v

c
@n0

22~2m11!2 sin2u#1/2, ~6!

n05Ah22
2a0d

k0~11d2!
,
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1704 54QIGUANG YANG, JINHAI SI, YOUGUI WANG, AND PEIXIAN YE
whereh is the linear refractive index of the solvent andl is
the thickness of the sample.

To get these results, we have used the slowly vary
amplitude approximation, and assumed that the scatte
wave amplitudes are small compared with those of the pu
beams, thereby the cascade effect was neglected.

We notice that the factorS sinwd that appeared in the
coherent lengthsl 1c and l 2c depends on the pump-beam i
tensity and represents the influences of the intens
dependent phase-modulation. From Eq.~5!, we find that the
scattered intensity grows withI 0

2m11 when I 0!I s , and de-
creases with 1/I 0 when I 0@I s . This is consistent with the
previous treatments.

It can be seen from Eq.~6! when the phase-modulatio
effects were taken into account, that the coherent leng
l 1c,l 2c of the scattered processes, which characterize
propagation distances within the nonlinear medium o
which phase-matching conditions are maintained appr
mately, will not only depend on the cross angle, the wa
length and the linear refractive index, but also on the int
sities of the pump beams.

In other words, in this case the effective phase misma
ing Dk1,eff5~k0z2k1z2S sinwd) and Dk2,eff5(k0z2k2z
2Ssinwd), which are inversely proportional tol 1c and l 2c,
will be intensity dependent. Therefore, the scattered inte
ties related to the incident intensity in this system will
significantly different from that in the system with intensit
independent phase mismatchingDk15(k0z2k1z) and Dk2
5(k0z2k2z).

If the interaction length and/or the cross angle of the t
pump beams are small enough for the intensity-indepen
phase-matching condition to be approximately satisfi
Dk15(k0z2k1z)'0, Dk25(k0z2k2z)'0, part of intensity-
dependent phase mismatching2S sinwd may change this
condition, leading to the decrease of scattered intensi
This influence is sketched in Fig. 2, where the results
obtained on the assumption that the cross angle of the p
beams is 1 mrad, the thickness of the samplel 51 mm, so
Dk150 is approximately satisfied. In this figure, intensiti
of the first-order scattering as a function of pump-beam
tensity, calculated by Eq.~5! when considering the intensity
dependent phase mismatching, are shown by solid curve
a0

v52.4 and 1.2 cm21, respectively. For comparison, als
shown, by the dashed curves, are those calculated whe
phase-modulation effect removed. An evident decrease o
scattered intensity for the case considering the intens
dependent phase modulation can be observed when the p
intensity is strong enough, particularly fora0

v52.4 cm21.
The other parameters used in Fig. 2 areh51.4, d520,
I s52.53107 W/m2.

If Dk1 ~or Dk2!Þ0 andS sin wd are positive, then with the
increase of the pump intensity,S sin wd changes also. When
S sinwd<Dk1 ~or Dk2!, the intensity-independent phase m
matching can be compensated byS sinwd and the scattered
intensities can become larger, but whenS sinwd.Dk1 ~or
Dk2!, the intensity-dependent phase mismatching can m
Dk1,eff ~or Dk2,eff! become larger thanDk1 ~or Dk2!, and the
scattered intensities can become smaller. These results
indicated in Figs. 3 and 4, where data used for the calcula
are the detuning parameterd5220, the saturate intensit
I s52.53107 W/m2, the cross angle of the two pump beam
g
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are 2u52.631022 rad, the thickness of the samplel 52 mm,
and the linear refractive index of the solvent ish51.4. Fig-
ure 3 shows the phase-mismatching factor sinc2(p l / l 1c) as
a function of the pump intensity calculated by Eq.~6! for two
cases:a0

v51.2 cm21 and a0
v52.4 cm21. When the pump

intensity is small, this factor is determined essentially by
intensity-independent mismatching. With the increase of
pump intensity, it begins to increase, which means
intensity-independent mismatching begins to be comp
sated byS sinwd . When the pump intensity increases furthe
it drops for the casea0

v52.4 cm21 after going through a
maximum, which corresponds to the effective pha

FIG. 2. First-order scattered intensities as functions of the pu
intensity when the intensity-independent phase-matching cond
is satisfied, are shown with solid curves. Dashed curves describ
theoretical results with the phase-modulation effect removed.
parameters used in the calculation ared520, u51 mrad,h51.4,
l 51 mm, andI s52.53107 W/m2.

FIG. 3. Phase-mismatching factor sinc2(p l / l lc) as a function of
the pump intensity fora0

v51.2 and 2.4 cm21. The other parameters
used in the calculation ared5220, h51.4, I s52.53107 W/m2,
l 52 mm, andu50.013 rad.
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mismatching increases after the intensity-independent m
matching is compensated completely. Figure 4 shows
first-order scattered intensity as a function of the pump
tensity, calculated by Eq.~5! for the above two cases, wit
solid curves. The results, without taking into account
phase-modulation effect are also shown by the dashed cu
for comparison. When the pump intensity is small, the so
and the dashed curves are consistent, but with the increa
the pump intensity the values shown by solid curves begi
be larger than those shown by the corresponding das
curves, which reflects that the intensity-independent m
matching begins to be compensated, consistent with wha
been shown in Fig. 3. When the pump intensity increa
further, corresponding to the fact indicated in Fig. 3 that
effective phase mismatching increases after a complete c
pensation of the intensity-independent phase mismatch
the value shown by the solid curve fora0

v52.4 cm21 be-
comes smaller than that shown by the corresponding da
curve after arriving at a maximum. We can imagine that
same phenomenon will occur for the case ofa0

v51.2 cm21 if
the pump intensity increases to a high enough level. I
worthwhile noting that in some regions of pump intensity
Fig. 4, the scattered intensity in the case ofa0

v51.2 cm21

can be larger than that ofa0
v52.4 cm21. That is to say, the

scattered intensity of the sample with lower concentrat
can be larger than that with higher concentration for so
suitable intensities of the pump beam when the phase m
lation is considered.

In contrast to the positive light-induced phase mismat
ing, S sinwd , the negativeS sinwd will always make the ef-
fective phase mismatching larger, so that with an increas
the pump intensity, the phase-modulation effect decrea
the scattered intensity until it reaches the first minimum.
the pump intensity increases further, another maximum va
of sinc2(p l / l 1c) will be approached, and the scattered wa
intensities will gradually increase and then decrease a
when sinc2(p l / l 1c) begins to reduce again. The phas

FIG. 4. First-order scattered intensities as functions of the pu
intensity, shown with solid curves. The theoretical results with
phase-modulation effects removed are shown by the dashed cu
The parameters used in the calculation are the same as Fig. 3
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mismatching factor sinc2(p l / l 1c) as a function of the pump
intensity is plotted in Fig. 5. The parameters in Figs. 5 an
are the same as those in Figs. 3 and 4, except thatd520. We
find that the phase-mismatching factor changes more qui
with pump intensity whena0

v is larger, and in some scope o
the pump intensity, the phase-mismatching factor of
sample with smallera0

v may be larger than that of the samp
with larger a0

v . Figure 6 shows the first-order scattered i
tensity calculated as a function of pump intensity with so
curves for the corresponding cases of Fig. 5, and the das
lines represent the theoretical results obtained with
phase-modulation effect removed. We can see that before

p
e
es.

FIG. 5. Phase-mismatching factor sinc2(p l / l 1c) is a function of
the pump intensity fora0

v51.2 and 2.4 cm21. The other parameters
used in the calculation ared520,h51.4, I s52.53107 W/cm2, l 52
mm, andu50.013 rad.

FIG. 6. First-order scattered intensities as functions of the pu
intensity, shown by solid curves. The theoretical results with
phase-modulation effect removed are shown with dashed cur
The parameters used in the calculation are the same as in Fig
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first minimum is reached, the scattered intensities shown
the solid curves are always smaller than those shown by
corresponding dashed curves, but after that, the former
be larger than the latter in some regions of pump intensi

The characters of the second-order scattered wave, a
picted in Figs. 7 and 8, are analogous to those of the fi
order scattered wave. Notice that the intensity-independ
phase mismatching of this order is nearly 11 times that
p/2, which approximately corresponds to one of the maxi
of the intensity-independent phase-mismatching factor; t
the decrease of the scattered intensities when the ph
modulation effect is taken into account regardless of posi

FIG. 7. Second-order scattered intensities as functions of
pump intensity, shown with solid curves. The theoretical res
with phase-modulation effect removed are shown by dashed cu
The parameters used in the calculation are the same as in Fig

FIG. 8. Second-order scattered intensities as functions of
pump intensity, shown by solid curves. The theoretical results w
the phase-modulation effect removed are shown by the da
curves. The parameters used in the calculation are the same
Fig. 6.
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or negatived, as shown in Figs. 7 and 8, can be understo
The parameters used in Figs. 7 and 8 are the same as in
4 and 6, respectively.

The factorS sinwd depends not only on the pump inten
sity but also on the linear absorption coefficienta0

v , as can
be seen from Eq.~6!, so that not only the pump intensity bu
also the concentrationN of the sample~note: a0

v}N! can
change the effective phase mismatching and influence
scattered intensity. As an example, the first-order scatte
wave intensity as a function of the linear absorptiona0

v at
two different pump intensities is calculated and shown
Fig. 9 by solid curves. The dashed lines in the figure rep
sent the corresponding results calculated with the pha
modulation effect removed. The other parameters used in
calculations are the same as used in Fig. 6.

It should be noted that the theoretical treatment of pha
modulation effects in self-diffraction presented in this pap
are limited to the steady-state condition. However, this c
dition can also be satisfied when the duration of the la
pulse is longer than the relaxation time of the sample ex
tation.

III. EXPERIMENTS

An experiment was designed to check the theoretical
sults. The nonlinear medium was chosen as 1,4-dieth
benzene~in tetrahydrofuran, the linear refractive index o
this solvent ish51.4!, the linear absorptions of the sample
were about 0.01;2.4 cm21. The thickness of the sample ce
was l 52 mm.

The experiment was arranged according to the configu
tion of Fig. 1. The second-harmonic generation~SHG! of a
Q-switched neodymium-doped yttrium aluminum garn
~Nd:YAG! laser with 8-ns-pulse width was used as the lig
source. The output beam with a wavelength of 532 nm w
split into 2, with equal intensities, and used as the pu

e
s
s.
.

e
h
ed

in

FIG. 9. First-order scattered intensities as functions of the lin
absorptiona0

v , which is proportional to the concentration of th
sample, shown by solid curves. The theoretical results with
phase-modulation effect removed are shown by the dashed cu
The other parameters used in the calculation are the same as in
6.
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54 1707PHASE MODULATION EFFECTS IN SELF-DIFFRACTION
beams. They intersected in the sample cell with a beam
ameter of about 0.2 mm. The cross angle 2u of the two pump
beams was about 0.026 rad.

We measured the scattered intensities as a function
pump intensity for the fixed sample concentration, and a
those as a function of sample concentration for the fix
pump intensity. The results are shown respectively, in F
10–12.

Figures 10 and 11 show the measured scattered intens
versus pump intensity, respectively, for the first- and
second-order scattered waves. Each point represents th
erage of 100 events. We find the pump-intensity depend
cies of the scattered waves to be in agreement with the

FIG. 10. Experimental results for the first-order scattered int
sities as functions of the pump intensity when the concentratio
fixed at a0

v51.2 and 2.4 cm21. Parameters used areu50.013 rad,
h51.4, andl 52 mm.

FIG. 11. Experimental results for the second-order scattered
tensities as functions of the pump intensity when the concentra
is fixed ata0

v51.2 and 2.4 cm21. Parameters used areu50.013 rad,
h51.4, andl 52 mm.
i-

of
o
d
s.

ies
e
av-
n-
e-

dicted behavior as shown in Figs. 4 and 8. When the pu
intensity is small, a cubic dependence is expected for
first-order scattered wave, and thus we compare that wi
line of slope 3 on the log-log plot in Fig. 10. For the secon
order scattered wave, as shown in Fig. 11, we compare
results to a line of slope 5. As the pump intensity increas
the scattered intensities deviate from the straight lines du
the saturation effect, as well as the phase-modulation eff
Particularly, we notice that the scattered intensities of
sample with lower concentration become larger than th
with higher concentration when the pump intensity is larg
than about 1010 W/m2 for the first-order scattering, and abo
331010 W/m2 for the second-order scattering. As we an
lyzed above, this result is due to the fact that the higher
concentration, the larger the light-induced phase misma
ing.

Figure 12 shows the first-order scattered wave intensity
a function of the sample concentration at the pump inten
ties of I 053.431010 W/m2 and I 050.2231010 W/m2, re-
spectively. When the concentration of the sample is v
small, the intensity-dependent phase mismatching could
neglected and the square dependence of the signal inte
on the concentration should be presented. This result ca
obtained from Eq.~5! and was demonstrated in our expe
ments, as shown in Fig. 12. At higher concentration,
intensity-dependent phase mismatching will influence
scattered intensity significantly. If the effective phase m
matching of the interaction at higher pump intensity is larg
than that at lower pump intensity, an interesting characte
the scattered intensity should be presented; that is, fo
sample with certain concentration, the scattered intensity
be larger at lower pump intensity, and smaller at high
pump intensity; this result is also shown in Fig. 12.

IV. CONCLUSION

This investigation has been devoted to the study of
phase-modulation effects in self-diffraction in nonlinear o

-
is

n-
n

FIG. 12. Experimental results for the first-order scattered int
sities as functions of the sample concentration when the incid
intensity is fixed atI 050.2231010 W/m2 and I 053.431010 W/m2.
Parameters used arel 52 mm,u50.013 rad, andh51.4. The linear
absorptiona0

v is about 2.4 cm21 when the concentration of the
sample is 2.331023 mol/l.
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1708 54QIGUANG YANG, JINHAI SI, YOUGUI WANG, AND PEIXIAN YE
tical media. The theoretical model involving a two-level sy
tem has been developed and used to describe the sca
intensity when considering the influence of the phase mo
lation on the phase-matching condition. Analytical resu
have been obtained in the small linear absorption hypothe
allowing us to understand the particular role played ea
and clearly by the phase-modulation effect. Some interes
results, for example, at some suitable sample concentra
are that the scattered intensity is larger at lower pump in
sity and smaller at higher pump intensity. On the other ha
at some suitable range of pump intensity, the scattered in
sity is larger at lower concentration and smaller at hig
l.

B

-
red

u-
s
is,
y
g
ns
n-
d,
n-
r

concentration, and have been predicted by this theory
demonstrated by experiments. We believe that this st
may be useful in helping readers to understand the phys
mechanics of self-diffraction and other nonlinear effects.
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