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Phase-modulation effects in self-diffraction

Qiguang Yang, Jinhai Si, Yougui Wang, and Peixiar 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 observé81050-29476)06808-4

PACS numbd(s): 42.65.Hw

I. INTRODUCTION from the third-order wave mixing processes of the generated
waves and the pump wavgsl-15. It has been shown that
In terms of nonlinear optics, self-diffraction, in which two the gain factor of the interaction is substantially reduced by
coherent light waves interact and produce scattered waves, i8¢ phase mismatching, but the intensity-dependent phase
a well-known nonlinear wave mixing proceps,2]. In the ~ modulation effects can compensate for this phase mismatch-
grating approach, this process may also be seen as the reddd, leading to a phase-matched weak beam amplification
out of the purely sinusoidal or nonsinusoidal modulation ofProcess and an appreciable gain enhancement. That is to say,
the refractive index of a material written by two pump beamsPhase-modulation effects may play an important role in self-
[3,4]. This kind of light-induced grating has been used as dliffraction.
powerful tool for the investigations of spectroscopy and re- In this paper, we treat the self-diffraction problems where
laxation dynamicg5,6]. A lot of experiments, such as for- the two incident beams have equal and rather strong intensi-
ward phase conjugation, beam amplification, ultrafast relaxties. Therefore, the high-order scattered waves were gener-
ation processes and saturation spectroscopy, etc., have beigd not only from the third-order wave mixing, but also, and
performed in the self-diffraction regime. mainly, from the nonsinusoidal components of the index
Perturbative approaches have been used in the theoretic@ating written by the incident waves. In particular, we em-
treatments of self-diffraction, although they are not strictlyphasize how the intensities of the scattered waves and their
valid for the studies of saturable absorbers near resonanciétensity ratios are affected by the intensity-dependent phase
Fragnitoet al. developed a nonperturbative approach for themodulation. In the theoretical section, a two-level model is
population gratings created in a saturable absoffes]. adopted for the nonlinear medium, and operation in a nearly
This theory was applied to the self-diffraction in rhodamineresonant wavelength is assumed. From the Fourier expansion
6G-doped boric acid glass by Kumat al. [9]. Recently, of the macroscopic electric polarization of the medium, we
Divakara Rao and Sharma extended this theory to the studi@dtained the radiation sources of theh scattered waves.
of diffraction of a third beam at an arbitrary incident angle Then the analytical expressions for the first- and the second-
from the grating written by two coherent pump beah]. order scattered intensities in the limit of small depletion of
All of these treatments, however, neglected the self- anghe pump beams were derived when only two Fourier com-
cross-phase modulation effects of the laser beams; namelponents were dominant. The roles of various factors such as
the phase mismatchings and/or the coherence lengths for thee pump-beam intensity, the linear absorption or the con-
interactions were considered to be independent on the pumgentration of the sample, the detuning parameter, the thick-
beam intensity. From the experimental point of view, one ishess of the sample, and the crossing angle of the pump
especially interested in the case of two strong incidenbeams in the nonlinear medium in self-diffraction are clearly
waves. Under this condition, the intensity-dependent refracidentified. The interesting results are discussed. In the last
tive index changes, which influence the phase-matching corpection, our experimental results are presented, which pre-
dition, should not be neglected. This fact has been reflecteliminarily demonstrate the theoretical predictions in limited
in the weak beam amplification experiments via forward defegions of the pump-beam intensity and the sample concen-
generate optical wave mixing in the local response nonlineairation.
medium, in which the gain of the weak beam was demon-
strated theoretically by Khoo and co-workers to be coming Il THEORY
Consider two coherent plane waves with identical polar-
*Fax: (86)-10-62562605. Electronic address: ization and equal amplitudeg§g =E , =E,, crossing at a
user303@aphy01.iphy.ac.cn small angle(26) in the nonlinear media with wave vectors
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FIG. 1. Geometry for studies of self-diffraction where two pump

beams make a small angl®.2 A= 1 B— 2gqaq
2lo+14(146%)° Ko

(i+96),

kg andkgy, as is sketched in Fig. 1. The total field in the
medium can be written as where |4%|Eo|? is the intensity of the incident beam,
1s¢|E4?, andk™ =Ko = Mk =+ (m+1/2)« is thex com-
E=Eo+dE ponent of the wave vector of themth-order scattered wave.
Each term in Eq(4) represents a source for a pair of waves
(1) that will emerge from the medium with wave vectds
= (K™ mx.Km2) . Substituting Eqs(4) and(1) into Eq.(2) and
_ assuming that the absorptiary=ay/(1+ &) at frequencyw
where k=|ks—ko|=4n/N)sin@), En,=Ene '*mZ with s negligibly small, but maintaining the intensity-dependent
kmz=(@/c)[n3—(2m+1)? sirfg]*2 k., is the wave vector phase changes, we can get the first- and the second-order
of the +mth scattered waves) is the wavelength of the scattered intensities as follows:
pump beampny is the linear refractive index of the sample
(including the contributions of the solute and the solyeig 1 (1) = R2I |2 sincz(ﬂ—|>
represents the pump wave, afl represents the scattered 0 l1e)’
waves. . . (5
This field must satisfy Maxwell's wave equation

2m+1
KX |,

=mE:O E, cos( 5

l
12(1)=T212A22 sincz(—)
(1)2 IZC
VZE+ 7 nGE=—pow?P™, #)

with

wherePMt is the nonlinear polarization of the medium. K

Assuming a two-level system characterized by a dipole R= _OQOW|O|SA2(1_A|O)'
momentu and longitudinal and transverse relaxation times K1,
T, and T,, the density matrix equations can be solved and

he macr ic polarizatioR(E) can rivi func- K
the macroscopic polarizatioR(E) can be derived as a func T anmlglzlsAz,

tion of the optical field: " kyy
26‘(080 (| + 6) 2
P(E)=— 3 _ 7T
=" T @ e [EED © e Tk, Ssingy
with the definitions o
o= - ,
MPNT,kg 2" Ko;— ko~ S'sin ¢

0=(0—wo) Ty, ao= 2ehi
¢s=—arctamgd,

whereq, is the line-center linear absorption coefficieky,is
the magnitude of the wave number at frequenagyN is the ko ) Ko agyl+ &°
molecule number per cubic meter, dig|? is the line-center S= k_OZaonJr SIA(Alg—1—215A%) + Koy 14062 °
saturation “intensity”[16].

Consider the Fourier decomposition of the macroscopic o
polarization and divide the Fourier components into linear kmzz_[ng_(2m+ 1)2 sin20]1’2, (6)
(PY) and nonlineafPNY) parts; one may obtain c

2eqag 1+6 / 2040
L~ ~" = 2_ X
P ko 1+6° E, Mo 7T ko(1+ 8
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where 7 is the linear refractive index of the solvent ahis

the thickness of the sample. 10
To get these results, we have used the slowly varying
amplitude approximation, and assumed that the scattered- 10° |-

wave amplitudes are small compared with those of the pump
beams, thereby the cascade effect was neglected.

We notice that the factoS sings that appeared in the
coherent lengths,. andl,. depends on the pump-beam in-
tensity and represents the influences of the intensity-
dependent phase-modulation. From Eg), we find that the
scattered intensity grows withg™"! whenl,<I, and de-
creases with 1§ whenly>1,. This is consistent with the
previous treatments.

It can be seen from Eq6) when the phase-modulation

Scattered Intensity (W/mz)
=

effects were taken into account, that the coherent lengths 10 ; . ) o N b
l1..l,. Of the scattered processes, which characterize the 10 10 10" 10 10 10
propagation distances within the nonlinear medium over Pump Intensity (w/mz)

which phase-matching conditions are maintained approxi-
mately, will not only depend on the cross angle, the wave-

length and the linear refractive index, but also on the intenjyensity when the intensity-independent phase-matching condition

sities of the pump beams. _ _ is satisfied, are shown with solid curves. Dashed curves describe the
In other words, in this case the effective phase mismatchmeoretical results with the phase-modulation effect removed. The

ing  Akj eg=(ko,—Ki,—Ssings) and  Akper=(Ko;— Ko, parameters used in the calculation ae20, §=1 mrad, n=1.4,

—Ssin @), which are inversely proportional tq, andly;, =1 mm, andl(=2.5x10" W/n?.

will be intensity dependent. Therefore, the scattered intensi-

ties related to the incident intensity in this system will be 5,6 =2 6x1072rad. the thickness of the sample 2 mm
significantly different from that in the system with intensity- 54 the linear refrac{ive index of the solventjs1.4. Figi
independent phase mismatchifd, = (ko, ki) and Akz  yre 3 shows the phase-mismatching factorcdirl/I,) as

=(koy—kp). a function of the pump intensity calculated by ). for two
If the interaction length and/or the cross angle of the WOcases:a@=1.2 cnit and a@=2.4 cni’. When the pump

pump beams are small enough for the intensity-independefensity is small, this factor is determined essentially by the
phase-matching condition to be approximately satisfiedintensity-independent mismatching. With the increase of the
Aky= (ko —ky,) =0, Aky=(ko,—kz,) =0, part of intensity-  pymp intensity, it begins to increase, which means the
dependent phase mismatchirgS sing, may change this jntensity-independent mismatching begins to be compen-
condition, leading to the decrease of scattered intensitiegateq byS sings. When the pump intensity increases further,

This influence is sketched in Fig. 2, where the results arg grops for the casexy=2.4 cni* after going through a

obtained on the assumption that the cross angle of the pumgaximum, which corresponds to the effective phase-
beams is 1 mrad, the thickness of the sampid mm, so

Ak;=0 is approximately satisfied. In this figure, intensities
of the first-order scattering as a function of pump-beam in- 10°
tensity, calculated by Ed5) when considering the intensity- 107
dependent phase mismatching, are shown by solid curves for
a8=2.4 and 1.2 cm', respectively. For comparison, also
shown, by the dashed curves, are those calculated when the
phase-modulation effect removed. An evident decrease of the
scattered intensity for the case considering the intensity-
dependent phase modulation can be observed when the pump
intensity is strong enough, particularly fary=2.4 cm ™.
The other parameters used in Fig. 2 aye1.4, §=20,
| =2.5x10" W/m?,

If Ak, (or Ak,)#0 andS sin ¢sare positive, then with the
increase of the pump intensit®,sin ¢5 changes also. When
S sinps=<Ak; (or Ak,), the intensity-independent phase mis-
matching can be compensated $yin ¢5 and the scattered
intensities can become larger, but wh8rsin ¢s>Ak; (or ) 5
Ak,), the intensity-dependent phase mismatching can make Pump Intensity (W/m’)
Ak e (Or AK; o) become larger thadk; (or Ak,), and the
scattered intensities can become smaller. These results areFIG. 3. Phase-mismatching factor sif(«l/l;;) as a function of
indicated in Figs. 3 and 4, where data used for the calculatiothe pump intensity fory=1.2 and 2.4 cm. The other parameters
are the detuning parameté=—20, the saturate intensity used in the calculation aré=—20, 7=1.4, | =2.5x10" W/m?,
| =2.5x10" W/m?, the cross angle of the two pump beamsi=2 mm, and$=0.013 rad.

FIG. 2. First-order scattered intensities as functions of the pump

Phase Mismatch Factor
=

-13 |
10 107 108 10° 10' 10! 1012
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FIG. 4. First-order scattered intensities as functions of the pump  FIG. 5. Phase-mismatching factor sj%(ﬂ-m 1) is a function of
intensity, shown with solid curves. The theoretical results with thethe pump intensity fory=1.2 and 2.4 cm'. The other parameters
phase-modulation effects removed are shown by the dashed curvagsed in the calculation a&=20, y=1.4,1,=2.5x10" W/cn?, | =2
The parameters used in the calculation are the same as Fig. 3. mm, and=0.013 rad.

mismqtchipg increases after the intensity-independent Mismismatching factor sie?(7l/1,.) as a function of the pump
matching is compensated completely. Figure 4 shows thgtensity is plotted in Fig. 5. The parameters in Figs. 5 and 6
first-order scattered intensity as a function of the pump ingre the same as those in Figs. 3 and 4, except&hao. We
tensity, calculated by Eq(5) for the above two cases, with fing that the phase-mismatching factor changes more quickly

solid curves. The results, without taking into account theith pump intensity wher is larger, and in some scope of

phase-modulation effect are also shown by the dashed curvgs, pump intensity, the phase-mismatching factor of the
for comparison. When the pump intensity is small, the solid

s ) ) sample with smallety may be larger than that of the sample
and the dashed curves are consistent, but with the increase ofy, larger ag. Figure 6 shows the first-order scattered in-

the pump intensity the values shown by solid curves begin Q nsity calculated as a function of pump intensity with solid

be larger than those shown by the corresponding dashe : :
curves, which reflects that the intensity-independent mis; rves for the corresponding cases of Fig. 5, and the dashed

matching begins to be compensated, consistent with WhathIines represent the theoretical results obtained with the
- ’ . o ase-modulation effect removed. We can see that before the

been shown in Fig. 3. When the pump intensity increase

further, corresponding to the fact indicated in Fig. 3 that the

effective phase mismatching increases after a complete com-

pensation of the intensity-independent phase mismatching, 10 ‘ w

the value shown by the solid curve fay=2.4 cm ! be- 10° |- §

comes smaller than that shown by the corresponding dashed

curve after arriving at a maximum. We can imagine that the

same phenomenon will occur for the casex§=1.2 crmi * if

the pump intensity increases to a high enough level. It is

worthwhile noting that in some regions of pump intensity in

Fig. 4, the scattered intensity in the caseagf=1.2 cm !

can be larger than that afy=2.4 cm*. That is to say, the

scattered intensity of the sample with lower concentration

can be larger than that with higher concentration for some

Scattered Intensity (W/mz)
>

suitable intensities of the pump beam when the phase modu- ig-a

lation is considered. 10 | il
In contrast to the positive light-induced phase mismatch- 109 ‘ 1

ing, S sing;, the negativesS sings will always make the ef- 106 107 108 10° 10" 1ot 10"

fective phase mismatching larger, so that with an increase of ] 2

the pump intensity, the phase-modulation effect decreases Pump Intensity (W/m")

the scattered intensity until it reaches the first minimum. As

the pump intensity increases further, another maximum value F|G. 6. First-order scattered intensities as functions of the pump
of sinc?(rl/l,.) will be approached, and the scattered waVveintensity, shown by solid curves. The theoretical results with the

intensities will gradually increase and then decrease agaiphase-modulation effect removed are shown with dashed curves.
when sinc?(#l/1,,) begins to reduce again. The phase-The parameters used in the calculation are the same as in Fig. 5.
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. . . FIG. 9. First-order scattered intensities as functions of the linear
FIG. 7. Second-order scattered intensities as functions of the P o . .
; ; . . . absorptionag, which is proportional to the concentration of the
pump intensity, shown with solid curves. The theoretical results . . .
- - sample, shown by solid curves. The theoretical results with the
with phase-modulation effect removed are shown by dashed curves .
: . - phase-modulation effect removed are shown by the dashed curves.
The parameters used in the calculation are the same as in Fig. 4 . ) o
The other parameters used in the calculation are the same as in Fig.
6.

first minimum is reached, the scattered intensities shown b . -

the solid curves are always smaller than those shown by t r negatives, as showr) n _F|gs. 7 and 8, can be unders_tooq.
corresponding dashed curves, but after that, the former ca he parameters ysed in Figs. 7 and 8 are the same as in Figs.
be larger than the latter in some regions of pump intensity. and 6, respectllvely. .

The characters of the second-order scattered wave, as de- The factorS sin ¢; _depends not _only on t_h_e pump inten-
picted in Figs. 7 and 8, are analogous to those of the firs'Y but also on the linear absarption coefﬂmez_r‘ét, as can
order scattered wave. Notice that the intensity—independerﬁe seen from Eq6), S0 that not anly the pump g\tensny but
phase mismatching of this order is nearly 11 times that 01"’1ISO the concentr{:\tlom of the .sample(_note. O‘OO.CN) can
712, which approximately corresponds to one of the maxim hange th_e effe'ctlve phase m|smatch|ng' and influence the
of the intensity-independent phase-mismatching factor; theﬁcattered intensity. As an example, _the flrst-order_ scattered
the decrease of the scattered intensities when the phas‘@{f’ive Intensity as a_f“”Ct"?F‘ of_the linear ahsorptieg) at .
modulation effect is taken into account regardless of positiv wo different pump intensities is calculated and shown in

ig. 9 by solid curves. The dashed lines in the figure repre-
sent the corresponding results calculated with the phase-

108 . : . : . modulation effect removed. The other parameters used in the
10+ - calculations are the same as used in Fig. 6.
10? - . It should be noted that the theoretical treatment of phase-
R ] modulation effects in self-diffraction presented in this paper
E }83 i ] are limited to the steady-state condition. However, this con-
z 10 b i dition can also be satisfied when the duration of the laser
2 10 b . pulse is longer than the relaxation time of the sample exci-
Z 10 | . tation.
2 o't B
=07 b .
T 107 F . Il. EXPERIMENTS
s 107t .
s 10t . An experiment was designed to check the theoretical re-
5] 6 . . . .
© 10 F 7 sults. The nonlinear medium was chosen as 1,4-diethinyl
10,1 l , , . | ] benzene(in tetrahydrofuran, the linear refractive index of
10 06 107 108 10° 10 joi'  1oR this solvent isy=1.4), the linear absorptions of the samples
5 were about 0.042.4 cm 1. The thickness of the sample cell
Pump Intensity (W/m") ' wasl =2 mm.

The experiment was arranged according to the configura-
FIG. 8. Second-order scattered intensities as functions of th&ion of Fig. 1. The second-harmonic generati@HG) of a
pump intensity, shown by solid curves. The theoretical results witfQ-Switched neodymium-doped yttrium aluminum garnet
the phase-modulation effect removed are shown by the dashedNd:YAG) laser with 8-ns-pulse width was used as the light
curves. The parameters used in the calculation are the same assaurce. The output beam with a wavelength of 532 nm was
Fig. 6. split into 2, with equal intensities, and used as the pump
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Scattered Intensity (arb. units)
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FIG. 10. Experimental results for the first-order scattered inten- FIG. 12. Experimental results for the first-order scattered inten-
sities as functions of the pump intensity when the concentration isities as functions of the sample concentration when the incident
fixed atag=1.2 and 2.4 cm’. Parameters used afe=0.013 rad, intensity is fixed al ;=0.22<10'° W/m? and| o= 3.4x 10'° W/mZ.
n=1.4, and =2 mm. Parameters used are 2 mm, #=0.013 rad, andj=1.4. The linear

absorptionag is about 2.4 cm! when the concentration of the

; -3
beams. They intersected in the sample cell with a beam diample is 2.%10 "~ mol/.

ameter of about 0.2 mm. The cross angeokthe two pump  gicted behavior as shown in Figs. 4 and 8. When the pump
beams was about 0.026 rad. N _ intensity is small, a cubic dependence is expected for the
We measured the scattered intensities as a function Gfrst-order scattered wave, and thus we compare that with a
pump intensity for the fixed sample concentration, and als@ine of slope 3 on the log-log plot in Fig. 10. For the second-
those as a function of sample concentration for the fixedrder scattered wave, as shown in Fig. 11, we compare the
pump intensity. The results are shown respectively, in Figsresults to a line of slope 5. As the pump intensity increases,
10-12. the scattered intensities deviate from the straight lines due to
Figures 10 and 11 show the measured scattered intensitiise saturation effect, as well as the phase-modulation effect.
versus pump intensity, respectively, for the first- and theParticularly, we notice that the scattered intensities of the
second-order scattered waves. Each point represents the @ample with lower concentration become larger than those
erage of 100 events. We find the pump-intensity dependerwith higher concentration when the pump intensity is larger

cies of the scattered waves to be in agreement with the préhan about 1?’ W/m? for the first-order scattering, and about
3%x10'° W/m? for the second-order scattering. As we ana-

lyzed above, this result is due to the fact that the higher the
10° concentration, the larger the light-induced phase mismatch-
P ' hw T ing

Figure 12 shows the first-order scattered wave intensity as
a function of the sample concentration at the pump intensi-
ties of 1,=3.4x10"° W/m? and 1,=0.22x10'° W/n?, re-

" ] spectively. When the concentration of the sample is very
%, =2.4/cm o small, the intensity-dependent phase mismatching could be
neglected and the square dependence of the signal intensity

Scattered Intensity (arb. units)

2
107 ¢ E on the concentration should be presented. This result can be
obtained from Eq(5) and was demonstrated in our experi-
o ments, as shown in Fig. 12. At higher concentration, the
intensity-dependent phase mismatching will influence the
o) scattered intensity significantly. If the effective phase mis-
matching of the interaction at higher pump intensity is larger
0" I ‘ L than that at lower pump intensity, an interesting character of
1010 Lol the scattgred intensity should_ be presented; that is, for_a
5 sample with certain concentration, the scattered intensity will
Pump Intensity (W/m") be larger at lower pump intensity, and smaller at higher
pump intensity; this result is also shown in Fig. 12.
FIG. 11. Experimental results for the second-order scattered in- IV. CONCLUSION
tensities as functions of the pump intensity when the concentration
is fixed atag=1.2 and 2.4 cm’. Parameters used afe=0.013 rad, This investigation has been devoted to the study of the

7=1.4, andl=2 mm. phase-modulation effects in self-diffraction in nonlinear op-
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tical media. The theoretical model involving a two-level sys-concentration, and have been predicted by this theory and
tem has been developed and used to describe the scattemsimonstrated by experiments. We believe that this study
intensity when considering the influence of the phase modumay be useful in helping readers to understand the physical
lation on the phase-matching condition. Analytical resultsmechanics of self-diffraction and other nonlinear effects.
have been obtained in the small linear absorption hypothesis,

allowing us to understand the particular role played easily

and clearly by the phase-modulation effect. Some interesting ACKNOWLEDGMENTS

results, for example, at some suitable sample concentrations

are that the scattered intensity is larger at lower pump inten- We would like to thank Professor Mujie Yang and her
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