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Investigation of Black-Gray Soliton Interaction
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We demonstrate the first experimental investigation of the interaction between black and gray solitons
in an optical fiber. The fiber length equals 8 soliton distances. The repulsive character of the interaction
is observed during the walk-off of the gray soliton through the black one inside the finite-width
background carrier pulse. Opposite cases of the gray soliton phase profile are studied, corresponding
to gray pulses with a group velocity higher and smaller than that of the carrier pulse. Numerical
simulations presented show good agreement with experimental data. [S0031-9007(96)01610-9]

PACS numbers: 42.81.Dp

The nonlinear Schrodinger equation (NSE) predicts theverified [17]. It was also shown that an odd-symmetry dark
existence of stable solutions, conserving amplitude, angulse at powers, exceeding the power of a fundamental
phase under propagation, for both positive and negativeoliton, emits a pair of symmetrical gray solitons [18].
group velocity dispersion (GVD) regions. The solution Optical spatial solitons, which are solutions of the two-
existing in the positive GVD region is a rapid intensity dimensional spatial NSE with defocusing nonlinearity, ex-
dip in a cw background and is called a “dark” soliton hibit properties similar to those of temporal solitons in
analogously to the so called “bright” soliton for the optical fibers [19]. As in the case of temporal solitons,
negative GVD region [1,2]. The particular case of thesimulations of multiple spatial soliton propagation demon-
dark soliton and the most studied one is the pulse, whicktrated that they interact repulsively [20].

is an antisymmetric function of time with an abrupt To date, due to the absence of shaping techniques, en-
phase shift and zero intensity at its center and will beabling one to generate a couple of dark pulses with differ-
referred to as a “black” soliton in the following. ent phase profiles and different signsRByfinteraction of

However, the intensity of the dark soliton does notblack and gray solitons in optical fibers has been studied
generally dip all the way to zero. This type of pulse isonly theoretically [8,16,21], to our knowledge.
called a gray soliton and the contrast of the dip, defined In this Letter we report the first experimental investiga-
by Tomlinsonet al. [3], is determined by the blackness tion of black-gray soliton pair behavior. Two dark pulses
parameter|B| < 1 (pulses with|B| = 1 correspond to with controlled phase profiles are shaped on a relatively
black solitons). Gray solitons have a phase profile whichHarge but finite-width background carrier pulse. A num-
is also an antisymmetric function of time, but with a ber of previously published works revealed that, under
smaller and more gradual phase shift than that of blackuch conditions, propagational properties of dark pulses
solitons. For gray solitons the time-dependent phase shifire similar to those of the solitons on the infinite back-
represents an effective frequency shift, and therefore graground [3,5-8,21].
pulses propagate at velocities different from the group Experimental results—The odd-symmetry dark pulses
velocity of the background. It will advance with respectare produced in a shaping setup based on the space-
to the background foB < 0 and lag behind it forB >  to-time transformation properties of a spectrographlike
0. The rate at which gray solitons walk off from the arrangement [10]. The input for the shaping setup is
background increases with decreasing blackness [4].  nearly transform limited 1.8 ps pulses (FWHM intensity

Dark soliton properties have been investigated extenassuming sechshape) emitted at an 82 MHz repetition
sively over the last few years due to their potential appli+tate by a mode-locked Ti:sapphire laser (Fig. 1). The
cation as carrier bits in telecommunication systems [3,5-€entral wavelength of these pulses is fixed at 886.5 nm.
16]. Several techniques have been proposed to generafdeir duration is monitored by a scanning intensity
isolated odd-symmetry black pulses [3,5,6], or CW trainsautocorrelator. With the phase plate producing the
of black solitons [9,11-15]. Thurstaet al. demonstrated phase shift, the shaping setup delivers 3 ps (FWHM)
the generation of single gray solitons on a finite duratiorodd-symmetry black pulses located on a 37 ps (FWHM)
background [8]. background. In addition to the phase plate, a second

Already in early investigations by Blow and Doran [16], phase plate is added. By choosing the value of the phase
it was shown that dark solitons interact repulsively andshift imposed by the latter one, gray pulses with any
that an even-symmetry dark pulse breaks up into twdlackness parameters could be generated on the same
gray solitons with identical amplitude but opposite signscarrier pulse. The sign of the blackness paramé&er
of B. The evolution of even-symmetry dark pulse intocan be altered by the rotation of the second wave plate
two complementary gray solitons was later experimentalljpy 18C around the beam axis. Both wave plates are
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%pgglag%en Sﬁﬂggiﬁ&ﬁg‘ggm record its exact position on the carrier pulse at the input
LASER PULSE SOLITONS FIBER OUTPUT ang_ OultIpUt' of the fl'tl’er- W th
A=886.5 nm inally, in a similar way, we propagate only the gray
4 .
=82 MHz pf|a 1.8 psec 90 Poec A AN pulse on the background. Comparing the three sets
—— =] |- 0 QOO ) of measurements, we estimate the shift induced by the
ISOLATOR PULSE o TmrRER ' interaction forces.
SHAPING SETUP The streak camera image shown in Fig. 2(a) displays

’ the temporal profiles of the shaping output (left curve)
DELAY LINE t v and the fiber output (right curve) of a single gray pulse.
During the propagation in the fiber, the gray soliton with
FIG. 1. Experimental setup. B > 0 clearly walks off from the leading—10 ps) to the
trailing part(+4 p9s of the carrier pulse. The asymmetry
fixed on two independent translation and rotation stageef the gray pulse’s profile is due to the limited streak
to allow the precise adjustment of the phase and timing ofamera resolution. At the same time the carrier pulse
the black and gray solitons inside the background carriedisperses in time because of the dispersion and self-
The shaping setup delivers up to 10 mW of signal averagphase modulation effects. Dark and gray solitons are also
power when pumped by 1.2 W. becoming broader after the propagation in the fiber due
Experiments are carried out with the use of 1 kmto the fiber losses and the decrease of the carrier pulse
single-mode fiber with an effective core area of 28>  amplitude.
and dispersion of 90 gam/km. The fiber length equals  In order to have the initial positioning of dark soliton
approximately 8 soliton distances. The coupled signapulses for reference, a temporal measurement has been
power exceeds (approximately by 25%) the level of theperformed with only the single- phase plate for the black
fundamental dark soliton in order to partially compensateulse generation installed in the shaping setup [Fig. 2(b)].
for the fiber losses. The temporal measurement, when both dark and gray
Temporal and spectral measurements of shaping argblitons were formed at the same time, revealed the
fiber output signals are performed, respectively, by a streatollowing behavior of the pulses [Fig. 2(c)]. When placed
camera and a grating spectrograph [10]. The impulse resn the leading part of the carrier pulse, gray soliton shifts
sponse of the streak camera is 6.7 ps (FWHM). Althoughts position after propagation in the fiber (dotted cursor)
not giving the possibility to resolve the pulse shape unand walks through the dark pulse (solid cursor). As a
der investigation, it still is sufficient to study the temporal result of the interaction with the dark soliton, gray pulse
position and the qualitative behavior of generated solitonsvalk-off increases by 3 ps [compared Figs. 2(a) and 2(c)].
[5,7]. For instance, the broadening or the compression ofit the same time dark pulse also changes its position
dark pulses corresponds to the increase or the decreasetofvards the leading edge of the carrier pulse by 2 ps [see
the contrast of the streak camera image of pulses. Parkgs. 2(b) and 2(c)].
of the radiation from the shaping setup and the fiber out-
put are synchronized and simultaneously directed to the
streak camera to enable the observation of both signals
at the same time. The spectrum is monitored by a grat-
ing spectrograph with the resolution @f8 X 1072 nm,
i.e., 7.5 GHz.
As predicted by Thurstoret al.[8], the evidence of
the interaction taking place during the propagation is a

L (a) /
. - . (b)
change of the arrival time for both dark pulses with
respect to the interaction-free case. In order to observe
the effect, we first propagate both pulses in a way the
/L (©)

gray pulse, initially well separated from the black one,
will completely walk through the black soliton and could

be clearly resolved at the fiber output. This is achieved
by adapting the original position of the gray pulse to j

its blackness sign and by the adjustment of its global
phase shift. The total phase shift of the gray pulse was
found to be 0.6&, corresponding tdB| = 0.88. The 25 0 +25
background peak power coupled into the fiber is adjusted . i
to approximately 2 W, which slightly exceeds the powerFIG. 2. Streak camera images of the pulses at the shaping
f the fund tal i't 16 W output (left curves) and at the fiber output (right curves) for
Of the fundamental Soliton (1. )_' . B = 0.78. (a) Single gray pulse, (b) single black pulse, and (c)
In a second step, without changing any adjustments, Wgray and black pulse pair. Black solitons are marked by solid
propagate only a single black pulse withphase shift to  cursors and gray pulses at the fiber output by dotted lines.
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We have also performed the investigation of the black In the present investigation we consider 3 ps (FWHM)
and gray soliton interaction with the blackness parametegray and black solitons with the form given by
of the latter ones? < 0 and the same equivalent global (1)—(3), superimposed on the carrier puldé(s) =
phase shift. Results are depicted in Fig. 3. The timings\ secti—(¢/121y)*] with the FWHM of 38 ps. Parame-
are found to be consistent with the caseBof> 0. ters of the fiber are taken the same as used in experiment.

The reason that our investigation is limited to oneResults of numerical simulations fa = 0.77 and an
absolute value of the paramet®| only is connected with input black pulse amplitudet = 1.25 are presented in
two factors. For greater values (8| the length of the Figs. 4(a) and 4(b) and show that after propagation in
fiber available was not sufficient for the gray soliton tothe fiber, dark solitons are retaining their initial shape,
completely walk through the black one. Whereas for thealthough broadening to some extent. The carrier pulse
smaller values oflB| the contrast of the dip decreases,also becomes broader because of normal dispersion and
which makes it difficult to observe the pulses with alreadyself-phase modulation effects, which apart from the fiber
limited resolution of the streak camera. attenuation contribute to the decrease of its amplitude.

Numerical simulations—It has been shown that for the The gray soliton, initially located on the leading part of
positive GVD wavelength region of optical fibers, pulsesthe carrier pulse [Fig. 4(a)], moves to later times during
of the form propagation in the fiber and crosses the black soliton

U(t) = (Ao/IB) complete_ly [Fig._4(b)]. As a reg,ult (_)f the intera}ction, the

black soliton shifts toward earlier times from its central
X[1 — B*secB(Aot/10)]'* exfie(Aot/10)]. (1)  position by approximately 2 ps.
Figures 4(c) and 4(d) show the input and output of the
o —B tanh(¢) fiber with only gray soliton located on the carrier pulse
(&) = sin (1 — B? sechig)) !/ (2)  at the same initial position, as in Fig. 4(a). Comparing
i luti f NSE for the black Figs. 4(a) and 4(b) and Figs. 4(c) and 4(d), one can see
are 20 Iton solutions of N or the aE Ness parametef o+ the overall walk-off of the gray soliton during the
|| _.1 [3]. For the limiting case ofB| = 1 the above propagation in the fiber increases from 13.5 ps (with no
equations reduce to interaction) to 16.5 ps after crossing the black soliton.
U(t) = AptanHApt/1y) , 3 Numerical simulations carried out for the negative value
which represents a black soliton [2]. of B= —0.77 display the opposite situation. Si_mulations

The normalized peak intensity of both black and gray2'® also performed for the case of the dark solitons placgd
solitons is given byl =|A[>. The full width at half ©n the CW background and revealed the same basic
peak (the depth) of the intensity is= 1.76/|A] (in units behavior of p_ulses asin the case of the f|n|t_e carrier pulse.
of 1/1,). The total phase shift across a gray soliton is In conclu3|o_n, the flrst.experlmentql ew_dence of the
2 sin![B] [3]. black-gray soliton interaction in an optical fiber has been

To solve the pulse propagation problem we use the
split-step Fourier method [22].
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FIG. 3. Streak camera images fBr= —0.78 of the shaping

output (left curves) and the fiber output (right curves). (a)FIG. 4. Numerical simulation foB = 0.77. Temporal pro-
Single gray pulse, (b) single black pulse, and (c) gray and blackiles of the black and gray pair at the fiber input (a) and output
pulse pair. (b). Single gray soliton at the fiber input (c) and output (d).
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