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Dynamical evolution of multiple four-wave-mixing processes in an optical fiber
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We present unique results of detailed experimental and theoretical investigations of the dynamical evolution
of four-wave-mixing spectra in an optical fiber. The experimental measurements probe the evolution of side-
bands generated through four-wave mixing as they copropagate with the pumps along the fiber. We find that
standard theoretical models are inadequate to predict the experimental results and that it is necessary to modify
the approach to modeling the dynamics in two ways. The first modification is to include a pump laser input
with multiple longitudinal modes. This reflects the fact that the pump laser fields may actually have internal
structure that is not resolved by the spectrometer used and is very small compared to the spacing of the central
frequencies of the pump fields. Yet the evolution of the fields is dramatically altered for the sidebands
generated by nonlinear processes in the fiber medium. The second is the inclusion of phase noise added along
the propagation length; this causes damping of the sideband oscillations. These two modifications lead to
excellent agreement of the measurements with numerical predictions of the sideband evolution.
[S1063-651%98)05104-9
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[. INTRODUCTION crease the information capacity of communications systems,
engineers have turned to wavelength division multiplexed
The study of wave propagation in a nonlinear dispersivgWDM) systems in which each communication channel is
medium, such as an optical fiber, is of interest in many areasepresented by a unique wavelength. The dominant nonlinear
of science and engineering. The past few decades have seprocess that limits the information capacity of a WDM sys-
enormous growth in the use of optical fibers in communicatem is four-wave mixing. The parameters that set this limit
tions systems. With this growth, engineers and researchesye the power coupled in the fiber and the frequency spacing
have been challenged with a wide range of physical phenonbetween adjacent channels.
ena associated with high-intensity light waves propagating in Nonlinear fiber optics is not only relevant to telecommu-
optical fibers. Specifically, some of the interesting characternications; it is also of great interest in mathematics and phys-
istics of silica glass, of which fibers are made, are low lossjcs. The equation that governs wave propagation in a single-
dispersion, and especially nonlinearity. Since optical fibergnode optical fiber is a nonlinear second-order partial
have a relatively small cross section, a comparatively smalifferential equation(the nonlinear Schdinger equation
amount of power is required to generate high intensities; thughis particular equation has been studied extensively for its
many nonlinear optical processes are easily observed in tifeathematical properties; for example, its analytic solutions
medium[1]. give rise to the possibility of soliton propagatioh2]. The
Some of the earliest work in nonlinear fiber optics con-nonlinear dynamics accessible in optical fibers is rich and
sisted of both experimental and theoretical investigations ofaried and makes an excellent experimental system for the
such effects as stimulated Brillouin and Raman scatteringtudy of many nonlinear phenomena.
[2]. This work stimulated the expansion of research to other In this paper the nonlinear dynamics of four-wave-mixing
nonlinear phenomena, such as four-wave mixiyy opti-  processes resulting from two waves copropagating in an op-
cally induced birefringencé4], self-phase modulatiofs],  tical fiber is investigated. Multiple waves at different fre-
and cross-phase modulati¢f]. Advances in communica- quencies copropagating in an optical fiber can interact
tions technology came when researchers realized that tHBrough the nonlinear susceptibility of the fiber medium to
nonlinearity in optical fibers could be exploited. In 1973, generate new frequencies, sidebands, through four-wave
Hasegawa and Tappert suggested that optical fibers woulixing (FWM). Two pump waves ab; and w, input to an
support soliton pulses in which the nonlinear effects balanceptical fiber can generate first-order sidebands at frequencies
the effects of dispersiofir]. Shortly thereafter, optical soli- w3=2w;—w, and ws=2w,— w;. Second-order sidebands
tons were experimentally observg8]. Technologies using are found alws=2w3;— w,; andwg=2w,— w3. The number
solitons are promising for high-bit-rate optical communica-of sidebands generated is determined by the input power and
tion systemg9]. Nonlinear fiber optics has found many usesfrequency separation between the pumps; e.g., higher-order
beyond communications systems, for example, pulse comsidebands may easily be generated by either increasing the
pression10] and sensor devicd41]. pump power or decreasing the pump detuning.
Until recently, communications systems using optical fi- We present detailed studies of the dynamical evolution of
bers supported one communication channel per fiber. To insidebands, generated from two input pump wavesaand
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w,, as they propagate along an optical fiber. Previous nustandard theory using a single-mode pump input. Weak sto-
merical studies have shown that two critical parameters, thehastic phase perturbations, added to the copropagating
pump power and the frequency separati@etuning be-  waves, are also included in the modeling and found to damp
tween the pump waves, determine the dynamical evolutioithe periodic evolution of the power in the sidebands. Neither
of power in the sidebands and the number of sidebands geff2€e relatively straightforward multimode input nor the phase
erated in a particular lengfli3]. Previous theoretical studies fluctuations that were not so obvious have ever been consid-
have shown interesting and sometimes complex dynamic&ed when modeling multiple-wave propagation in an optical
evolution of the sidebands with length in the fijas,15.  fiber. Both effects are found to be critical to understanding
Section Il reviews the nonlinear dynamical equations used tg"d Predicting the dynamics of the experimentally observed

study the evolution of FWM processes in the optical ﬁber.sideband evolution. This research has probed a very specific

There were two sets of equations used throughout this rL;_egime of a complex nonlinear system. The experimental re-

search to model the system; the nonlinear Stimger equa- search pointed to several inadequacies of the standard theo-
tion (NLSE) [1] and a set O’f coupled amplitude equationsretical models to predict the experimental results. Section VI

derived from the NLSH13]. Numerical simulations based summarizes the conclusions of this research.

on these models that show the sensitivity of the sideband

dynamics on the input pump power and frequency detuning Il. THEORETICAL CONSIDERATIONS

are presented. These simulations motivated the initial choice Propagation of optical pulses in single-mode optical fibers

of parameter regimes to i_nvestigate in this research. is described by the well-known nonlinear Satlirger equa-
A unique set of experimental measurements of multipletion [1]

FWM processes along an optical fiber were performed for
this research. The experimental apparatus used to conduct U B s2u
the measurements is presented in Sec. lll. The key elements —+t = =
of the system were two tunable dye lasers that were pumped 9Z T d7

by a frequency-doubled Nd:YAGneodymium-doped yit- o o\ i the complex electric field envelope normalized to

trium aluminum garnetlaser, polarization maintaining opti- . elP- .
cal fiber supplied by AT&T Bell Laboratories, a spectrom- f[he absc_JIute ar_npll_tude of the f'  Poisthe total_power
the fiber, 7 is time normalized to the pulse width and

eter, and a high-resolution, low-noise charge coupled devick! . X .
(CCD) camera supplied by Georgia Tech Research Institut@mﬂa‘sured In a reference frame moving with the group veloc-
(GTRI). The GTRI CCD camera was a critical instrument in ity of (tzr)]? pulse[ 7= (t_Z/U_g)/T_O]’ TO. s the puls_e width,
the experiments. Standard CCD cameras would have bed{!d8 " is the group velocity dispersion and is given by the
inadequate to detect very weak sidebands, the regime mosgcond-order derivative o, the axial wave vector, with

of the experiments probed. The experimental results pré€SPect to the angular frequenay,e. The nonlinearity co-
sented here are unique in two ways: First, the GTRI ccoEfficient y is given by the relationship

camera allowed for detection of wedless than 1% of the 1

pump waves sidebands and second, these are the only de- _ “avdl2 )

=iyPy|U|?U, (1)

tailed measurements tracing the dynamical evolution of the Y CAett
sidebands along a fiber in existence at this time.

Section IV presents the experimental investigation of thevhereAgq is the effective core area of the fiber determined
dynamical evolution of multiple FWM processes in an opti- by the size of the fundamental mode; is the Kerr coeffi-
cal fiber. Measurements tracing the power in the sidebandgient for the intensity-dependent refractive index, angkis
along a length of 50 m of fiber are presented. These medhe average angular frequency of the wave enveldpe
surements were done at two input pump powers, which yield In order to obtain the nonlinear Sclliager equation(l),
different sideband dynamics. The power in the sidebandseveral assumptions are made. One assumption is an instan-
was observed to evolve periodically with fiber length. How-taneous nonlinear response of the medium. This is valid for
ever, the periodic evolution appears to damp to a constartulses longer than 100 fs since the third-order susceptibility
value of power for each sideband. Furthermore, each of thef the mediumy®) has electronic contributions on the 1-10
sidebands evolves along the fiber with different dynamicsfs time scalg/1]. The experimental research used relatively
Other studies in which the pump power was varied for along pulses~5 ns. The slowly varying envelope approxima-
fixed length of fiber are presented as well. The initial growthtion is also used where the second-order derivative of the
of the sidebands in the fir& m of fiber was found to be field with respect to the length is neglected. This assumes
fairly well predicted by the standard theoretical models.that the change in slope of the field envelope over a distance
However, for longer lengths, the inadequacy of the models t@f one wavelength is small compared to the slope of the field
predict the experimental observations is apparent. envelope itself. The optical field is assumed to maintain its

Section V discusses the interpretations of the experimenpolarization along the fiber and thus the scalar form of the
tal results. To understand the measurements, the theoretiddlL.SE (1). This is justified for the experiments presented
models are modified by including two effects previously nothere since linearly polarized light from the lasers was propa-
considered; a pump input with multiple longitudinal modesgated with the polarization aligned along one of the principal
and phase fluctuations added to the waves as they propagaiees of a polarization preserving fibéec. Il). The axial
along the fiber length. The impact of a multimode input iswave vector3(w) is approximated by a Taylor-series expan-
examined and found to dramatically alter the dynamical evosion. For wavelengths near the zero dispersion regime (
lution of the individual sidebands when compared to the~1.3 um), whereB® approaches zero, higher-order terms
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from the Taylor series need to be included. The experimenta degeneracy factor that is unity whé&m and 2 when

in this research were performed in the visible regime ( k#m. The nonlinearity coefficienty is given in Eq. (2).
~633nm), thus only terms up t8(® were retained. The Comparing the coupled amplitude equatiof® with the
linear fiber loss is also assumed to be negligible. This ifNLSE (1), the contributions to the evolution of the field)
justified for the wavelength regime and fiber lengtis ( are now separated into three sets of terms. On the right-hand
<50 m) investigated since the loss is approximately 6side of Eq.(3), from right to left, the contributions are due to
dB/km atA~633 nm, which amounts to less than 1% lossself-phase modulation, cross-phase modulation, and FWM.
over 50 m. The linear mismatchea By, are simplified using the

There are two wavelength regimes of interest in opticalapproximation that the material part of the index difference
fibers, the anomalous dispersion*\,) and the normal dis- dominates the mismatch and the waveguiding contribution
persion { <\y) regimes, where the zero dispersion wave-can be neglected. This approximation is justified for the fre-
length\y can range from 1.3 to 1.58m. The experiments quency separations in these experiments since thember
presented here were performed in the normal dispersion reharacterizing the single transverse mode changes by less
gime. However, the integrability of the NLSE gives rise to than 1% over the entire range of frequencies considered. By
interesting solutions in the form of solitons in both regimes.using the frequency relationships between the peaks and ex-
Soliton propagation occurs when the fiber nonlinearity balfpanding the propagation constagtsin a Taylor series about
ances the effect of dispersion and the pulse propagates withhe average frequenay,, all the mismatches are found to
out dispersive broadening. In the anomalous dispersion rese integer multiples of the quantityx=Q28(), where( is
gime (B?<0) the fundamental soliton solution of the the frequency difference, or detuning, between the two pump
NLSE is in the form of hyperbolic secant pulsgls12). In  waves and3?) is the group velocity dispersiofi8]. These
the normal dispersion regimeB{?’>0) the fundamental amplitude equations can be solved numerically and the
soliton solution is in the form of a hyperbolic tangent, giving power in each frequency component obtained as a function
rise to dark solitons or dips in a continuous-wave back-of distance along the fiber.
ground[1,16]. In the context of the experiments presented, in  Choosing the scaled powers of the waves to &g
the normal dispersion regime with finite width pulses, a car-=|U,,|?, in Ref. [18] it was shown that Eq(3) displays
rier pulse of finite width may support relatively stable propa-power conservation, as is expected. It was also shown that
gation of dark pulses for short distandd$]. These are not another conserved quantity
“proper” dark solitons however; the distance of stable
propagation decreases with decreasing carrier width. C(2)=[p1(2) = p2(2)]+3[p3(2) = pa(2) ]+ 5[ p5(2)

The split step Fourier methoBSFM), a pseudospectral —pe(2)] @)
technique, was used in this reseafdy]. Specifically, a Pe
symmetrized form of the SSFM was usgt] and the fast s obtained for the multiple four-wave-mixing processes that
Fourier transform(FFT) routines were obtained from the occur within the fiber. It was shown i8] that the conser-
IMSL mathematical libraries. An advantage of using theyation of power and Eq(4) are the only two conservation
NLSE in the four-wave-mixing problem is that integration is relations that involve linear combinations of the powers in
reduced to using the FFT. Modeling four-wave-mixing pro-the different frequency components. This relation holds at
cesses, for example, with a dual frequency input, the totagny distancez of propagation in the nonlinear medium and
complex field is represented Iy, the field envelope, and all connects the asymmetries of the pump waves and sidebands.
frequency components are propagated using the singlg more generalized form of Eq4) has been derived from
NLSE. However, care must be taken under conditions wherghe NLSE and is presented in RéL9]. Equation(4) has
many orders of sidebands are generated. As the number gken verified experimentally for relatively short fiber lengths
sidebands increases, the size of the FFT must necessarily Bgless than 2 misee Ref[19]). The conservation of asym-
increased. metry[Eq. (4)] was used in all of the experimental measure-

For long pulses or continuous-wave input, assumingments as a sensitive test for other competing processes not
monochromatic waves, the coupled amplitude equations fohcluded in the models, for example, stimulated Raman scat-
the pump waves and sidebands derived from the wave equgering.
tion [13] are written below, normalizing all of the complex  The initial parameter regime chosen for the experiments
field amplitudes to the absolute value of the total amplitudecame from numerical simulations of the equations presented
of the pumps with average frequeney,e (Which has total  above. The dynamics of these equations for multiple waves

power Py at the input end of the fibgr copropagating in a fiber have been studied numerically for
long fiber lengthq14,20; however, experimental work has
%:i Pl U 2+23 |ud?|u, been limited to a few meterfl3,15. As the sidebands

dz 7 ! =y K J evolve along the fiber, there is an exchange of power be-

tween the pumps and sidebands, the dynamics of which are
+ > dkankUmU:eAﬁkmn]1 3) _determined by the phase misr_natch between the copropagat-
K;m,n ing waves. The two key experimental parameters for a given
optical fiber and wavelength regime that determine the dy-
wherej,k,m,n=1,2,3,4,... ank,m#n. HereX,,,denotes namics of the power exchange are the pump detuning and the
the permutations of the indicds m, andn such thatw,  total input power. This can be seen in E®), where all
+on—w,=wj, and the quantityABym,= Bkt Bm— Bn terms on the right-hand side are multiplied By and the
— B; is the axial wave-vector mismatch. The quanty,,is ~ FWM terms include oscillating terms with the argument pro-
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FIG. 1. Dynamical evolution of first-order sidebands as a func- FIG. 2. Dynamical evolution of first-order sidebands as a func-
tion of the fiber length fof) =300 GHz and input pump powers of tion of the fiber length fo€) =600 GHz and input pump powers of
(@ 2 W, (b) 6 W, and(c) 50 W. Note the different scales of each (a) 2 W, (b) 6 W, and(c) 50 W. Note the different scales of each
vertical axis. vertical axis.

portional toQ)?. The FWM strength and dynamics are very different input pump powers is plotted in Fig. 1 f@ 2 W,
sensitive to the pump detuning as well asand 8. The  (b) 6 W, and(c) 50 W. The coupled amplitude equations
values used foB? andy are same throughout this research,were truncated to six waves, including up to second-order
B@ =55 pg/km andy=0.019 W 1 m™%, and are consistent sidebands. In Fig. (8 the input power is low, generating
with the experimental regimes explored later in this paper. relatively weak first-order sidebands, and the pumps and
To investigate the dependence of the evolution of thesidebands exchange power periodically along the fiber. Us-
power in the first-order sideban@is;(z) andp.(z)] on the ing an undepleted pump approximation, E8). has an ana-
pump power and detuning, the coupled amplitude equationlytic solution, which shows that the power in the first-order
are numerically solved using a fourth-order Runge-Kutta alsidebands evolves as a sinusoid as a function of lef&f#th
gorithm[21]. A comparison between the power in the side-In Figs. 1b) and Xc), as the pump input power is increased,
bands predicted by the NLSE and the coupled amplitudéigher-order sidebands are generated and the power ex-
equations was made as a check on the numerical simulationshange between the pumps and sidebands becomes increas-
Simulations based on the NLSE with a continuous-wavengly complex. In fact, the equations when truncated to in-
(cw) input and the coupled amplitude equations were perelude just a few orders of sidebands exhibit chaotic dynamics
formed and compared. The comparisons yielded the sameg high pump powergl3]. However, the NLSE is integrable
predictions for the evolution of the power in the sidebandsand does not exhibit chaos. In the case of the coupled am-
However, a comparison of the NLSE using a Gaussian pulsplitude equations the apparent chaos is induced by truncating
input with either the continuous-wave input or the coupledthe equations to include only a few frequency components
amplitude equations showed a discrepancy between the mofit4].
els. The power generated in the first-order sideband was Doubling the pump detuning t& =600 GHz, the phase
found to be higher using the cw input than with the pulsemismatch is increased by a factor of 4. As the phase mis-
input. It was found necessary to include a scale factor in thenatch increases the efficiency of power conversion from the
cw models, whereyPy— ¢ yPy with {=0.735. The value of pumps to the sidebands decreases. The evolution of the first-
¢ was determined by comparing predictions from the NLSEorder sidebands with length in the fiber for a detuning of 600
for a Gaussian pulse input with a continuous-wave inputGHz is shown in Fig. 2 with pump input power levels (&j
Intuitively, as the pulse width approaches infinity, the cw and2 W, (b) 6 W, and(c) 50 W. Comparing the evolution with a
pulse inputs should agree. However, there is no analytic fornpump input of 2 W, by doubling the detuning the maximum
for estimating this scale factor. Independent studies have algmower in the first-order sidebands is decreased by a factor of
been performed comparing various pulse shapes, input to th [Figs. 1@ and Za)]. The period of the power exchange
NLSE with the cw input, confirming the discrepancy be- between the sidebands and pumps has also increased. In
tween the two types of input. Figs. 2b) and Zc) it takes much higher powers to generate
The sensitivity of the sideband dynamics on the pumphigher-order sidebands that impact the dynamics of the first-
power is illustrated in Fig. 1. The first-order sideband evolu-order sidebands. Thus, increasing the detuning decreases the
tion along 100 m of fiber for a detuning of 300 GHz and efficiency of the four-wave-mixing power conversion. In-
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FIG. 3. Experimental setup used to investigate four-wave mixing in an optical fiber. BS denotes beam splitter.

creasing the pump power increases the number of sidebands the light to coincide with a principal axis of the birefrin-
generated and thus the dynamics becomes more complex.gent fiber. The fiber chosen for the experiments was devel-
oped by AT&T as an experimental fiber. The fiber is single
mode at 633 nm and polarization maintaining. The AT&T
fiber achieves high birefringence by deforming a circular fi-
The entire experimental setup used to study multiple fourber preform so that it is rectangular in shape, the cladding is
wave-mixing processes along a length of optical fiber iselliptical, and the core is circuld23]. This fiber has a core
shown in Fig. 3. The laser system consists of two Littman-diameter of 4um with a birefringence of 2.2 10" *.
type tunable dye lasers, pumped by the second harmonic of a A beam-splitter cube, at the fiber output, is used to direct
Q-switched frequency-doubled Nd:YAG laser. Pulses thathalf of the light to an optical power meter to monitor the
are ~5 ns(full width at half maximum in length are gener- power in the pulses while the other half is input to a grating
ated. The outputs from the two dye lasexs{(633 nm) are spectrometer. A computer-controlled video camera is
amplified and then passed through the appropriate delays toounted on an output port of the spectrometer with a vari-
ensure temporal overlap of the pulses at the input to thable neutral density filtefVNDF) placed at the input port to
optical fiber. The telescope in the path of one laser controlsegulate the amount of light incident on the camera. Spectra
the spot size and thus the coupling efficiency, so that théor individual pulses are digitized and stored in the memory
relative power of the two lasers coupled into the fiber can bef a microcomputer and a video monitor is used to display
adjusted to the desired value. The two apertures ensumach spectrum.
nearly collinear propagation of the two beams. The light is For the experiments presented in this paper, images of the
coupled into a single-mode polarization maintaining opticalfiber output spectra were captured using a system based on
fiber, after passage through a polarizer and half wave plateidvanced high-speed, low-noise, and high-resolution CCD
The polarizer at the input to the fiber produces linearly po-technology. The system uses a scientific CCD device devel-
larized light while the half wave plate rotates the polarizationoped by MIT Lincoln Laboratorief24]. The CCD device is

IIl. EXPERIMENTAL APPARATUS AND TECHNIQUE
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backside illuminated with 420420 pixels/frame. To in- 1.0 ‘ . 1 : . .

crease the readout rate, there is a separate frame storage re- 08 I

gion that allows one image to be read as the next one is ‘E I

integrated. Each pixel has a dimension o&2ZZ7 um? with a £ 06| 4
full well depth or charge holding capacity of 100 000 elec- § .

trons. Pixel nonuniformity has been measured to be 6% peak 5 0.4 8
to peak for similar backside illuminated devices made by § I 1
MIT Lincoln Laboratorieg25]. The advantage of illuminat- z 02r 1
ing the CCD from the backside is that the quantum efficiency 0.0 i . .

g : ; ; o 3
(QE) is high; for this device the peak QE is 90% near 600 1 632 633 Wasvsen'tengtgs‘(?‘m) 636 637 638

)

nm. The CCD chip incorporates an on-chip readout ampli-
fier, which is the dominant source of noise in the device.
The camera system was built at GTRI for use in low-
light-level astronomical imagin{26]. External to the CCD
chip is a 14-bit analog to digital converter and controlling
electronics for the CCD that run at a maximum rate of 1
Mpixel/sec. Using the full 428420 array, this translates to
~5 frames/s. The external electronics incorporate low-noise
design techniques such that the system noise is limited by the
readout noise from the amplifier on the CCD chip. The CCD
is liquid-nitrogen cooled to-50 °C, reducing the dark cur- 631 5:'32 6;',,3 6;;4 555 5;'35 657 638
rent to 0.04 electrons per pix@t room temperature the dark (b) Wavelength (nm)
current ~700 electrons per pixel The minimum readout

noise from the on-chip amplifier is 7.2 electrons per pixel FIG. 4. Experimental FWM output spectrum plotted @ a
rms at— 50 °C[26]. linear scale andb) a logarithmic scale.

Normalized Intensity

The camera system is controlled using a Macintosh com-
puter running Labview control software. This software con-FWM. Prior to data acquisition a set of “dark” framéa set
trols a Pulse Instruments PIS800A data generator. Thef frames with no light incident on the deteckas collected.
PI5800A generates signals on 16 parallel programmablén average dark frame is found and then subsequently used
lines that control the camera. From the camera there is a fibéo remove the camera bias from the data frames using pixel
optic data link that transmits up to 8.3 Mbyte/s. The data ardyy pixel subtraction. The power in each frequency compo-
then stored in a high-speed 32 Mbyte ram buffer. From thenent is distributed symmetrically about a central peak for that
buffer the data may be either stored on a high-speed videcomponent. To calculate the power in the pumps and side-
recorder, which runs as fast as 4 Mbytes/s, or for small filebands, we developed software to find the locations of the
it may be stored to a hard disk, which is limited by the peaks in the spectrum and the power in each frequency com-
input-output ports of the computer system. Programs in Laponent in two ways. The first is to take a linear cross section
bview were developed with the capability to select a subaralong one row and integrate the power in each frequency
ray at any location on the chip. For example, in the expericomponent. The second is to integrate the power in the full
ments presented here, a subarray ok 286 pixels near the distribution for each component. The second method is in-
center of the chip was chosen. This decreases the size e&nsitive to horizontal misalignment of the CCD detector
required data storage and increases the maximum number with respect to the spectrometer. Both methods were em-
frames per second. In these experiments the frame rate Hoyed in this research and agreed closely throughout. Quan-
limited to the 10-Hz repetition rate of the Nd:YAG laser titative values were obtained of the FWM pump and side-
system. To achieve the slow rates the camera hardware End power as well as the statistics. It will be seen later that
programmed to run at 10 Hz and a clock signal is generatethe statistical information obtained played a crucial role in
that is used to control the laser system through the oscillatazonfirming the physical interpretation of the experiments.
sync input. The resolution of the camera-spectrometer sys- The 14-bit dynamic range of the camera system allows for
tem is approximately 43 GHz and is limited by the resolutionweak FWM signals to be detected. A typical linear cross
of the CCD. section of a FWM spectrum is shown on a linear s¢&ig.

The data acquisition method used in this research was té(a)] and logarithmic scalgFig. 4b)]. The spectrum is plot-
collect output spectra using the GTR1 CCD. The pump lated first on a linear scale, which is comparable to the type of
sers fluctuate from shot to shot. For statistical analysis, apectrum that would be obtained from a standard 8-bit video
total of many spectra for each data point are collected. Typicamera. The uniqueness of the GTRI CCD camera is shown
cally, 400 independent spectra are captured for each pumip Fig. 4(b), where the spectrum is plotted on a logarithmic
propagating alone in the fiber and the two pumps copropascale; the highest peaks in the spectrum are approximately
gating (FWM). The power in the individual sidebands is four orders of magnitude above the noise. This spectrum
measured as a fraction of the total power, normalized t®ehows many orders of sidebands, the highest orders just
unity, in the fiber, and the total input power is determinedabove the noise with a power less than 1% of the total pump
based on measurements of each individual pump propagatimgwer. The two central peaks are the pump waves gt
alone in the fiber. Quantitative measurements are then madegher frequency(blueshifted, and w,, lower frequency
of the power in the pumps and sidebands, generated bfyedshifted. The first-order sidebands are located on either
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FIG. 5. Evolution of the FWM spectrum along the fiber from FIG. 6. Evolution of the FWM spectrum along the fiber from
experiments folP=2.1 W and() =366 GHz. experiments folP=5.5 W and() =366 GHz.

side of the pumps ab;=2w;,— w, andw,=2w,—w,. The first-order sidebands are clearly seen. Plotted on a logarith-
detection of weak FWM sidebands at the fiber output premmic scale, the evolution of the power in the sidebands ap-
sented here would not have been possible without the excepears to evolve periodically with increasing fiber length. Fig-
tional performance of this CCD camera system. ure 6 shows the evolution of the FWM spectrum for a pump
input of 5.5 W. First-order sidebands are generated as well as
“weak” second-order sidebands. The first-order sidebands
appear to evolve periodically initially and, with increasing
The measurements of the dynamical evolution of four-fiber length, evolve to a constant value.
wave-mixing processes along a length of single-mode polar- A clearer picture of the evolution of the first-order side-
ization maintaining optical fiber were performed using twobands is obtained by plotting the power in the sidebands as a
different values of the peak pump power: 2.1 and 5.5 Wfunction of length along the fiber. Figure 7 shows the evolu-
The frequency separation between the pumps was held cotion of the first-order sidebands as a function of length for a
stant throughout the measurement$)at 366 GHz. The ex- pump input ofP=2.1 W. The two first-order sidebands are
periments began with 50.39 m of AT&T birefringent optical plotted separately: Fig.(&@ shows the evolution of the blue
fiber [23]. Starting at this initial length, measurements of thesideband(blueshifted from the pumpsand Fig. 7b) shows
FWM spectrum at the output of the fiber were made usinghe red sidebandredshifted from the pumpsThe solid line
the GTRI CCD camera. From these measurements, the coitt the figure is generated by numerically solving the coupled
servation of total power and asymmefiq. (4)] was tested amplitude equations truncated to six waves. The parameters
for each data set. To check the conservation of these quanti-
ties, the total power and asymmetry in the single pumps 0015 - @) FF ' ' ' E
propagating were calculated and compared with the power
and asymmetry of the copropagating pumps. Data sets were 0010 |-
accepted and kept if the conservation laws were preserved. In
some cases, the presence of weak stimulated Raman scatter-
ing (SRS was detected through the asymmetry relation. In
the experiments tracing the evolution of the four-wave-

IV. EXPERIMENTS

p,@

0.005 -

mixing spectra along the fiber length no SRS was detected. 9%
After the initial measurements were made at the two input
powers (2.1 and 5.5 W, 1-1.5 m of fiber was cut and 0015 |
cleaved. The fiber was cut and cleaved at the output side of
the fiber to maintain approximately constant pump coupling 0010 |

to the fiber throughout the experiments. This process was
repeated until the four-wave-mixing spectrum had been
traced along the full 50.39 m of fiber for the two input power
levels.

Figures 5 and 6 show three-dimensional plots of the av- 9% 200 %00
erage FWM output spectrum along the length of single-mode Length (m)
birefringent optical fiber. The vertical axis represents the in- £, 7. Comparison between the experimental measurements
tensity, normalized to the peak power in one of the pumpsisymbols and the standard theoretical modémlid line) of the
plotted on a logarithmic scale. The pump frequencies argideband evolution as a function of the fiber length For 2.1 W
centered ont(2/2 and the fiber length is increasing into the and ) =366 GHz: dynamical evolution of th@) blueshifted side-
page. In Fig. 5 the input power to the fiber is 2.1 W andband andb) redshifted sideband.

@

0.005 -
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FIG. 8. Comparison between the experimental measurements FIG. 9. Comparison between the experimental measurements
(symbols and the standard theoretical modételid line) of the  (symbol$ and the standard theoretical modéwlid line) of the
sideband evolution as a function of the fiber length Bsr5.5W  second-order sideband evolution as a function of the fiber length for
and Q=366 GHz: dynamical evolution of th@) blueshifted side- P=5.5W andQ =366 GHz: dynamical evolution of the) blue-
band andb) redshifted sideband. shifted sideband an¢b) redshifted sideband.

B?) and y were determined by finding the best fit of the system. A comparison is made using simulations based on
numerical simulations to the experimental data. The valuethe nonlinear Schidinger equation. The NLSE is used in
obtained were 3®=55pg/km and y=0.019 m*W™%  these simulations because it was found necessary to include
both well within the regime expected for a central wave-higher-order sidebandgreater than second ordeéo model
length of 633 nm[1]. The measured sideband power, nor-the dynamics.

malized to the total power in the fiber, is periodic with A first set of experiments was performed using 20 m of
length, but it appears to be damping to a constant valughe AT&T birefringent fiber. In these earlier measurements,
Also, the first minimum of the blue sideband trajectory oc-the evolution of the sidebands was traced along the fiber
curs at a shorter distance than the first minimum for the redising an input power of 2:1 W and a pump detuning of 366
sideband. This contradicts the predictions of the coupled anfsHz. A direct comparison between the sideband power
plitude equations and the NLSE. The models predict esser&long the length of 20 m of fiber with the sideband evolution
tially the same evolution for each sideband. The other differalong the 50.39 m of fiber was made. The two sets of data
ence between the two sidebands is the magnitude of the firgtere found to yield the same results. Thus the observations
maximum. The blue sideband has a larger maximum than thef the damping of the sideband trajectory and the different
red sideband. evolutions of the individual sidebands are repeatable.

The apparent damping of the periodic sideband trajectory Another perspective on the evolution of the sidebands is
is seen more dramatically in Fig. 8, which shows the evolu-gained through investigation of the sideband power depen-
tion of the first-order sideband power along the fiber for andence on the pump powgt3]. Measurements were made of
input power of 5.5 W. Again the two first-order sidebandsthe sideband power as a function of pump power at a length
(blue and reyl evolve with different trajectories. Further- of 50.39 m for two different values of the pump detuning.
more, they also appear to damp to a constant value at a fasteigure 10 shows the power in the first-order sidebands as a
rate than for the case with a pump input power of 2.1 W.function of input power using a pump detuninf)

Both sets of experiments are compared with the numericak 366 GHz. The blue and red sidebands are plotted in Figs.
simulations in Figs. 7 and 8. The standard theoretical model$0(a) and 1@b), respectively. The input power was varied
do not account for either the damping of the sideband powefrom approximately 2 to 15 W and the procedure outlined
or the different trajectories of the blue and red sidebands. above was used for data collection. Pump depletion due to

The FWM spectrum in Fig. 6 shows first-order sidebandsSRS was observed for pump powers greater than 10 W. For
as well as weak second-order sidebands for a pump inputoth the blue and red sidebands, the measurement peaks
power of 5.5 W. Figure 9 shows the evolution of the poweraround 12 W and then begins to decrease with increasing
in the second-order sidebands with propagation length. Theump power. This decrease can be attributed to significant
blueshifted and redshifted sidebands are plotted separateyump depletion associated with Raman scattering. The solid
and the power is normalized to the total input power. Theines in Fig. 10 were generated by numerically solving the
measured sideband power has a maximum of 0.2% of theoupled amplitude equations truncated to six waves using
total input. The 14-bit ADC used in the camera system limits3(®)=55 pg/km andy=0.019 m * W™, The numerical so-
the resolution to 1/16 3840.07%. Figure 9 shows a com- lutions yielded quite different dynamics from those observed
plex evolution of the sidebands. The sidebands are weak argkperimentally.
just above the limits of resolution imposed by the detection The pump detuning was maintained at 366 GHz through-
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FIG. 12. Comparison between the experimental measurements

Essymbols) and the standard theoretical modé&w®lid line) of the
sideband power with pump input power far=5.52 m and(}
=366 GHz: power in the@ blueshifted sideband antb) red-
shifted sideband.

(symbols and the standard theoretical modés®lid line) of the
sideband power versus pump input power for 50.39 m and()
=366 GHz: power in the@ blueshifted sideband antb) red-

shifted sideband.

out the experiments probing the evolution along the fibe
length. Prior to cutting the fiber, a series of measurements
the sideband power dependence on the pump power we
performed with a detuning twice as larg&=722 GHz.

Doubling the detuning resulted in a smaller conversion o
power from the pumps to the sidebands. Figure 11 shows th
results of these measurements. Only first-order sideband®
were detected for the range of pump powers explored. Co
sequently, essentially periodic dynamics were predicted b
the theoretical models. As in the 366-GHz detuning case, the
sideband power steadily increased with pump power unti
stimulated Raman scattering began to deplete the pump
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r'I'he numerical simulations again showed oscillations in the

0sfideband power with increasing pump power, in marked con-

jast to the dynamics seen in the experiments.
To check some of the observed dynamics, a series of side-

1band power dependence measurements were performed at a

length of 5.52 m with a detuning of 366 GHz. Figure 12
ows the sideband power as a function of input power. Ra-

5 W. A comparison of the experimental measurements with
umerical simulations shows very close agreement for pump
powers less than 25 W. Thus, as the sidebands initially grow
Iy the fiber, the numerical models can accurately predict the
Sideband dynamics. However, for longer fiber lengths the
standard theory fails to predict the dynamical evolution of
the pumps and sidebands as the pulses propagate through the
fiber.

So far, only the dynamical evolution of the power in the
sidebands has been discussed. It is also worth discussing the
experimental FWM spectral envelope, which resembles a hy-
perbolic secant shape at the output of 50.39 m of fiber. The
hyperbolic secant is a ubiquitous shape in nonlinear fiber
optics and arises in the context of soliton propagation in
fibers. Soliton propagation in the form of a hyperbolic secant
pulse shape is found in the anomalous dispersion regime
(B?<0) [12,27]. However, the experiments in this research
were performed in the normal dispersion regime. In the nor-
mal dispersion regime, dark-pulse solitons of the form of a
hyperbolic tangent are predicted and have been observed
[16].

Figure 13 shows some of the experimental FWM output
spectra at a fiber length of 50.39 m, detunir@
=366 GHz, and with a range of input power levéds 2.1

’gan scattering was observed for pump powers greater than

FIG. 11. Comparison between the experimental measurementd/, (0) 5.5 W, (c) 8.3 W, and(d) 17.4 W. The solid line
(symbol3 and the standard theoretical modé®lid line) of the ~ represents the experimental data and the dashed line is a
sideband power versus pump input power for50.39 m and  curve fit to the spectral envelope. The curve is fity{y)
=722 GHz: power in the@ blueshifted sideband antb) red- =A sechBw), where A and B are the fit parameters. The
shifted sideband. values used to generate the plots in Fig. 13(@eA=3.85
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FIG. 13. Experimental FWM output spectrugsolid line) and
hyperbolic secant envelope filashed lingfor pump input powers
P of (a) 2.1 W, (b) 5.5 W, (c) 8.3 W, and(d) 17.4 W, fiber length
L=50.39 m, and detunin§ =366 GHz.

andB=0.36,(b) A=2.26 andB=0.27,(c) A=1.56 andB
=0.23, andd) A=0.81 andB=0.20. Figure 13 shows close laser outputs may have consisted of several longitudinal
agreement between the hyperbolic secant shape and the éRodes. We examine the impact of multimode operation on
perimental spectral envelope. For the lower input powers, théhe dynamical evolution of the sidebands by introducing a
peaks in the spectra are distinct. However, as the input powéhultimode pump input to the theoretical models. The side-
increases, the peaks broaden and the spectrum begins to find evolution predicted from numerical solutions of both

in.

60.0

input and investigate the resulting dynamical evolution of the
sidebands. By modeling one of the pump lasers as two
closely spaced longitudinal modes, the subsequent dynamical
evolution of the sidebands is altered dramatically. By intro-
ducing this asymmetry in the mode structure of the pump
input, the resultant dynamics for the blue and red sidebands
begin to approach the sideband dynamics observed in the
experiments. However, the damping of the periodic trajecto-
ries seen in the experiments is still not explained with the
simple multimode structure at the input. Building on the
multimode analysis, one then introduces weak phase fluctua-
tions to the pump waves propagating along the fiber. The
combination of both the multimode pump input and weak
phase perturbations along the fiber is found necessary to ac-
curately predict the experimental observations. Excellent
agreement is thus finally obtained on comparing predictions
based on the stochastic multimode model with experiments.

A. Multimode pump input

As mentioned previously, the dye laser systems used in
the experiments were designed for narrow-band operation.
However, the resolution of our instrumentation limits the
ability to measure the linewidth of the lasers and distinguish
single versus multiple mode operation. Thus either of the dye

the NLSE and the coupled amplitude equations with a mul-

In Fig. 13d), with an input power of 17.4 W, the pumps timode input is found to exhibit similar dynamics when com-
are depleted by Raman scattering. Furthermore, close exanfiared with the experimental observations.
nation of the spectrum shows an asymmetry even though the To model wave propagation in the fiber using a multi-
initial conditions on the pump waves were symmetric, i.e.,mode pump input, both the nonlinear Satirger equation
p1(0)=p»(0). As thewaves copropagate in the fiber, pho- and the coupled amplitude equations discussed earlier can be
tons from the band of frequencies generated through fourused. The NLSE requires only a modification of the input
wave mixing will be downshifted by spontaneous and stimuulses. The input spectrum can be set for one, two, three,
lated Raman scattering. The Raman gain spectrum rang&ic., modes in each pump laser. Thus a variety of initial
from zero to tens of terahertz frequency shift from thePump conditions can be investigated. Starting with the sim-
pumps. For silica glass, the maximum Raman gain occurs ddlest case, Fig. 14 shows an example(af the Gaussian
a downshifted frequency of 13.2 THgeveral orders of mag- input pulse andb) corresponding spectrum to the NLSE,
nitude larger than the pump detunjrig]. However, the Ra-
man gain is nonzero near a zero-frequency shift. Thus, iiedshifted pump. In Fig. 18) the spectrum is plotted with
Fig. 13d) the observed asymmetry in the spectrum arisedhe pump detuning normalized to unity and the pumps cen-
from strong stimulated Raman scattering.

These experiments exposed several discrepancies in tfllse modulated by the pump detuning and the longitudinal
comparison of experiment and theory and illustrated the inmode spacing. The longitudinal mode spacidy) were
adequacy of the standard theoretical models to predict thehosen to be 0.5 GHz, which is consistent with the expected
observed dynamics over the full length of fiber investigatedspacing from the experiments, and the pump detuning is 366
The next section will present modifications to the theoreticalGHz. The initial conditions on the pumps were chosen so
models to allow a quantitative comparison of experimentathat the conservation relation for the asymméty. (4)] is

observations and numerical simulations. The key aspects @Er0, i.e.,p1=p5.

with two modes in the blueshifted pump and one mode in the

tered about the zero-frequency shift. The input is a Gaussian

Figure 15 shows the FWM output spec-

the experiments to be addressed are the damping of the pum generated from the multimode input. The sidebands and
riodic sideband trajectories with length and the differencgPumps now consist of many frequencies. To estimate the
between the red and blue sideband trajectories.

V. THEORY VERSUS EXPERIMENT

relative power in the pumps and sidebands, the power in the
band of frequencies centered around the primary frequency is
summed and then normalized to the total power in the spec-
trum; for example, the blue pump powey is calculated

This section develops a theoretical description that infrom summing the power in the frequency components lo-
cludes two effects that had not previously been consideredtated between zero and one. For consistency, the same nota-
We consider the effect of a multimode pump laser at the fibetion used throughout this paper is retained to represent the
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60 orders of sidebands, a definite advantage over the coupled

amplitude equations.

Extending the modeling of the multimode input to the
coupled amplitude equations, the general form of the equa-
tions given in Eq.(3) is used to generate a new set of
coupled amplitude equations. The frequencies in these equa-
tions now include the longitudinal mode spacing. Thus the

Intensity
»
o

I
=1

%! 10 0.0 10 : : wave-vector mismatch will now be proportional td) (
Normalized Time . .
, +Av2)?, (Q+=3Av/2)? etc., whereas in the single-mode
e ' ' ' model, the mismatch was proportional®3. The number of
frequency components necessary to model the FWM dynam-
> w0 7 ics, including up to second-order sidebands, results in at least
7§7 100 terms in each equation. Using Eg), aC program was
Tt b . written to find the allowed combinations kf m, andn. The
multimode four-waving-mixing equations were then stored
10 . - L 4 tp a file in a subroutine format to be called from the integra-
' Norrnalized. Frequency | . tion programs.

For simplicity, the case of two longitudinal modes in the
FIG. 14. Multimode pulse input to the NLSEa) input pulse in - pjye pump and one in the red pump is considered. The blue
the time domain andb) input spectrum. pump was initially chosen to be multimode because the fluc-
tuations in experimental measurements of the linewidth were
power in the pumps and sidebands, egm;. represents the |arger than those in the red pump. The single-mode input
relative power in the blue first-order sideband even thoughitandard model consists of six complex coupled field equa-
now it consists of multiple frequency components. tions and includes the pumps, first-order sidebands, and
The split step Fourier method is used to propagate th@gcond_order sidebands. Terms up to second-order sidebands
pulses a]ong the fibgl]. Figure 15 shows a schematic 'eD- were included since they were observed in the experiments
resentation of the FWM output spectrum after propagatlor}Or a pump input of 5.5 W. With the multimode model, in-
through a length of fiber with the multimode input. The evo-Cluding up to second order in the sideband frequenc,ies it
lution of the four-wave-mixing Processes is NOW more com- . o) necessary to include at least 29 complex field

plex: Not only is there mixing between the distantly space i Th di ber of f
pump frequencies but there is mixing between the closel gz?sl?nnse.acheo:?r:;ezaof?eg]t?er:lg;nb; dOS isre;':?glfgwcs?ngﬁg
spaced longitudinal modes. A difficulty of using the NLSE totpump, 6: red pump, 5: blue first-order sideband, 5: red first-

model the multimode input is the size of the FFT that mus X X : )
be computed. Since the longitudinal mode spacing is severz%rder sideband, 6; blue second-order sideband, 4; and red

orders of magnitude smaller than the pump detuning, th ecor;d—ordtir &deban(tjd,(?ee .F'galbﬁ This minimum mtjtzn |
number of points necessary to represent the pulse spectrumt gro efqtuha |0NanSv|;/as i€ ermmelf yda compar!sontm 'Ehso u-
large, greater than or equal td2 The computation algo- “°onS Of the using a muitimode pump input wi

_ _ 2)_
rithm sets limits on the number of points used to represent 2> W, =366 GHz, ~ f*'=55 pS/km, and y

— 1n1 : H
the spectrum and the spectrum will necessarily be truncated; 0-019 W= m . Thus the coupled amplitude equations

In general, the NLSE with single-mode inputs yields the€ven with the simplest multimode input case become quite

ability to work with a broad spectrum consisting of many cUmbersome rapidly. However, the advantage of using the
coupled amplitude equations when including stochastic pro-

. cesses will be discussed.

10 ' ' ' ' ' Figure 16 shows the sideband evolution generated from
solution of the coupled amplitude equations with a multi-
1 | mode input (dual-mode blue pump and single-mode red
pump with =366 GHz,Av=0.5 GHz, and a pump input

of 2.1 W. The blue and red sidebands are plotted separately.
The experimental data presented previously are plotted along
with the simulations for comparison. Modification of the
blue pump from the single mode to the dual mode alters the
sideband evolution dramatically. As a comparison, for an
input power of 2.1 W, the single-mode model predicts a
0t | | sideband trajectory that is a sinusoid with no distinction be-

mm tween the red and blue first-order sidebaf@g]. The mul-

-
o,
®
T
.

Intensity

—
o,
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T
¢

timode model, however, yields two very distinct trajectories

10° : : w : : for the blue p3) and red p,) sidebands. The difference in
-3.0 20  -1.0 0.0 1.0 20 3.0

Normalized Frequency

the sideband trajectories arises from the asymmetry imposed
in the input. If the pumps were both modeled as dual mode

FIG. 15. Multimode output spectrum from the NLSE after the sinusoid evolution seen with single-mode input would be
propagation through several meters. recovered.
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FIG. 16. Comparison between the experimental measurements F|G. 18. Comparison between the experimental measurements
(symbolg and the multimode modefisolid line) of the sideband  (symbolg and the multimode modékolid line) of the second-order
evolution as a function of fiber length foP=2.1W, Q  gigepand evolution as a function of fiber length @«=5.5 W, Q

=366 GHz, Av=0.5GHz, y=0019W'm™, and B?  _366GHz, Ay=05GHz, y=0.019W'm™, and B®
=55 ps/km: dynamical evolution of théa) blueshifted sideband 55 p&/km: dynamical evolution of théa) blueshifted sideband
and (b) redshifted sideband. and (b) redshifted sideband.

Figure 17 shows the dynamical evolution of the sidebandhe sidebands. The modeling of the damping of the sideband
power for a pump input of 5.5 W, using the dual-mode bluetrajectories will be discussed in Sec. V B.
pump input. Again, the experimental data are plotted for As another comparison of the multimode input model
comparison. The coupled amplitude equations are truncateglith experiment, Fig. 18 shows the evolution of the second-
to 29 complex field equations. The dynamics exhibited byorder sidebands with propagation distance. Terms including
the blue and red sidebands with this model are significantly,p to at least third-order sidebands must be included in the
different. Within the first 10 m, the model follows the evo- model to properly predict the dynamics of the second-order
lution quite well and yet the damping observed in the experisidebands. The coupled amplitude equations including only
mental measurements with increasing length makes a Cconmup to second order were found to be inadequate. Thus the
parison difficult. Overall, the multimode model yields nonlinear Schrdinger equation was used to easily include
promising results for predicting the dynamical evolution of higher-order sidebands. A comparison of the second-order
sideband and predictions based on the NLSE with a multi-

005 | (@ ' ' ' " ] mode input shows close agreement. The second-order side-
oos L 1 bands are weak and yet for fiber lengths less than 20 m the
’ ¢ simulations follow the experimental measurements closely.
gosr I;,! k ] However, beyond 20 m the blue second-order sidelpkitd
002 | =\ Bl Sy 18(a)] appears to be damping to a constant value.
oot * ] As mentioned earlier, the model can be extended to in-
clude various combinations of pump inputs, for example,
%00 100 200 W0 400 500 three modes in one of the pumps and two or one in the other
pump. No significant difference was found in the first-order
0.05 L ' ' ‘ ' '] sideband evolution for the different combinations of asym-
ooe | 1 metric multimode input, for the parameter regimes investi-
’ e gated; Ly=50.4m, P<6W, Q=366 GHz, and Av
gor = ] =0.5 GHz. As the fiber length increases beyond 50.4 m,
002 - L = differences in the trajectories arise between the various
001 I gy ] asymmetric combinations for the input. Referring to Fig. 15,
- . . the spectrum broadens around the central frequency compo-

0.0 100 200 %0 200 500 nents due to FWM between the longitudinal modes. The lon-

Length (m) gitudinal mode spacing used in these simulations is small

FIG. 17. Comparison between the experimental measuremenf®Mmpared to the pump detuning. Furthermore, since the
(symbol$ and the multimode modefsolid line) of the sideband ~Mode spacing is small, the FWM processes between adjacent

evolution as a function of fiber length foP=55W, Q modes will evolve with a period much longer than the fiber
=366 GHz, Ar=05GHz, y=0.019Wm™ and B?@ lengths considered in this research. Subtle differences in the

=55 pg/km: dynamical evolution of théa) blueshifted sideband Sideband evolution will arise for different mode structures as
and (b) redshifted sideband. the fiber length increases due to the different dynamics be-
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tween adjacent modes. Only the simplest case of multimode 0.20 ' - . 1
input was considered for comparison with these experiments.

B. Stochastic phase fluctuations 015 | o« . * _
The previous theoretical analyses presented have been ® o0 Ty o %5 . . .
limited to deterministic models. We now turn to modeling of an’ ° oo o e % ®
stochastic processes along the fiber length as well as includ- {‘; 010 - 3 e a,
ing stochastic initial conditions on the pump inputs. The lat- o o o8 o g
ter are included in the modeling to closely imitate the con- o o, B a ° “ o
ditions present in the experiments. The former examines the 005 | = _

impact on the dynamical evolution of the four-wave-mixing

processes when weak fluctuations are added to the phase of

each of the waves copropagating along the fiber. These phase 000 ‘ . ‘ .

fluctuations are found to damp the sideband periodic trajec- Too 100 200 30.0 400 500

tories to a constant value. A comparison with the experimen- Length (m)

tal observations is made and excellent agreement is found. F|G. 19. Measured input pump power standard deviation as a
Consider a physical process that acts to perturb the phasenction of fiber length: blueshifted purr(plosed circlesand red-

of the waves propagating along the fiber. The physics of thishifted pump(open squarés

phase noise could arise from a number of sources such as

fiber medium inhomogeneitigR9,30], Brillouin scattering, fiber and are considered to be independent sources for each

or Raman scatterinfl]. In the experiments, there was no wave. The Box-Muller algorithm was used to generate

indication that these sources were present. However, the exzaussian deviates from computer-generated uniform devi-

istence of these processes could have been lost in the backtes[21,31]. The fluctuations are given by

ground noise of the instrumentation. Identification of the

physical process generating the noise through both experi- 8¢;=+—204AzIn(ry)cod2m7r,) (6)

ments and modeling is a promising area for future research.

A strong candidate for the source of phase noise is stimuand

lated Raman scattering that builds up from a spontaneous

noise background. Recalling the experiments probing the Oj+1= \/—20¢j+lAZ In(rq)sin(2mr5), (7)

sideband power dependence on the pump input power, for a

50 m length of fiber significant Raman scattering was dewherer; andr, are uniformly distributed random numbers

tected for pump inputs greater than 10 W. Thus it is highlyon the interval0,1] and oy, is the standard deviation of the

likely that very weak(less than four orders of magnitude phase fluctuations for a given frequency component. For
down from the pumpsRaman scattering was present in the simplicity in the numerical computations, the phase fluctua-
measurements. tions were added to only the frequency components associ-
There are two theoretical models that may serve as thgted with the two pump waves. However, computations were
core set of equations to model the nonlinear wave propagadso performed adding phase noise to all components; there
tion along with stochastic processes in the fiber. The multiwas no detectable difference in the resulting sideband dy-
mode coupled amplitude equations, developed previouslysamics for the parameters investigated. This is reasonable in
were used for the stochastic modeling in this research. Ahe regime of primary interest since for pump powers less
model incorporating the phase noise into the nonlineaghan 6 W the pump intensities are much larger than the side-
Schralinger equation is desirable as well. However, algo-hands and thus make the strongest contribution to the FWM

rithms to properly include the necessary stochastic terms iflynamics. Typically, the noise strengths were chosen to
the NLSE are not available at this time. Thus the remaindebe of the same order of magnitude for each pump.

of the research will use the coupled amplitude equations.
Integration of the amplitude equations proceeded as follows.
After the initial conditions on the input were set, the multiple _ _ _ _ o
waves were propagated in the fiber using a fourth-order Pr.e.VIOUS studies showed that ﬂUCtU.atlo.r!S In the initial
Runge-Kutta integratiofi21] with a step sizeAz (typically conditions _of the pumps could have a S|gn|f!cant impact on
10~3 m). After each integration step, the complex field am-the dynamics of the FWM processes in the fif£3,18. To

plitudes were converted to intensity and phase. The ppase model the initial conditions of the experiments, measure-

C. Stochastic initial conditions

of each wave at frequenay; was modified according to ments of the pump fluctuations were included in the input to
J the integration of the equations. To measure the pump fluc-
?i(z+Az2)=¢i(2)+ 6¢;, (5) tuations, each pump was propagated alone in the fiber for

each fiber length and pump power. The mean intensity, nor-

where the phase fluctuations are represented¢py. The  malized to unity, and standard deviation were calculated

intensity and phase were then converted back to the complexom the output spectra. The intensity in the pumps was
field amplitudes. The field was then propagated another stefpund to be Gaussian distributed. Figure 19 shows the mea-
Az and the process was repeated for each integration stepsured standard deviation in the normalized pump power as a

Since the exact source generating the noise is not knowrdfiynction of length along the fiber. The blue and red pump
the phase fluctuations are taken to deorrelated along the standard deviations are plotted separately. The blue laser has
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a higher mean intensity fluctuation than the red, which igfield and thus the phase noise is multiplicative when coupled
probably associated with multiple longitudinal modes in theback into the field equations. Including phase noise in the
blue pump. The experimental measurements over the fulFWM calculations resulted in trajectories for the sideband
length of optical fiber were performed over a long period ofpower with length, which were damped periodic trajectories
time (approximately 1 yx. As can be seen from Fig. 19, the with an increasing slope. To remove this artifact of the com-
pump intensity standard deviation varied with time. putations, a linear loss term aU; was added to each of the
The numerical simulations were performed with fluctua-complex field equations. The loss coefficientvas then set
tions in the input pump intensity as well as fluctuations in theby finding the value that removed this increasing slope. In
detuning. The measured frequency fluctuations had a magnjfeqry, the mathematical form of can be derived from the
tude of less than 1 G_Hz, several orders of r_nagnitude Sma"eéquations and is a function of the noise strerig@]. How-
than the_ pump detu_nlng O.f 366 GHz. Including the frequencyever, the size of the system of coupled propagation equations
fluctuations in the simulations was found to have no measur- - 1o the technique for estimation intractable, even for the
able impact on the resulting dynamical evolution of the side- . : . '
bands. However, the pump power fluctuations were Iarges'mpleSt approximate form of the equations.

(~10%) and could not be neglected. The pump input was of The strength of the phase noise used in all of the follow-
the form Ing simulations was determined by fitting the simulations to

the experimental data. The values found to give the best fits
U;(0)=p;(0)e'2™}, (8 Wwere g4 =0.0067m*, o, =0.005m", and a=0.0046
] . . ] ] o m~L. For comparison with the experiments tracing the evo-
where p; is the intensity and; is a uniformly distributed |ytion of the sidebands along the fiber, the simulations were
random number in the intervgd, 1], which selects a nonzero the result of two calculations, one from 0 to 20 m and the
initial phase. For completenessis included here. However, other from 0 to 50.4 m. The calculation from 0 to 20 m
randomizing the initial phase had no measurable impact ofeplaces the first 20 m of the 0—50.4 m simulations. This was
the resulting evolution of the power in the waves. The pummecessary since the initial conditions on the pump fluctua-
intensity input to Eq.(8) for each component in the dual- tjons were largefdue to the laser adjustments for the mea-
mode pump was set according to surements, which took several monttsr lengths less than
(0)=1p+15 ) 20 m (see Fig. 19 The fluctuations in the pump intensities
Pk 2PT20P1 were set atr, =0.20(blue) ando,,=0.11(red to generate

where k represents each mode, and for the single-modéhe curves from O to 20 m analp1=0.12 andzrpz=0.05 to

pump generate the curves from 20 to 50.4 m. The other parameters
3 were set at B¥=55pd/km, y=0.019Wm? Q
p2(0)=pavet Op2, (100 _366 GHz, andsv=0.5 GHz. The numerical simulations
; : ; compute both an average and standard deviation from 50
Wherepa,eis typically set to unity for both pumps ani are htéajectories. Simulations were done for 100 trajectories and it

the fluctuations in the pumps and are generated using t : o |
Box-Muller algorithm[21]. The fluctuations are generated V2> determined that accurate statistics (tandard devia-

using the measured values of the standard deviation in th?llzOn was less than Syawere obtameq for' as few as 50. tra-
pump intensities(see Fig. 19 and are given for the blue jectories. Thus, to reduce computation time the statistics are

pump, by calculated from 50 runs.
' Figures 20a) and 21a) show the blue and red sideband
— o 21 trajectories, respectively, for an input power of 2.1 W. The
%P1 Zaplln(rl)cos(ZTrrz) (1 experimental data are plotted with the numerical solution of
the multimode coupled amplitude equations including both
phase noise at each integration step and fluctuating the pump
= o Z1nr Ve inputs. The multimode model with the inclusion of stochastic

%Pz 20”2ln(r1)sm(277r2)' (12 initial conditions and, most importantly, phase fluctuations
along the fiber length, results in predictions that are very
1:Iose to the experimental observations of the dynamical evo-
ution of the sidebands. Figures @) and 21b) show the

easured standard deviation in the sideband power along the
iber length for the blue and red sidebands, respectively. The
standard deviation was also calculated from the numerical
simulations. Excellent agreement is found between the
model and experimental measurements. Throughout the

The numerical simulations were performed using the mulcourse of this research, many stochastic models have been
timode coupled amplitude equation along with the stochastiinvestigated and this model is the only one found that repro-
conditions discussed above. A complication arose when addiuces the evolution of both the average power and fluctua-
ing the phase fluctuations to the waves, which resulted in &ons in the sidebands.
“noise-induced” drift [32]. This is a feature of multiplica- For an input power of 5.5 W, Figs. 22 and 23 show a
tive noise sources in which the noise added causes the sideemparison between the numerical simulations and experi-
bands to grow with propagation. Even though the noise ignental data for the blue and red sidebands, respectively. The
additive to the phase, the equations are cubic in the complesed sideband trajectories in Fig. 23 show excellent agreement

and, for the red pump,

Computations with the multimode modgbr the dual-mode
pump used the same noise strength for each longitudin
mode. The following subsection will discuss the specific val-
ues used in the numerical simulations and compare with th
experiments.

D. Numerical simulations
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FIG. 20. Comparison between the experimental measurements FIG. 22. Comparison between the experimental measurements

(symbols and the stochastic multimode modsblid line) of the
blue sideband evolution as a function of fiber length fer
=2.1W, Q=366 GHz, Av=0.5 GHz, y=0.019 W m™, and
B® =55 pg/km: dynamical evolution of théa) power in the blue-
shifted sideband antb) measured fluctuations.

between the numerical model and experiment. The power
the red sideband from numerical solutions is periodic an
appears to be at the appropriate rate. However, the blue sid

band power trajectory shown in Fig. @2 does not repro-

duce the experimental measurements as closely. The nume
cal simulations at this pump power result in a blue sideban
power evolution that does not damp as quickly as the experizi;eq in the sense they gave the best fit to the experimental
mental observations. However, the fluctuations measured i

the experiments are fairly well predicted by the numerical

simulations as shown in Figs. @2 and 23b) for both the

blue and red sidebands, respectively. The discrepancy in the
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i(Eamping seen between the experiment and model of the blue

ideband power evolution could arise from several effects.
Fhe strength of the phase noise was the same for both the 2-
and 5.5-W calculations. Many simulations have been per-
f5rmed to optimize the values used for the phase noise
sStrengths. The values used in these simulations were opti-

Hata. A better approach would be to identify the physical
phenomena generating the phase fluctuations and with this
knowledge the magnitudes ®f¢1 and Ty, could be esti-
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FIG. 21. Comparison between the experimental measurements FIG. 23. Comparison between the experimental measurements

(symbols and the stochastic multimode modsblid line) of the
red sideband evolution as a function of fiber length For 2.1 W,
0=366 GHz, Av=05GHz, y=0.019W!m™, and g®
=55 pg/km: dynamical evolution of théa) power in the redshifted
sideband andb) measured fluctuations.

(symbolg and the stochastic multimode modgblid line) of the
red sideband evolution as a function of fiber length Fee 5.5 W,
0=366GHz, Av=0.5GHz, y=0.019W'm™? and g®
=55 pg/km: dynamical evolution of théa) power in the redshifted
sideband andb) measured fluctuations.
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mated from the physics. Another benefit of identifying the
physics of the phase noise is that the noise could be proper
included in a model based on the nonlinear Sdhrger
equation.

As a confirmation of the multimode model with phase
noise, numerical simulations were performed examining th
sideband power dependence on the input power at a length
50.4 m. Figures 24 and 25 show the power in the sideban

722 GHz, respectively. The experimental measurements
the sideband powers are represented by closed circles
Figs. 24a) and 2%a) (blue sidebandand closed squares in
Figs. 24b) and 2%b) (red sideband The results of numeri-
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as a function of input power for a pump detuning of 366 and®

, AND BELETIC 57

cal simulations are represented by open circles in Fig®) 24
and 2%a) and open squares in Figs. (&} and 2%b). The
numerical simulations follow the general trend seen in the
experiments. A large deviation occurs for pump powers
greater than 10 W where the pumps begin to be depleted by
stimulated Raman scattering. Below 10 W the experimental
measurements of the red sidebands tend to be higher than the
simulations; this increase arises from weak scattering of the
blue photons to the red. With the smaller detunif3$6
GHz), care must be taken to account for all orders of side-
bands and for powers greater th@ W probably third- and
fourth-order sidebands are generated. However, with this
model, including only up to second-order sidebands yields
predictions in close agreement with experimental measure-
ments especially when compared with the predictions based
on the deterministic single-mode input coupled amplitude
equations.

We have presented an approach to modeling the dynami-
tal evolution of four-wave-mixing processes along an optical
fiber. This modeling was motivated by the standard theoret-
ical models inability to predict the results of experimental
measurements presented in Sec. Ill. The two critical features
of the model were a multimode pump input along with phase
fluctuations added along the fiber length. The multimode

mp input was found to alter the resulting sideband dynam-
Its significantly. Due to an asymmetry introduced in the in-
put, the blue and red sidebands evolved with different trajec-
tories along the fiber. Furthermore, by adding weak phase
uctuations to the copropagating waves, the periodic side-

nd trajectories were found to damp out. Figures 20-25
ow comparisons between the experimental measurements
f the sideband dynamics and the stochastic multimode
odel. The experimental observations brought to light sev-
ﬁ{al questions regarding the dynamics of the four-wave-
mixing processes in the fiber.

VI. CONCLUSIONS

The dynamical evolution of four-wave-mixing processes
in an optical fiber has been investigated. This research con-
sisted of experimental, theoretical, and numerical computa-
tions. The focus of this work was to experimentally trace the
evolution of the sidebands, generated through FWM, along a
length of optical fiber. Previous theoretical work suggested
that, in certain parameter regimes, the sidebands exchange
energy with the pumps periodicall{L3,14. Specifically, in
the undepleted pump regimg28], the sideband power
evolves as a sinusoid with fiber length. Previous experiments
had probed the dynamics for short fiber lengtless than 2
m) [13]; however, the periodic evolution had never been di-
rectly verified.

The FWM spectral evolution along 50 m of fiber for two
input pump power regimes was investigated. The experimen-
tal work consisted of measuring the FWM spectrum output
from an optical fiber at different lengths in the fiber. Specifi-
cally, a low-noise, high-resolution CCD camera made at
fgeorgia Tech Research Institute was u$26] to detect
weak (less than 1% of the power in the pumpmsdebands.
With this resolution, measurements of the power in the first-
order sidebands for input pump powépsl and 5.5 Wwere
made using a pump detuning of 366 GHz. In the case of a
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pump input of 2.1 W, the sideband power evolution is ex-carrier[16]. Further studies need to be done to determine if
pected to follow a sinusoid along the length of the fiber.the FWM processes in the fiber evolved to a train of stable
Experiments showed that the power in the sideband evolvespliton dips in the long-pulse background for the fiber
periodically, but that the evolution followed a damped sinu-lengths investigated in the experimef&s)].

soid. The experiments also found that the two first-order The experimental results pointed to the need to modify
sidebandgblue-shifted and redshifted from the two purnps the approach to the theoretical modeling of the four-wave-
had different evolutions along the fiber. Neither the dampingMiXing processes. The experimental measurements tracing
nor the different evolutions were predicted by theory. Usingth€ Sideband evolution along the fiber length showed that the
a pump input power of 5.5 W, the evolution of both first- andqwferent first-order sidebands evolved with different dynam-

second-order sidebands was also measured. For a pump inpf- This observation was not accounted for in the standard
of 5.5 W which the damping in the first-order sidebands eoretical models. By imposing an asymmetry on the spec-

appeared to occur faster than in the 2.1-W case. tral structure of the pump inputs, the sidebands were found to

Experiments probing the dependence of the sideban llow different dynamical evolutions. Specifically, one of

power on the input power for two different values of the € pump ir)put.s was modelgd to consist of_t\_/vo closely
detuning (366 and 722 GHzwere also performed at the spaced longitudinal modes. It is worth emphasizing that the

output of 50 m of fiber. With a detuning of 366 GHz, the @ntermode spacing is very small Comp‘?‘re“ to the diﬁerence
sideband power for pump inputs ranging from 2 to 17 win wavelength of the two pump lasers, is not resolvable W_lth
which was measured. A comparison of theoretical predic:[he spectrometer system used, and had to be resolved with a

tions with the measurements showed a large discrepamggher—resolutmn wavemeter. This multimode input was

both quantitatively and qualitatively. The measurements o u_lr_1kc]i to alter_ the ficlieband dynami[cs c]icr??atip;llg ) q

the sideband power as a function of pump input power with . € experimental measurements of the sideband power
722-GHz detuning showed the same discrepancies with th\é’Ith Iength a!ong the_ﬂber lnc_chated that there_wa_s damplng
Qf the periodic evolution of sideband power with increasing

theoretical models as the 366-GHz detuning case. Ar]Oth%ber length. Again, this was not accounted for by the stan-

set of measurements were performed at a len§thra with d th One int tation that i insiant into. th
a pump detuning of 366 GHz. Comparisons of the measuregar theory. Oneé nterpretation that gives nsight into the
amping of the sidebands is that the exchange of power be-

sideband powers with theoretical predictions, for this case th 4 sideband tina in the fib
showed excellent agreement up to a pump input power of ZgNeen € pumps and sidebands copropagating In the fiber

W. For higher powers, the deviation between experiment ang@" be thought of as a coherent_ Process. The expenme_:ntz_il
theory was due to other competing procedstimulated Ra- measurements showed the damping of sideband power, indi-

man scatteringnot accounted for in the theoretical model. cating that there was a mechanism along the fiber acting to

The results of the measurements show that the initial evolud€™M°oVe the coherence of the power exchange between the

tion of the FWM spectrum in the fiber is modeled well by the pumps and sidebands. This mechanism was modeled by ada-

standard theory. However, beyond the initial growth of the'9 weak phase fluctuations to the waves as they propagated

spectrum the models do not predict, even qualitatively, th@lon?ttk&e flber,t.ugln?hthe c%ntmuf(l)ust-wetl_ve mo(ixeil;pleddt
experimental observations. amplitude equationsThese phase fluctuations were found to

Three-dimensional plots of the evolution of the four- account for the damping of the sideband power evolution

wave-mixing spectrum in the fiber indicate that the spectrurj?lort]g tthe f'b:r' Hoxevsr,(jthte physu;al Sg‘%rce of the?e ?htase
was evolving to a stable profile. Since, in the anomalou uctuations has yet to be determined and IS an area for future

dispersion regime, soliton propagation in the form of a hy__resear_ch. Nume_rical si_mulations using the present approach,
perbolic secant shape is known to be supported in an optic r|1clud|ng a multimode input and phase fluctuations along th_e
fiber [12], the envelope shape of the experimental FWM iber length, were performed for the parameters of the experi-

spectrum was investigated. It was found that at the output O[pents and excellent quantitative and qualitative agreement

50 m of fiber the spectral envelope could be fit by a hyper-WaS found.

bolic sepant shape. Hoyvever., these_expenments were per- ACKNOWLEDGMENTS
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