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Abstract

We describe an experimental technique that allows the simultaneous measurement of the nonlinear refractive index n' and

N . v 7
the nonlinear absorption coefficient o'

in waveguides. With minor maodifications in the experimental setup, the four-wave

mixing gain coefficient can also be measured. Measurements are demonstrated in AlGaAs waveguides.

1. Introduction

Several techniques have been used to investigate
the nonlinear refractive index #'?) and the nonlincar
absorption coefficient ') of materials. The Z-scan
technigue | 1] based on beam sclf-focusing has been
used to measure #'?' and a'?’ in samples of glass
and semiconductors. Although this technigue is sim-
ple and sensitive, it is not applicable to waveguides.
In waveguides, both fringe-shift interferometry [ 2.3
and pulsed-modulated interferometry {4] have been
used to directly measure 2% and o', while time di-
vision interferometry [ 5] and heterodyne pump-probe
[6] have been used to measure the dynamics of n‘?
and a?) in devices such as laser diodes and laser am-
plifiers. In addition, nondegenerate four-wave mixing
has been used to measure the imaginary component
and absolute magnitude of ¥V [7]. In this paper. we
describe a measurement technique that allows the si-
multaneous measurement of n* and «®! in waveg-
uides. This technique also allows the electronic and
thermal contributions to n'?! to be determined sepa-

rately. With minor modifications in the experimental
setup, the four-wave mixing (FWM) gain coefficient
can also be measured. As will be shown in the next
section, for beams with nearly-uegenerate frequencies
the FWM gain coefficient is related to the optical non-
linearities n?’ and o'* by simple expressions. Thus,
the measurement of the FWM gain coefficient can be
used as an independent measure of the magnitude of
a2 or ot

In Section 2 we present a simple derivation of the
coupled-wave equations for nearly-degenerate FWM
and obtained the relationship between the FWM gain
coefficient and the optical nonlinearities n'?) and o)
The experimental technique is presented in Section 3,
as follows: a basic overview of the scheme to measure
n'* and @) is first presented in Subsection 3.1; a de-
tailed description of the experimental setup used ofr
the measurements is then presented in Subsection 3.2,
and the results of the measurements are given in Sub-
section 3.3, Nonlinear absorption measurements are
presented in Section 4, while the experimental setup
and the results for four-wave mixing gain coefficient
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Fig. 1. Nearly-degenerate forward four-wave mixing in a medium
with XW nonlinearity. Ep(z, 1) is a strong pump field, Eq(z, 1)
is the probe field, and E.(z,¢) is the conjugate field.

are presented in Section 5. Finally we present a sum-
mary in Section 6.

2. Theoretical background

Here we present a simple derivation of the coupled-
wave cquations for the case of nearly-degenerate for-
ward FWM and obtain simple relations between the
four-wave mixing gain coefficient and n'® and a.
Fig. I shows the geometry under consideration, where
a strong pump field E,(z, 1) with frequency w, inter-
acts with a weak probe signal (PSig) feld Ei(z,¢)
with frequency wy in a y* medium of length /, gen-
erating a probe conjugate (PConj) field E.(z, 1) with
frequency we = 2wy, — @, In the nearly-degenerate
case, the frequency difference between the PSig and
pump fields satisfies the condition |e, — wp| < 1/7,
where 7 is the characteristic response time of the
medium’s nonlinear refractive index. All four fields
are assumed to have the same linear polarization and
travel collinearly in the +z-direction as would be the
case in a waveguide. In this case, the two strong pump
fields become spatially degenerate [8,9], and in the
steady state, the total field can be written as follows:

Eoalz, ) = Sp(z ye o “pl 4 £.(2) oot

be(z)en e (N

where &,(z) and @; with j = p,s, ¢, are the complex
field amplitudes and frequencies of the pump, PSig,
and PConj beams, respectively. Inside the medium,
the complex field amplitudes of cach field at z + Al
and z are related by [10] &;(z + Al) = &;(z) e b,
where k; = (w;/c) (n'O +n@ 1) +ia?1/2, and 2!V
is the linear refractive index, n'*) is the nonlinear re-
fractive index, a‘?) is the nonlinear absorption coeffi-

cient, ¢ is the speed of light in vacuum, and /(z, 1) =
Ef (e 1) Egu(z,t) is the total intensity. The ex-
plicit expression for {(z, 1) can be obtained by using
Eg. (1), from which we can see that /(z, 1) 1s time-
varying. Using Eq. (1) and &;(z +Al) = &;(z) e “*,
the total field at z + Al can be written as

Eow(z + AL 1) =8y(z + Al) e
e (7 +AD e g (7 + Al e
=1 +iwpsl(n +nP1) /e
~aPIAL2 ) gp(z) e !
+ [ +iws(n™™ +nP 1) /e
—aPIA2 ) e (z) e
[+ iwedl(n'Y + nm[)/(:
P IAL/2 ) () e (2)

where we have assumed Al to be small in the second
line of Eq. (2) and the exponentials e¥4" were ex-
panded in terms of Al to the first order.

Substituting the explicit expression of f(z,¢) into
Eq. (2),using we = 2 - —ws, and matching terms with
the same temporal dependence in the first and second
lines of Eq. (2), leads to three separate equations,
which can be written as

8])(2 + Al) — EQ(Z) =

Y
--L)‘/l<(”a‘fp (z)

Al ¢
‘ e
n [1 ﬁ:gl1<2> f_é_.lgg(z)sp(z)@p(z) ) (3)
sz + Al —&(2) Wy
N =] ";’T'I’Im)f‘:f;(Z)
» ) ,
2 {l %’“”(2) -5 ]f;(z)Fp(<)kx(3)
Wy - (1(2]‘ . *
. {1 o o }gp(‘wp(zm(z) L@
ez 4+ Al —es(2) = f‘igmungc(z)
Al ¢
) o P .Zlf(?')u g
th?[l %.w“) ‘_mim e (2)ep(z)ec(z)
L w, al?] * '
S

In the above equations, we neglected terms that are
second-order or higher in the weak probe fields. In the
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where we have assumed Al to be small in the second
line of Eq. (2) and the exponentials e¥4" were ex-
panded in terms of Al to the first order.

Substituting the explicit expression of f(z,¢) into
Eq. (2),using we = 2 - —ws, and matching terms with
the same temporal dependence in the first and second
lines of Eq. (2), leads to three separate equations,
which can be written as
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In the above equations, we neglected terms that are
second-order or higher in the weak probe fields. In the
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limit where Al - O, from Eqgs. (3)-(5) we obtain the
following three differential equations:

Vep(2)e," (2)e,(2)
gy (2)ey" (2)ep(2) (6)

=12 XpF'P &) (2)e)," (2)e(2)

-2 X R e;(z)e/*(z)e’,(z)

+i(Xp +iXDFe D g (e (2)el (2), (7)

=12 Xg P,V g} ()" (2)e(2)

— 2 X F | FP(Z)F/*( )&l (z)
i (Xp +iX0 F? e (2)ep(2)e]" (z) . (8)

where Xg = (w/c)n®, X; = a'?7/2, and as dis-
cussed below the F) coefficients arise when we
further average over the waveguide modes. Note
that in the nearly-degenerate frequency region, o =
wp ~ Wy~ we. In addition, the linear phase term
has been transformed away via Ih(, a;:han ge of variable
gi(z2) = &i(2)expliw; n'% /], The equations ob-
Mma,d via Our simple derivation agree well with the
full-fledge theory in the literature [9]. Following a
similar procedure performed by Ho et al. [9], the ef-
fect of the waveguide mode profile variation is taken
into account by introducing mode overlapping inte-
grals F,%, %, F.9 and F..®into the nonlinear
Lcmm of the above equations. Let uy (x, y), us(x, y),
and #.(x,v) be the transverse spatial mode profiles
of th e pump and two probe beams, respectively, then:

. 2
Pk;.c.p.a(:( )
I tteeps (0, vyl (6, )it e pe (2, ) dxdy

Tu?,  (x,y)dxdy
JJ Hseps

(9)

If we assume only the lowest order guided-modes,
then we can make the following approximations:
up(x,y) = us(x, v) =l x, y) =cos(kex) cos(hyy),
giving [, ¥ = K? = £ = F® = 05625,

where k, = m/d,, k, = m/d,, and d, and d, are the
transverse dmmmmns of the waveguide. The above
equations are valid for both continuous-wave beams
and pulsed beams with square pulses. Beams with
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Fig. 2. Schematic of the balanced Mach-Zehnder interferometer,
with Signal and LO pulse at frequency wg and pump pulse at
frequency wp.
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non-square pulses can be treated by dividing each
pulse into many small sections and approximating
each section with a square pulse.

From Egs. (6)~(8), it is evident that the pump
field experiences nonlinear absorption proportional to
X; and nonlinear phase shift proportional to Xg. The
weak PSig and PConj fields experience nonlinear ab-
sorption proportional to 2Xg and nonlinear phase shift
proportional to 2X;, which are twice the value expe-
rienced by the strong pump field. This factor of two
difference exists between the probe and pump fields
even in the degenerate frequency limit and is a well-
known fact in nonlinear optics [9].

From Eq. (7), we see that & (z) is coupled to
£ (z) by the four-wave mixing process via coeffi-
cient X = (Xp -+ i X7}, which will be referred to as
the FWM gain coefficient. Due to this coupling, a
PSig beam injected into the nonlinear medium at fre-
quency wy — Aw will generate a PConj field at fre-
quency wp + Aw. In the (:a% 0( a short medium of
length Az, such that Az < 1, the solution of
Eq. (7) is simply |g]/&] 2Az. In this
case, the value of |X| can be casiiy obtained by mea-
suring the relative magnitudes of the PSig and PConj
fields at the waveguide output.

"
bp

3. Simultaneous measurement of n¥ and a® in
waveguides

3.1. Basic scheme

In this section we give an overview of the basic
ideas behind the measurement scheme and discuss the
detection techniques required to measure the parallel
and perpendicular components of n'? and a'?. The
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Fig. 3. Mustration of interference between Signal and LO as
displayed by an oscilloscope for the cases when: (a} the pump is
on (long dash) and off (tiny dash}, and (b) the pump is chopped
at a rate faster than the PZT ramping.

details of the actual experimental set up for measuring
7 and o'? in AlGaAs semiconductor waveguides
is given in the next section. The measurement scheme
is based on a balanced Mach-Zehnder interferometer
shown in Fig. 2, where the nonlinear waveguide is lo-
cated in one arm of the interferometer. An input beam
of frequency wy is split at the beam splitter BS1 into
two beams, a signal beam and a local oscillator (LO)
beam. In the absence of the pump beam, the signal
beam traverses the arm containing the waveguide and
recombines with the LO beam at beam splitter BS2
where the signal and LO beams interfere. The inter-
ference signal has a sinusotdal time variation due (o
the linear phase change imposed on the LO beam via
a piczo-electric transducer (PZT). If the phase of the
LO beam has the form: ¢ = wpt, where wyy, de-
pends on the PZT ramping rate, then the interference
signal will have the form cos(wppt). We will refer to
this low frequency interference signal as the DC in-
terference signal. When a strong pump beam at fre-
quency wy, is turned on and co-propagates with the
signal beam inside the nonlinear waveguide, the sig-
nal beam experiences both nonlinear phase change and

nonlinear absorption {with respect to the case when
the strong pump beam is off) due to the presence of
the pump. As a consequence, the interference signal
out of the interferometer shifts in time and its ampli-
tude is lower, as illustrated in Fig. 3a. As the strong
pump beam is turned on and off (using a mechanical
chopper for example) at a rate faster than the ramping
of the PZT, the interference signal out of the interfer-
ometer alternates between the pump on and pump off
curves, as illustrated in Fig. 3b (solid curve). In ac-
tual measurements, only the alternating interference
signal indicated by the solid line in Fig. 3b is de-
tected. By fitting two sinusoidal curves to this sig-
nal, for the cases when the pump is on and off, si-
multaneous measurement of the nonlinear refractive
index n‘?) and the absorption coefficient a'? experi-
enced by the signal beam can be made. The amplitude
change and phase shift between these two curves are
then used to determine the values of @*) and n‘®, re-
spectively, The nonlinear refractive index is given by
0 = A /(27 F P L), where A is the free space
wavelength, ¢y is the measured nonlinear phase shift,
I is the effective peak pump intensity at the center
of the transverse waveguide mode profile (it is sim-
ply the pump’s peak intensity in the waveguide for the
case of square pulse), and L is the length of the wave-
guide. The nonlinear absorption coefficient is given by
@'? = 2In(Agre/Aon) / (FP e L), where Aoy and
Aopr are the amplitudes of the fitted sinusoidal sig-
nals when the pump is on and ofi, respectively [ See
Appendix A for a detailed derivation].

Using this scheme both the parallel and perpendic-
ular components of n?) and a'®) can be measured.
The paratle! components nﬁ% and ai(lﬁ are measured
when the pump and signal beams entering the wave-
guide have the same polarization, while the perpen-
dicular components nf’ " and a(f ) are measured when
the pump and signal beams have orthogonal polariza-
tions. Different detection techniques are necessary (o
measure the parallel and perpendicular components of
7 and @?. The reason for this is the need to de-
tect the DC interference between the signal and LO
beams separately from the strong pump intensity. In
the case when the pump and signal beams have orthog-
onal polarizations, the pump beam intensity can be
casily separated from the signal and L.O beams before
detection with a polarization beam splitter. Measure-
ment of n(f) and ()(f) are then obtained by detecting
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the DC interference between the signal and 1O beams
with an oscilloscope. In this case the pump and signal
beams can have the same optical frequency. The mea-
surement of nﬁz) and a‘m, on the other hand, is more
complicated because in this case the pump and signal
beams have the same polarization and the two beams
cannot be spatially separated before detection ! . One
way ta circumvent this problem is to frequency shift
the pump beam, amplitude modulated the PSig beam,
and select the beat signal between PSig and LLO in the
radio frequency domain using a RF spectrum analyser
[6]. Since the RF spectrum analyzer displays the mag-
nitude of signals, the intensity interference between
the signal and LO beams would now have the form
| cos(wpnt )] instead of cos(wpnt). In the next section
we describe in detail the experimental set up for mea-
suring nf” and af) and also discuss the necessary

changes in the set up for measuring ”;(|2> and &T‘Z)q

3.2, Experimental setup

Fig. 4 shows a schematic of the experimental set up
used for measuring /112> and ayf) in waveguides. The
output of a mode-locked laser is split into two orthog-
onally polarized pump and PSig beams at the polariza-
tion beam splitter PBS1, with the pump power about
ten times higher than the PSig power (the amount of
power split can be adjusted by the half-wave plate
HWP1). Part of the PSig beam is split at the polariza-
tion beam splitter PBS2 and becomes the local oscil-
lator (1.O) beam. The orthogonally polarized pump
and PSig beams are then spatially recombined (i.e.
spatially overlapped but still orthogonally polarized)
at the polarization beam splitter PBS3 and are subse-
quently coupled into the waveguide. After propagating
through the waveguide, the pump and signal beams are
recollimated and send through the polarization beam-
splitter PBS4. At PBS4 the pump beam is spatially
separated from the signal beam, while the signal beam
and the LO beam are spatially recombined. Interfer-
ence between the 1O and the PSig beams is accom-
plished by passing the beams through the half-wave

U Such sitwation does not occur in the homodyne detection where
the LO is stronger than the pump and PSig. This is because the
strong LO ensures that only the RF beating with the weak signal
beam will be picked up (the pump is freguency shifted and has
different beat frequency).

Mode-locked S
Laser |
HWP1
pump
—jlw-«mmw@m PBS1
v signal -4
e
chopper * f HWP2
D¢ LO
pmp PRS2 3
PBS3 signal
pa i
o it
signal NN
AP L . .
Nonlinear -
waveguide e
LG N
pump B oy S ¢ AT
HV A;';pﬂ
100 He
Triangle

Oscilloscope | I

Fig. 4. Schematic of the experimental setup to measure n'? and
«'?) for the case when the pump and Signal beams have the same
polarization.

plate HWP3 and the polarizer P. As pointed before, the
combination of PBS4, HWP3, and P is equivalent to
the beam splitter BS2 in Fig. 2. The phase of the LO
bearn is linearly varied at 100 Hz via a PZT and the
resulting interference between the LO and PSig beams
is detected by the photodiode PD and an oscilloscope.
As the pump beam is chopped at a rate (~ | kHz)
that is faster than the LO phase ramping (100 Hz)
the resulting interference signal between the PSig and
LO beams alternates between the pump on and pump
off states. Two sinusoidal curves are then fitted to the
resulting interference trace, one for the pump on case
and the other for the pump off case. As mentioned
in the previous subsection, the amplitude change and
phase difference between these two sinusoidal curves
are proportional to cxff) and nf), respectively. Thus,
we see that by using this technique both nf) and aff)
can be determined simultaneously.

As already discussed in the previous subsection, the
measurement of ”[m and &‘(’2) requires some modifi-
cation in the experimental setup in order to frequency
shif the pump beam (in the MHz range or higher)
and to amplitude modulate the signal beam. The fre-
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quency shift of the pump beam is accomplished by in-
serting an acousto-optic madulator on the pump beam
path, between PBS1 and PBS3, while the amplitude
modulation of the signal beam is obtained by insert-
ing a acousto-optical modulator in the signal beam
path, between PBS2 and PBS3. The orthogonally po-
larized pump and signal beams are then spatially re-
combined at PBS3. The polarizations of the pump and
PSig beams are then rotated by 45 degree using a
half-wave plate and then the beams are send through
a polarizer. After the polarizer, the combined pump
and PSig beams have the same polarization, and are
subsequently coupled into the waveguide. After going
through the waveguide, the pump and PSig beams are
send through PBS4, where they are spatially recom-
bined with the orthogonally polarized LO beam. In-
terference between the PSig and LO beams is accom-
plished by passing the beams through the half-wave
plate HWP3 and the polarizer P, and it is detected by
a photodiode and a spectrum analyser. We note that
in this case the pump beam will also interfere with
the LLO beam. However, since the optical frequency of
the punp beam has been shifted in the MHz range,
the resulting beat signal between the pump and LO
beams will also occur in the MHz range. By using a
RF spectrum analyser the resulting interference signal
between PSig and LO beams is then detected sepa-
rately from the pump beam [6]. The signal of nter-
est is the DC interference between the LO and PSig
beams, which has two components: a slow sinusoidal
component (~100 Hz) due to the amplitude inter-
ferenc. between the PSig and 1O beams, and a fast
(~200 kHz) amplitude modulated component result-
ing fram the amplitude modulation on the PSig beam.
The spectrum analyzer is tuned to detect the kHz am-
plitude modulation component and displays the slow
{(~100 Hz) periodic interference between the PSig
and L.O beams. In this measurement, the pump beam
is also chopped at a rate that is faster than the LO
phase ramping, and tweo curves can be fitted to the data
describing the cases when the pump is on and off. We
recall that in this case the curves have the form | cos |.
The values of n‘(i?') and aﬂm can then be obtained by
using the same procedure as described for the perpen-
dicular components.

; ‘/Kpump on |
\Ej ’ R - ..
* AN
§ | ™ pump off |
ck B AR U
: AT J\
E AR AN R J \ /
FER /“‘ | ( \ / ‘ S |
@ /“‘\/ . \\\‘ \) N ‘l)’ f g '\ J[
2 éump on pump off AR
e o " "

LO phase
Fig. 5. Nonlinear phase shift and nonlinear absorption data obtained
an AlGaAs waveguide using this technigue. The data is fitted with
two sine envelopes for the cases where the pump is on (solid)
and off (dashed). Measurement is made at an RF frequency of
200k Hz.

3.3. Results

We now present the results of our measurements
of n:(f) and aiw for a 1 cm long AlGaAs rib wave-
guide. An additive pulse mode-locked (APM) color-
center laser (NaCl:OH) producing 430 fs pulses at
82 MHz repetition rate and with center wavelength
at A ~ 1.6 um, was used in these experiments. The
AlGaAs epitaxial layers were grown by molecular
beam epitaxy (MBE) and consisted of a 5 um thick
Alg13Gag 77As guiding region on top of a 2.5 pm thick
Al s0Gag 40As lower cladding layer grown on a semi-
insulating GaAs substrate. The waveguides were pat-
terned via photolithography and chemically etched us-
ing HyPO4Hy0p:H,O (1:1:35 volume ratios). The
height and width of the rib were 2 um and 4 gm, re-
spectively. The calculated fundamental mode cross-
sectional area for this rib waveguide was 4.4 um by
2.6 um. Coupling of the laser pulses into and out of
the waveguide was done by the end-firing coupling
method and in order to minimize losses, both the front
and back facets of the waveguide were antireflection
coated.

Fig. 5 shows the interference data as displayed on
an oscilloscope for the AlGaAs rib waveguide when
the pump and signal have orthogonal polarizations.
The solid curve corresponds to the intensity interfer-
ence between PSig and LO beams and the two dashed
curves are fitted sinusoidals representing the cases
when the pump is on and off. The displacement be-
tween the two sinusoidal curves gives the nonlinear
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Fig. 6. The upper trace shows the interferometer output signal as
function of time, while the lower trace indicates the PZT voltaga
as function of time. The arrows indicate the direction in which the
interference signal shifts d%( v)hg pump is turned on for the cases

of positive and negatiave s
phase shift experienced by the signal due to the pump,
and in this case it is approximately ¢y = .67, We
also measure an 8% decrease in the amplitude of the
sinusoidal curve for the pump on case, as compared
to that of the pump off case. Using the relations de-
scribed in Section 3 and estimating the pump power
inside the waveguide to be 22 mW, we calculate a
nonlinear refractive index nf) =21407x10"1
cm?/W and a nonlinear absorption coefticient a?) 5
0.06 £ 0.02 cm/GW. In general, for isotropic materi-
als like AlGaAs the effect of cross-phase modulation
(XPMY is 2/3 as strong as that of self-phase modula-
tion (SPM) [ 11 ‘Usinf riw fact dmd comparing the
values obtained here for ' L and o' 1 2 with previomly
rcportcd values {11,127 of nH =32x 107 *em?/W

and afH = (L.08 cm/GW, respectively, we find that
our results are in good agreement with them. As can
be seen from Fig. 6, the limit of detection for the in-
duced phase shift is approximatety A/20. The accu-
racy of the data-fitting is approximately 10%. How-
ever, due 1o errors in the estimation of the pump power
and mode area in the waveguide, we estimate that the
overall accuracy in determining the nonlinear refrac-
tive index and absorption coefficient is probably not
better than 35%.

One useful feature of this experimental technigue is
that it could be used for the determination of both the
slow thermal component and the fasi ulcummu com-
ponent of n?’. The thermal Lompomm nlhm will be
ohserved in the measurement of #'%) if the thermal re-
sponse time Ty of the waveguide material is faster
than the turn on time of the pump (i.e. the chopping

rate of the pump beam is slower than | frmmi) . Since

the electronic component ”m? is pr ﬂport‘imal to peak
(2)

power and the thermal component n,., is proportional
to the average power, it is possible to separate the

effect of each other by reducing the pump’s average
power while keeping the pump peak power constant.
By plotting the value of n'?) as a function of the aver-
age pump power (peak pump power is kept constant},
the value of niiz could then be obtained from this plot
in the Limit where the average pump power goes to
zero. In our experiment we measured the thermal re-
sponse time of the AlGaAs waveguide and found that
at A ~ 1.6 um, for 430 fs pulses at 82 MHz rate, 7y
is about 2 seconds. For materials with long thermal
response time like AIGJ/\‘S it is possible to measure
the electronic component ”mc by mnppmg the pump
beam at a rate faster than the material’s thermal re-
sponse time. The value obtained for n< ) actually cor-

responds to the electronic component tof nL) The sign

of nébei was determined by observing the direction of

displacement of the DC interference signal when the
pump was turned on, while at the same time observing
the direction of the PZT expansion. Fig. 6 illustrates
two traces: one is the interferometer output signal as
function of time and the other is the PZT voltage as
function of time. Here, the arrows indicate the direc-
tion in which the interference signal shifts as the pump
is turned on for the cases of positive and negative nfiz
Using this method, we determined that for AlGaAs
nf,l is positive. This is consistent with recent theoreti-

cal and experimental studies of semiconductor optical
nonlincarities below the band gap energy [13].

4. Nonlinear absorption measurement

In this section we describe a simpler way to measure
the nonlinear absorption coefficient using the same
experimental set up as shown in Fig. 4. In this case
the nonlinear absorption coefficient is measured by
first blocking the LO beam and detecting only the
PSig using a detector and oscilloscope. In the absence
of the pump beam, the oscilloscope displays the DC
level of the PSig beam (i.c., a straight line). When
the pump is on, this DC level is reduced due o two-
photon absorption of the PSig beam induced by the
pump beam. As the pump beam is chopped at kHz
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Fig. 7. Trace of the direct measurement of nonlinear absorption for

the case when the pump and PSig have orthogonal polarizations.

rate, a periodic trace is obtained showing the PSig
beam DC level for the cases when the pump is on and
off. Using this technique, we measured aff) of the
same AlGaAs semiconductor waveguide described in
Subection 3.3. Fig. 7 shows the periodic trace result-
ing from two-photon absorption of the PSig beam. In
this case, the nonlinear absorption coeflicient is given
by @ = ~In[ 1~ (Bore—Box) /Bore | / (FP L),
where Bon and Bopp are the measured DC level of
PSig for the cases of pump on and off, respectively.
Estimating the average pump power inside the wave-
guide to be ~42 mW, we calculate a nonlinear absorp-
tion coefficient mf) = (L0658 4+ 0.02 cm/GW, which is
in good agreement with the value obtained in Subec-
tion 3.3.

5. Four-wave mixing measurement
5.1, Experimental setup

As presented in Section 2, in a forward four-wave
mixing (FWM) process a strong pump beam with fre-
quency @, interacts with a weak probe signal beam
at frequency wg in a ¥ medium, generating a con-
jugate beam at frequency @ = 2w, ~ ws. Although
four-wave mixing measurements in waveguides have
been reported in the literature, here we take advantage
of our experimental set up used for n? and a'? mea-
surements to also perform FWM measurements. This
is quite convenient since, as shown in Section 2, in
the nearly-degenerate frequency region the four-wave
mixing (FWM) gain coefficient X is related to nt?
and a'? by simple expressions. We can therefore use
the results of FWM gain coefficient measurement to
confirm the value of n?’ or @'®. As already pointed
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Fig. 8. Schematic of the experimental setup to perform four-wave
mixing measurement.

in Section 2, the value of X can be determined from
the magnitude of the conjugate and signal beams.
Fig. § shows the experimental set up for FWM
gain coefficient measurement. In describing this ex-
periment we use the nomenclature established in Sec-
tion 3 for pump, PSig and LO beams. The pump,
PSig and LO beams are obtained from the laser out-
put beam in the same way as described in Subsec-
tion 3.2. However, in this experiment, the frequency
of the PSig beam is shifted with respect to the fre-
quency of the pump beam, so that the generated co-

jugate beam, PConj, will have a different optical fre-

quency than that of the pump and PSig beams. This
frequency shift is accomplished by passing the PSig
beam through the acousto-optic modulator AOL. The
orthogonally polarized pump and PSig beams are spa-
tially recombined at the beamsplitter PBS3. After that
the polarizations of the pump and PSig beams are ro-
tated by 45 degrees using a half-wave plate and then
the beams are send through a polarizer P. The orienta-
tion of the polarizer is chosen so that when the pump
and PSig beams are coupled into the waveguide they
excite only the TM mode. The pump and PSig beams
interact inside the y*’ nonlinear waveguide, via the
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Fig. 9. (a) Optical frequency spectrum of the various beams n-
volved in the four-wave mixing experiment, indicating the fre-
quency shift of the LO, PSIG, and PConj signals with respect to
the pump beam; (b) the expected RF beat spectrum in the FWM
experiment, with the beating components indicated above each
AITOW.

FWM process to generate a conjugate beam PConj.
At the output of the waveguide, the pump, PSig, and
PConj beams are recollimated and sent to the polar-
ization beam splitter PBS4, where they are combined
with the frequency shifted LO beam. Using a com-
bination of a half-wave plate and polarizer P2, the
pump, PSig, and PConj beams, respectively, interfere
with the LO beam, generating three different RF beat
signals that are detected using a photodiode and a RF
spectrum analyzer (heterodyne detection of the pump,
Psig, and PConj beams). We note that the frequency
shift of the LO beam should be different than that of
the PSig beam so that distinct RF beat signals are ob-
tained. In addition, the amount of frequency shift is
chosen so that the RF beat signals occur away from
the harmonics of the mode-locked laser frequency.
Fig. 9a shows the optical frequency of the various
heams involved in this experiment. Both the PSig and
L.O beams were frequency shifted with respect to the
pump beam. PSig, at frequency wg, was up-shifted by
27 MHz, and the LO beam, at @0, was down-shifted
by 50 MHz. Through the four-wave mixing process,
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Fig. 10. RF beat signal spectrum resulting from the four-wave
mixing experiment in AlGaAs waveguide using 430 fs pulses at
A= 1.6 um.

the conjugate beam PConj, at w., was generated atl
27 MHz. As indicated in the diagram a second LO
signal at | , arises from the pulse repetition rate of
the mode-locked laser and differs in frequency from
the LO at w o by 82 MHz.

Fig. 9b shows the expected beat signals in the RF
domain with the beating components indicated above
each arrow. Basically, it shows that the 5 MHz signal
corresponds to the beating between PSig at wg and
LO at w|q, the 23 MHz signal corresponds to the
beating between PConj at w¢ and LO at w0, and the
32 MHz signal corresponds to the beating between
the pump and the second LO signal (dashed). The
27 MHz signal represents two beating signals: one
between the pump and the PSig and the other between
the pump and PConj. In the next Subsection we present
the experimental resulis.

5.2, Results

Using the experimental set up described in the pre-
vious Subsection, we measured the FWM gain coeffi-
cient | X| of the AlGaAs rib waveguide. Fig. 10 shows
RF the spectrum resulting from the FWM measure-
ment for the case when the pump and PSig beams
have the same polarization. The conditions for the
pulse width, pulse center wavelength, and repetition
rate were identical to those used for the n® and '?
measurement. As can be seen from Fig. 10, the magni-
tude of the PConj signal at 23 MHz is about 1/4 of the
magnitude of the PSig signal at 5 MHz. As mentioned
before, the FWM gain coefficient can be obtained by
reading the relative magnitudes of the PSig and PConj
fields from the RF spectrum analyzer. Using the esti-
mated values of pump power =2.4 mW, and the mode
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area of 4.5 um by 2.7 pm, we calculate the four-
wave mixing gain coefticient to be
em/W. Since | X| is directly related to n'2) and /@, it
can be used to calculate independently either niﬁ or
a'?) Using the value obtained for |X| from the FWM
measurerment and @® = 0.08 cm/GW, we obtain a
value of 102 ~ 2,17 x 10~ ecm? /W, which is close to
the value obtained earlier using the simultaneous mea-
surement (note that in that case the pump and probe
had orthogonal polarizations). We also measured the
FWM gain coefficient for the case when the pump and
Psig have orthogonal polarizations. In this case, how-
ever, the gain coefficient was very small, approaching
Ze10.

6. Summary

In this paper we described a technique that allows
simultaneous measurement of n?) and @'* in waveg-
uides. Using this technique both the paralle]l and per-
pendicular components of n(?) and a'? can be mea-
sured. With some modifications in this experimental
set up the FWM gain coefficient can also be measured.
We presented results for the measurement of the per-
pendicular component of 12 and o*?, and FWM gain
coeflicient in AlGaAs semiconductor waveguide. Our
results for #® and «'® are in reasonable agreement
with the values published in the literature. The FWM
gain coefficient measurement is used as an indepen-
dent way to confirm the value obtained for either nt?

or a7,
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Appendix A. Derivation of o' relation

The expression given in Subsection 3.1 for calcu-
lating @‘?' is derived here. Although this expression is
valid for calculating both 0;12)‘ and az‘(l”, the derivation
is slightly different for each case due to the different
detection techniques employed. First we present the

derivation for the case of afﬁ Let the optical pow-
ers of LO and PSig beams at the detector be P g and
Py = Py, respectively. When the pump beam is on, Py =
Pyexp[ — af) F*) Ig L], where the exponential term
is due to two-photon absorption of the PSig beam due
to the presence of the orthogonally polarized pump
beam. Using the fact that the detector current is given
tector current will have an interference term given by
Finer = 27/ Prsig V' PLo cos(@pnl). (A1)

This term represents the sinusoidal interference be-
tween the PSig and LO beams (due to PZT ramping).
Let the amplitude of this term be Aon and Aogr for the
cases when the pump beam is on and off, respectively.
It is easy to show that Aon and Aopr are given by

Aon = 2V BV Proexpl —a' P F® IgL /2], (A2)

Aor = 2v/Por/Pro. (A3)

Taking the ratio of Agn and Aopr and solving for af’J

we obtain:

a'P = 21n(Aore/Aon) [ (FP e L) (A4)

We now present the derivation for ol In this

case, P, = Py + Pysin{wwt), where Py < F
is the modulation depth and @y is the angu-
lar frequency of the kHz amplitude modulation.
When the pump beam is on, Py is given by P =
[Py + Pysin(wwt)] exple® F® Iy L]. The in-
teference term given by Eq. (A.1) has a component
oscillating at the kHz frequency, which is then eas-
ity selected by the RF spectrum analyzer tuned to
detect the amplitude modulation frequency. The RE
spectrum analyzer displays the amplitude of this kHz
signal given by

Det

JR0kHz _ p \/P;(;ﬂ% cxp[”f) 1:}52) LL/2)
(AS)

X

cos(wpnt)

1

where again the exponential term is included only if
the pump beam is on. Again let the amplitude of the
sinusoidal signal be Aon and Aope when the pump
beam is on and off, respectively. In this case Agn and
Aogpr are given by

x expl—a|? ¥ L /21, (A.6)
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Aore = P/ ProT By (A7)

e . B N . . yi
Faking the ratio of Agn and Aopp and solving for a;‘“‘)

we obtain

Oﬂhm = 21In(Aorr/Aon) [ (F P L) (A.8)

. . A . 2 2
Comparing the equations for ai) and 0/“[ ), we see

that the equations have the same form.
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