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New methods for measuring the phase-dispersion o the third- and fifth-order susceptibilities
crereviewed. The measurements were based on the phenomenon of polarization beats which
vas exploited in time-delayed wave-mixing experiments with bichromatic beams. Applica-
tions for semiconductor doped glasses are reported.

l. Introduction

Studies o' the phase-dispersion of nonlinear optical
susceptibilitiss have proved to be helpful to character-
ize the naturr of the nonlinearity as well as to improve
material's properties aong the past three decades!!:2].
A variety of methods are presently available to deter-
mine the phase of the second-order susceptibility, x(2),
through seccnd-harmonic and sum-frequency genera-
tion spectroscopy!®~6. The phase-dispersion of third-
order susceptibilities, x(®), has been measured, for
example, in four-wave-mixing experiments by investi-
gating resonance interferences among the various x(®)
contributions®7 by producing interferences with the
signal generated by a reference samplel®°] or using in-
terferometric and absorptive techniques®7. In general
these methods alow the study of degenerate (or quasi-
degenerate) » (). On the other hand, the phase of non-
degenerate x3) may be deterrnined using a combina-
tion of techniques which may provide values for |x(®)],
Rex® and "mx® in separate experiments. These
measurement s have been performed in the past twenty
years but were limited to frequency values which do
not differ by 1 large amount!®71°~12 The situation is
worse for higl -order susceptibilities (x(®, x(7,...) since
no technique ‘or measuring phases has been reported in
the past.

Recently, the polarization beats phenomenal'3~1¢]
has been su:cessfully exploited to measure phases
of nondegencrate x® and y(® in a variety of
conditions!!7=2%. In principle, when combining these
techniques with the “two-color z-scan method”[*1:2 it
is possible to characterize the nondegenerate suscepti-
bility of nonlinear materialsin a large range of optical
frequencies. These measurements may provide basic
information cn the physical mechanisms contributing
to the optical susceptibility. From a practical point of
view, knowledge of nondegenerate susceptibility is of
interest for dv al-wavelength all-optical switching appli-

cations in which cross-phase modulation (XPM) plays
an essential role. On the other hand, XPM processes
may also adlow beam profile manipulations in a variety
of situations of fundamental interest (see for example
refs. [23-26]).

In this paper we review our own recent work in this
area and present further details that were not given in
the previous publications.

II. Interferometry based on the polarization
beats phenomenon

We describe in this section the observation of po-
larization beats induced via ¥(®) and ¥(® and exploit
this effect to measure the phases of both susceptibili-
ties. The method presented here is quite general and
can be applied for alarge variety of materials for which
forward-wave-mixing (self-diffraction) can be observed.
To illustrate the method we measured the phases of
v® and x(® using samples of Cd(S, Se) doped glasses.
We start by giving a theoretical description necessary
to understand the experiments.

a Phase dispersion of y(®)

First consider the beams geometry indicated in
Fig.1 where each beam contains two frequencies, w;
and w,, with electric fields given by EX(7¢) =
ES exp{i(?) .7 — wit +0,)}, i = 1,2, with paral-
lel polarizations. j = 1,2 refer to the beams directions.
The fields that interact in the sample are a combina-
tion of Egj) and ng) such that diffracted beams can
be emitted along both sides of the sample in various
diffraction orders. Each emitted beam has frequency
componeits w; and we. The signals along the direc-
tions (28 — K@) and (2k® — kM) are due primarily
to the third-order nonlinearity.
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Figure 1: Experimental arrangement. /2 are hdf-wave
plates and P are Glan-Thompson polanzers used in con-
junction to adjust the laser power. A: apertures; BS: beam
splitter; DM: dichroic mirror; VDL: variable delay line; L:
convex lenses; M1 and M2 are 0.25m monochromators. The
apertures are essential to reduce the background noise.

_The signal beam at frequency w; ernitted along
(2k(1) — k(2 is generated by the nonlinear polarization
P®)(w;) = Pgs)(wl) + P,(;s) (w1) with

«(2)
P/(f)(wl) = X(s)(wl,wl,wl, —wl)Egl)Egl)El ?
x exp{i [(22&1) ) -t Tt o] } ,
(1)

and

%(2)

Pj(;’)(wl) = X(a)(wl,wl,wg, —wg)E§l)E§1)E2
X exp {z [(E&l) + Iggl) - 1_0'52)) S —wit +weT + 61]} ,
(2)

where 7 is the relative time delay between the two
bichromatic beams.

The signal intensity at frequency w; is proportional
to |P®(w;)}? and is given by

I(wy) < {az + 52+ 2ab cos {Aé M+ wpr — ¢1} } ,

2 @)
where a? = IX(?’)(wl,wl,wh —wl)l I3 p2 =
Ix(s)(wl,wl,wg, ——wz)lz .[1[22; Wy = wi —wy is the mod-
ulation frequency which can be changed continuously
and Ak = (F" = £ = (B2 - ). Thesignal mod-
ulation depth can be adjusted by changing the lasers'
relative intensities.
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The phase ¢; depends on the material susceptibili-
ties, being determined by

I

Imx®(wy,w;,ws, —wz)]
Re X(3)(w1,w1,w2, —wz)

arc tg [

3
arctg Iy w1, w1, — 1) . (9
L Re xB) (w1, wy, w1, —w1)

Analogous calculations for I(w;) emitted aong the di-
rection (2k(2) — k1)) provide a rnodul ated signal (+24;)
out-of-phase with the signal indicated in Eq.(3). Con-
sequently, if the signals in both directions are simul-
taneously recorded in two independent detectors, the
absolute value of ¢; can be measured. Furthermore, if
one chooses the appropriate laser wavelengths to cancel
one of the terms on the right hand side of eq.(4), the
value of the other term can be determined. As will be
shown latter, this can be done, for example, by selecting
one laser frequency to be far from resonances.

For the signal component at frequency w, it is pos-
sible to obtain an expression for I{w2) emitted along
(2k® — E®) and (2k® — M) directions using a pro-
cedure analogous to the one described above. In this
case the susceptibilities which contribute for the signa
are X(3)(w2,wz,wz, —wz) and X(s)(wz,wl,(.«)z, —wl) and
the corresponding phase of the signal is given by

il

ImX(S)(WZ;wl;WL _wl)]

o) arctg [

Re x®)(we,w1,ws, —w1)
Imx®(wg, ws,wa, —ws)
Re x®)(wg,ws,wa, —wy) | . (5)

The experimental setup used is shown in Fig.1. The
dye lasers employed consist of an oscillator plus one
stage of amplification, transversely pumped by the sec-
ond harmonic of a pulsed (5Hz2) NdAYAG laser, de-
livering pulses of = 10nsec and 20kW peak power.
The oscillators were operated with a grazing incidence
grating in the range of 560-640nm with linewidths of
~ 0.5em™!. The dye laser beams were spatially over-
lapped by a dichroic mirror (DM) forming a bichro-
matic beam of frequencies w; and ws. The bichromatic
beam issplit in two by a beam splitter (BS) and recom-
bined through a lens (L) after being properly delayed
to form a small (~ 8 mrad) angle at the sample posi-
tion. Asindicated in Fig.1 the two parallel polarized
beams produce a self-diffracted signal in either direc-
tion (26 — K@) or (2E® — FM). The lensesin front
o the 0.25m monochromators collect the generated sig-
nals and focus themin the entranceslits. The apertures
along the beam path are essential to reduce the back-
ground noise due to the scattered light. Both signals
were detected through monochromators equipped with
photomultipliers and processed with a boxcar averager
or a microcomputer.

Cornrnercialy available serniconductor doped
glasses (SDG), manufactured by Corning Glass, were
used in our experiments.

arctg [
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In atypical run, the signalsin both directions were
recorded as the relative time delay between the two
bichromatic bearns is changed using a variable delay
line. The monochromators were used to select one
of the frequency components. Fig.2 illustrates the
diffracted signal intensity at frequency w; as a func-
tion of the time delay. The ~ 19fs oscillation period
corresponds to the inverse of the frequency separation
(w1 — wy/2ir) of the lasers used. The behavior of the
signal at frequency w is analogous. The relative phase
¢; of the signals is a function of (%“’7), i =1,2, where
E, isthe SDG energy gap which has a different value
for each CdS,Sey_, sample composition.

DIFFRACTED INTENSITY (ARB. UNITS)

DIFFRACTED INTENSITY (ARB. UNITS)

TIME DELAY {fs)

Figure 22 Recorded diffracted intensities observed at fre-
quency w; Veisus the time-delay for a bichromatic beam
with wavelengths A, = 532rm and Al = 588nm : a)
$1 ~ 2°, sample CS 3-69: b) 41 ~ 33°, sample. CS 3-
67. The tracesillustrrate the signals emitted along the two
directionscorresponding to 28%) —k® and 25—k, (The
figures are vertically displaced for clarity.)

The CdS.;Se;_, doped glasses (3mm thickness)
studied are irdicated in Table | with the relevant pa-
rameters. The laser frequency wz was smaller than

25

the samples band gap frequencies as illustrated by the
negative values of (ws — wy)7,. For dl those vaues
Imx® (wa,ws,ws, —ws) = 0 as shown previously®*l.

Two series of measurements were performed to
measure ¢; and ¢, respectively. In the first one
we observed the signal component at the freguency
wy using Corning glass samples CS 3-69, CS 3
67 and CS 2-61. For all samples we expect that
Imx®(w1,w1,ws, —ws) = 0 because the absorption
of I; should not be influenced by I whose frequency
is smaller than w,. Then in this case ¢1 represents
the phase of x®(wi,w1,w;,—w;1) which depends on
(w1 — wy)Ty asindicated in Table |. For the glass CS
3-69 the value ¢; = 2° isin agreement with our ex-
pectation since large frequency detunings of w; and w»
from the energy gap were used. A similar result was
obtained for the sample CS 2-61 when w; and w; were
simultaneously smaller than w,. On the other hand,
changes of ¢, were observed for the glasses CS 3-67
and CS 2-61 corresponding to w; > wy and we < wy.
In the second set of measurements we observed the sig-
nal component at frequency wy using samples CS 3-69,
CS 3-67 and CS 3-66 in order to rneasure ¢,. Since
Imx®(wy,ws,wy, —w3) = 0, ¢5 represents the phase
of x(®(wy,w1,ws, —w1) asindicated in Table I. For the
laser wavelengths employed we observed changes of ¢-
that correspond to different values of (w; — w,) detun-
ing. Unfortunately no previous results are available
to make comparison with our measurements. How-
ever, we attribute the observed frequency dependence
o x®(wy,w;,ws, —w;) to the effect of the field at wy,
which influences the transmission of the other frequency
component and causes bandfilling in the conduction
band or saturation of the trapping-states. Thisassump-
tion is corroborated by other experiments with SDG.
On the other hand, the observed frequency dispersion
d the degenerate ¥(® shows a qualitative agreement
with the predictions of the electronic bandfilling model
as in the previous experiments(®9.

A comparison with the experimental methods of
other authors is appropriate at this point. In refs. [8]
and [9], Roussignol and co-workers measured the phase
of degenerate x(® in phase-conjugation experiments
using a delicate technique that requires transform-
limited pulses, a perfect control of the laser frequency
chirp, and accurate intensity measurements. Other re-
searchers used interferometric methods to determine
the phase of the degenerate nonlinear susceptibility
(see ref.[17] for previous work). It seems very diffi-
cult to obtain information on the nondegenerate x(®)
with those methods. We note' that, contrary to the
other methods, the one reported herein does not re-
quire an absolute measurement of beam intensities, and
non-transform-limited pulses can also be used. Fur-
thermore the present method does not require the use
of a reference sample. One lirnitation of our method
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Table i. Survey of the experimental parameters. w, isthe optical frequency corresponding to 1%transmission and
E, is the corresponding energy. T is the dephasing time assumed to be 20 fs. The maximum error in the angles
¢; and ¢, was estimated to be 45°.

Corning . ,
Glass Filter | By(eV) | (w1 = wg)Ty | (o —wy)Ty | ¢ | Tiglenenonzun) | g, | Inx s nw)
CS 3-69 2.43 -3.2 -10.6 20 0.03 5° 0.09
CS 3-67 2.28 +3.6 -3.2 33° 0.65 13° 0.23
CS 3-668 2292 +3.6 -32 3 17° E 0.30
-2.0 -04 0° 0 :
CS 2-61 2.05 +1.0 -2.0 14° 0.25
420 -2.0 28° 0.53 .

at the present stage results from the experimental ar-
rangement that does not allow a larger accuracy, but
an improvement in the electronic data processing will
provide a significant reduction of the relative errorsin
future applications.

b. Measurements of the phase of y(%)

For highly nonlinear media such as semiconduc-
tors, polymers or specia glasses, high-order nonlinear-
ities may also contribute at moderate intensity levels.
For example, Maruani et al. have studied high-order
nonlinearities in CuC¥¢ using self-diffraction in a non-
phase-matched schemel”. Acioli et al. reported di-
rect measurements of |x(®] and |x(”)] in semiconduc-
tor doped glasses in a phase-matched multiwavemixing
configuration?®l, More recently, Charra et al.[29 re-
ported on non-degenerate multiwave mixing in poly-
diacetylene through phase-conjugation with frequency
conversion. Nevertheless, although a number of reports

PPwy) =

are concerned with the measurements of [x(?)], n > 3,
no technique has been developed to measure the phase
of high-order susceptibilities.

In this section, we show how the polarization beats
spectroscopy can be used to measure the phase of x(5)
in a solid and review our own results obtained using
this new techniquel29.

The principle of the experiment issimilar to theone
introduced in Sec.Il.a. However, in this case we have
to be carefull because of possible competing effects as
discussed below. Although the intensity of the beam
diffracted at the first-order is contributed primarily by
x| the second-order diffraction signal may include
contributions from x(®) and cascade processes due to
x®. Let us assume here that the cascade contribution
isnegligible as compared to that of the direct fifth-order
nonlinearity. Thus, thesignal beam at w; emitted along
the direction 3k(1) — 2k(2) is generated by the polariza-
tion PO (wy) = PP (wy) T PP (wy) T PO(w) with

: 2
XS)(wlawla‘wl,wl»-whwl) [E&”(E{”)*] Efl)

X exp{z’ {2 (E&l) —E§2)> P ler—f—]_cgl) -F—wﬂ-{-@l}} , (6)

l

P (w:)

1
b

2
Xg)(wl,wz, —W2, W2, ~Wa,W1) [Egl)(Egz))*] E%l)

x eap{i [2(BY = FP) 7t 2war + B F ot + o)} (7)

POwy) =

X w1, 01, —wr, w2, —wz,w1) B (ED)* B (B BV

X exp {L [(135” - /;:.52) + f;gl) - /552)) T (W wo)T+ 139) P wit 01} }’ ®)
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where r is the relative time-delay between the two
bichromatic beams. The signa intensity at w;, pro-
portional to |P(®)(w,)[?, is given by

I(wy) o« a+bd c03(2AE' P4 2wy T+ éy)
-+e cos(Alg- FHwmT+ ¢2)+d cos(AE~ 74

wpMT+ ¢3)=a+b cos(20k - 7+ 2wy T + é1)

¢ cos(Dk-F+wyT +¢), (9)
where
2 2
a = WQuwOE?) P + [(PEdE?)

2

3

t @) B0 )y

b = 2N B ED P (BT
o = 2B B PED (B
and
d = 2 OE BN ED) (B (EP)P;
OF = B R - 0 R
wy = wi — wp IS the modulation frequency;

$1 = ¢a — é¢B, ¢2 = ¢a — ¢c and ¢3 =
¢ — ¢, with ¢4 = arc tan [Im ng)/Re Xf)],
arc tan [Im Xg)/Re XS,?)] and  ¢o =

¢ =
arc tan [Im X(C?)/Re X(cﬂ; d =[(c - cos ¢s +

+d . cosg3)? -+ (c singy Td sings)?)’ and ¢ =
aresin[(c. sings T d. sings)/c'] which isintensity de-
pendent.

Eq.(9) shows that the second-order diffraction sig-
nals have Fourier components at wys and 2wps. Analo-
gous calculations for I(w;) emitted along the direction
3k® — 2k provide asimilar signal with Fourier com-
ponents whick are (—2¢1) and (—24") out-of-phase with
thesignalsinc'icated in eq.(9). Consequently, if the sig-
nals in both tlirections are simultaneously recorded in
two independent detectors, one may obtain informa-
tion on ¢, anl ¢’ using the following steps. First, the
relative amplitudes of b and ¢ can be determined by
Fourier analysis. Then, ¢; and ¢’ can be obtained by
fitting the shases of the modulated signals and therela-
tive phase-shiit between the signals at both directions.
Using the apgropriate laser wavelengths to cancel ¢4
or ¢g, the val ie of one of them can be calculated from
¢1, In a manner which is similar to the determination
of the phase of x(%).

To study the phase of x(® in commercial SDG we
first note that cascade contributions from the lower
order nonlinezrities are negligible in comparision with
that of the direct higher-order nonlinearity for the rea-
sons discussed below. To estimate the contribution of
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the cascade process due to x(® we have used the diffrac-
tion theory developed by Klein and Cook!3?). The equa-
tion describing the amplitude of the diffracted optical
fields is obtained from the optical wave equation,

[u(z))* O°E;

VIE = o (10)

where the refractive index in the region where the
beams overlap (0 <z <L) isgiven by

u(z) = po + prsin (k*z) | (11)

where k* = 2x /A is the wavenumber of the refractive
grating and A = X./2 sin 8, with ), being the wave-
length of the pump beams. The basic equation is ob-
tained from (10) and (11) introducing the electric field

-+o0
B = Z ¢n(2) exp i(w;t — k, -7) into the wave equa-
n=—oc

tion and neglecting second order terms which include
V2¢,(z) and p?. Then, we obtain

den, .
-:;é— + ’2%(¢n—1 - ¢n+1) = lg—]?(n - 2a)¢”’ (12)

where Q = k*2L/ugk with k*, L, uo and k being the
grating wavenumber, sample thickness, refractive in-
dex and diffracted beam wavenumber. v = ku; L is
the modulation depth and g, is the first-order Fourier
component o the refractive index. The parameter
a = —(ugk/k*)sind is a geometry dependent quantity
where 4 is the haf intersection angle between the in-
cident beams. The self-diffraction case corresponds to
« = —1/2. Hence, once a is set, the diffraction effi-
ciencies are determined by the parameter Q which rep-
resents phase-mismatch, and the modulation depth v.
For v < 1, we may solve eq.(12) by using the approxi-
mation |¢n41] < |¢n] for n > 0 and |$n-1] < |¢n] for
n < 0. For thefirst-order self-diffracted beam intensity
we have:

2
I = <~5> Ipsin® (%) =0 (%)210 , o (13)

where I is theincident laser intensity. For the second-
order diffraction beam we obtain

L = (—0—4—) 10{[1 — cos(3Q) _ 1—-cos(2Q)]2

16Q* 3 2
. [smgw) B sin<220>r} a0 (g) I
(14)

Therefore, measuring the relative intensities of the zero
and first-order diffracted beams, we may determine the
cascade contribution using egs.(13) and (14). Experi-
mentally, one can measure the relative intensity of the
second-order diffracted beam which has both contribu-
tions from the direct fifth-order nonlinearity and the
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cascade process. Thus, it is possible to determine the
relative contribution between x(® and [x(®]2. In our
experiments, we have measured those three relative in-
tensities at different laser wavelengths (including de-
generate and nondegenerate cases) and for different in-
tensities used. The results show that the calculated
cascade contributions are at least one order of magni-
tude smaller than the measured second-order diffracted
beam intensities. Also the results show that for the
higher intensities used, the contribution from the di-
rect fifth-order nonlinearity is increased.

It should be pointed out that, when the contribution
of the direct fifth-order nonlinearity is close to or even
less than the cascade contribution, the phase-matched
higher-order diffraction geometry should be used. For
that geometry, the diffracted beams due to the direct
higher-order nonlinearity are the higher-order Bragg-
reflections with phase-match, while cascade contribu-
tions become negligible because of the phase-mismatch.
This was considered in the ref. [31].

The experimental setup used was the same used for
rneasuring the phase of x(® (Fig.1).

The sample used was a Cd(S,Se) doped Corning
glass CS 2-73 with energy gap of 2.17¢V which cor-
responds to 1% transmission. To perform the exper-
iments we set w; < E,;/h because we expect that

Imx(f) = 0 for a large frequency detuning from the
band gap.

Fig.3 shows the recorded signals in both directions
as the relative time-delay between the two bichromatic
beams was changed. Fig.3(a) and 3(b) show that, for
the same laser frequencies, the signals are intensity de-
pendent. Note that at relatively low powers the signals
in Fig.3(a) have Fourier components at wys and 2wy as
predicted from eq.(9). For large powers, asin Fig.3(b),
the component at 2wus is reduced and then the in-
formation on the phase ¢, is lost. This is explained
using egs.(6-9) which show that the Fourier compo-
nent at 2wys becomes negligible if one of the products
|P4Pc| and |PgFc| is much larger than |P4Pg|. For
wo = wi, Xﬁf) and XS;E’) will decrease with the increase
of I(ws) due to the optical switch effect!®3). However,
Xg) is expected to decrease less than xff) so that the
Fourier component at 2wxs decreases as compared to
the component at wps. Meanwhile, this intensity de-
pendent result may also be affected by higher-order
nonlinearities at the intensities used!®!. For example,
the second-order diffracted signals may include contri-
butions due to (") and thus the information on x(®
could be masked. Therefore, one should work at rela-
tively weak excitations so that x(®) plays a dominant
role and the optical switch effect does not becomes im-
portant. In the present experiment the 2was component
appears for theincident intensitiesindicated in Fig.3(a)
and
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DIFFRACTED INTENSITY (a.u.)

TIME DELAY (fs)

(b) 10 fs

DIFFRACTED INTENSITY (a.u.)

TIME DELAY (fs)

20 fs

4 -

DIFFRACTED INTENSITY (a.u)

TIME DELAY (fs)

Figure 3. The solid lines illustrate the recorded second-
order diffracted signals as afunction o the time delay. The
dashed lines were calcul ated from eq.(9) as explained in the
text. (Sample: Corning glass CS 2-73, 3mm thickness).
(3) huwr = 2.03eV, hw; = 2.21eV, I{w1) = 0.3MW/cm?,
I(wy) = 0.1MW/em?; (b) the same frequencies used as
in (a) but I{w;) = 12MW/em?, I(w2) = 4MW/em?; (C)
hwi = 2.03eV, hwy = 2.14€V, I(UJ1) = O.ZMW/CmZ,
I{wz) = 10KW/cm?.

smaller values. Although thesignalsat these conditions
are closeto our detection limit, ¢, could be deduced by
fitting the experimental data with theformulagivenin
eq.(9). The obtained vaue was ¢; = 60° with ratio
¢//b = 0.5. Thefitting error is about 20°. Finally, as-
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suming that Im x$) = 0 for (hw; — E,) = —0.14¢V, we
determined the phase of Xg)(wl,wz,—wz,wz,_w,wl)
to be 60° + 20° after averaging several measurements.

Fig.3(c) corresponds to the case where w; and w;
aresmaller than E,/R. In this case the value obtained
for ¢; was §° + 20° with the ratio ¢//& = 0.35, which
supports our assumption that Im ¥(®) = 0 if all the
related fregiiencies are smaller than £, /k. Also in this
case if we increase the laser intensities, the component
at 2wy, disappears.

10 fs

DIFFRACTED INTENSITY (a.u.)

TIME DELAY (fs)

Figure4: Comparison between the experimental data shown
in Fig.3(a) and the theoretical predictions o eq.(9) for dif-
ferent fitting parameters. (— o =) ¢1 = ¢ — 208
$1=9,(--) hr=¢+ =l

In order to determine the limitations of the tech-
nique in the measurement of ¢;, we present in Fig.4
the results of the theoretical fitting of the modulated
signal for diflérent fitting parameters.

We note that for relatively large changes of the the-
oretical values for ¢;, on the order of 20 degrees, there
isnot a very large change of theresulting fits. From this
we concludec that this method is not as precise as in
the previous case (Sec.Il.a) to determine the dispersion
of the high-order nonlinear optical susceptibility. This
problem isdue to contribution of thefirst-order Fourier
component in the recorded modulation signals and can
possibly be circunvented if better detection schemes are
employed in order to use lower intensities in the inci-
dent bearns.

To understand the significance of the phase-angles
obtained we have performed a calculation using the
bandfilling rodell®! assuming that the traps levels are
saturated. While in ref.[9) ¥(® was deduced from the
slope of the total susceptibility x versus the laser in-
tensity | at low excitation levels, in our case, since

29

the effective polarization for the second-order diffrac-
tion was intensity dependent, we considered that | =
Ip + Iicos(8kz), where x is the ordinate along the
grating direction and 6k = k1 - k2 1, and
Ii(Iy > I) are intensities of background and modu-
lation, respectively. We could calculate the total y and
the effective susceptibility responsible for the second-
order diffraction signal was obtained frorn ngf)f =
e [§7 X cos(26kz) d(6k.X).

The procedure to calculate the nonlinear suscepti-
bility is described in what follows. The first step is to
calculate the carrier density, n, created by the incident
beams. This is done using a rate eguation for n and
the result in the case of a relaxation time that is fast
as compared to the pulse duration is

a(D)I

n = T

hw (15)

where « is the absorption coefficient, | is the laser in-
tensity, and 7 is the pulse duration. From this result it
is possible to calculate the position of the quasi-Fermi
level of the electrons in the conduction band. The occu-
pation number of the holes can be neglected in the cal-
culations due to the larger effective mass of the valence
band. Assuming parabolic band-structure, the expres-
sion for the nonlinear susceptibility x(w,|) is given by

® 1 — pe(k) 2
/ﬂ w = wcv(_k) - ircv g(k)k dk,

’ (16)
where e is the electron charge, p.(%) is the electron oc-
cupation probability factor, r, is the dipole moment
o the valence to conduction band transition, assumed
to be constant, we, (k) = hk?/2m* + E,, is the en-
ergy separation of the optically connected states, I,,
is the dephasing rate of the transition, and m* =
(1/m. *+ 1/m,)~! is the reduced mass. It has been
introduced an ad hoc broadening of the transition line
shape given by g(k), following Roussignol et al.?], and
also proposed by Banyai and Koch[®4l.

Combining the results of eq. (16) for x(w, 1) with
the one for Xff})f it is possible to obtain the ratio of the
imaginary and real parts of this effective susceptibility,
that is, its phase. The calculated phase-angle for the
conditions of Fig.3(a) was 70° in agreement with the
experiment. The theory also shows that: (i) for excita-
tion levels close to the values used in the experiment,
the phase of X(j;)f is intensity dependent; (ii) for laser
frequencies smaller than E, /% the phase of the degen-

erate X(:})f is close to 0°.

eTey |2
™

X(w,I)= I

III. Conclusions

The method herein presented is quite general and
can be readily applied to alarge variety of materials.
For the case of the third order susceptibility an exten-
sion lias already been reported for measuring its phase



dispersion close to a Raman resonancel!3). Further ex-
tensions may also include the study of the phase disper-
sion of ¥® in the vicinity of a two-photon absorption
resonance. For the study of high-order nonlinear sus-
ceptibilities it has been shown that the applicability
of the method to the particular case of x(%) is depen-
dent on the ratio between the two Fourier components
which contribute to the second order diffracted signals.
Finally, we note that in both cases described above this
technique can be extended, by choosing appropriately
the polarizations of the incident beams, to study the
various tensor components of the nonlinear susceptibil-
ities.

Acknowledgement s

This research was supported in part by the Brazil-
ian agencies. Conselho Naciona de Desenvolvimento
Cientifico e Tecnolégico (CNPg), Financiadora de Es-
tudos e Projetos (FINEP) and Fundagdo de Amparo a
Ciéncia e Tecnologia de Pernambuco (FACEPE). We
also thank Luis E.E. de Araljo for help with the data
acquisition system.

References

1. N. Bloembergen, Nonlinear Optics (Benjamin,
Reading, 1965).

2. P.N. Butcher and D. Cotter The Elements of Non-
linear Optics (Cambridge U. Press, Cambridge,
1990).

3. Y. R. Shen, The Principles of Nonlinear Optics
(Wiley, New York, 1984).

4. R. Superfine, J. Y. Huang and Y. R. Shen, Opt.
Lett. 15, 1276 (1990).

5. W. Margulis, I. C. S. Carvalho and J. P. von der
Weid, Opt. Lett. 14, 700 (1989).

6. J. K. Koch and G. T. Moore, Opt. Lett. 16,
1436 (1991).

7. M. D. Levenson, /ntroduction to Nonlinear Laser
Spectroscopy (Academic, New York, 1982).

8. F. Hache, P. Roussignol, D. Ricard and C. Flytza-
nis, Opt. Commun. 64, 200 (1987).

9. P. Roussignol, D. Ricard and C. Flytzanis, Appl.
Phys. A 44, 285 (1987).

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

11. H. Lotem, R. T. Lynch Jr. and N. Bloembergen,
Phys. Rev. A 14, 1748 (1976).

12. R. T. Lynch Jr. and H. Lotem, J. Chem. Phys.
66, 1905 (1977).

13. D. DeBeer, L. G. VanWagenen, R. Beach and S.

R. Hartmann, Phys. Rev. Lett. 56, 1128 (1986).

Cid B. de Arajjo et al.

14. J. E. Rothenberg and D. Grischkowsky, Opt. Lett.
10, 22 (1985).

15. V. L. Bogdahov, A. B. Evdokinov, G. V. Lumon-
skii and B. D. Fainberg, JETP Lett. 49, 157
(1989); W. Li, H. G. Purucker and A. Lauberau,
Opt. Commun. 94, 300 (1992).

16. L. H. Aciadli, A. S. L. Gomes and Cid B. de Araljo,
Electron. Lett. 26, 92 (1990).

17. H. Ma, L. H. Acioli, A. S. L. Gomes and Cid B.
de Araljjo, Opt. Lett. 16, 630 (1991).

18. H.Ma,A. S. L. Gomesand Cid B. de Aradjo, Opt.
Lett. 17, 1052 (1992).

19. H. Ma, A. S. L. Gomesand Cid B. de Aradjo, Opt.
Commun. 90, 7 (1992).

20. H. Ma, Luis E. E. de Araljo, A. S. L. Gomes
and Cid B. de Aradjo, Phase Measurement of
the Fifth-Order Susceptibility of Cd(S,Se) Doped
Glasses, to be published.

21. H. Ma, A. S. L. Gomes and Cid B. de Araljo,
Appl. Phys. Lett. 59, 2666 (1991).

22. M. Sheik-Bahae, J. Wang, R. DeSalvo, D. J. Ha-
gan and E. W. Van Stryland, Opt. Lett. 17, 258
(1992).

23. J. M. Hickmann, A. S. L. Gomes and Cid B. de
Araljo, Phys. Rev. Lett. 68, 3546 (1992).

24. A. J. Stentz, M. Kauranen, J. J. Maki, G. P.
Agrawal and R. W. Boyd, Opt. Lett. 17,19
(1992).

25. R.delaFuente and A. Barthelemy, |EEE J. Quan-
tum Electron. 28, 547 (1992).

26. G. G. Luther and C. J. McKinstrie, J. Opt. Soc.
Am. B 9, 1047 (1992).

27. A. Maruani, J. L. Oudar, E. Batifol, and D. S.
Chemla, Phys. Rev. Lett. 41, 1372 (1978).

28. L. H. Acidli, A. S. L. Gomes and J. R. Rios Leite,
Appl. Phys. Lett. 53,1788 (1988).

29. F. Charraand J. M. Nunzi, J. Opt. Soc. Am. 8,
570 (1991).

30. W. R. Klein and B. D. Cook, |EEE Trans. Sonics
and Ultrasonics SU-14, 123 (1967).

31. H. Ma, A. S. L. Gomes and Cid B. de Araljo,
“Cascade Contributions in High-Order Optical
Nonlinearity Measurements" Opt. Comm. (1993).

32. C. Flytzanis, F. Hache, M. C. Klein, D. Ricard and
P. Roussignol, in Progress in Optics, E. Walf ed.
(North-Holland, Amsterdam, 1991). Vol. XXIX,
p.321.

33. H.Ma, A.S. L. Gomesand Cid B. de Arajo, Opt.
Lett. 18, (March, 1993).

34. L. Banyai and S. W. Koch, Z. Phys. B 63, 283
(1986).



