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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]
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The nonlinear Schrödinger equation (NSE) predicts
existence of stable solutions, conserving amplitude,
phase under propagation, for both positive and nega
group velocity dispersion (GVD) regions. The soluti
existing in the positive GVD region is a rapid intens
dip in a cw background and is called a “dark” solit
analogously to the so called “bright” soliton for th
negative GVD region [1,2]. The particular case of t
dark soliton and the most studied one is the pulse, w
is an antisymmetric function of time with an abruptp

phase shift and zero intensity at its center and will
referred to as a “black” soliton in the following.

However, the intensity of the dark soliton does n
generally dip all the way to zero. This type of pulse
called a gray soliton and the contrast of the dip, defi
by Tomlinsonet al. [3], is determined by the blackne
parameterjBj , 1 (pulses with jBj ­ 1 correspond to
black solitons). Gray solitons have a phase profile wh
is also an antisymmetric function of time, but with
smaller and more gradual phase shift than that of b
solitons. For gray solitons the time-dependent phase
represents an effective frequency shift, and therefore
pulses propagate at velocities different from the gro
velocity of the background. It will advance with respe
to the background forB , 0 and lag behind it forB .

0. The rate at which gray solitons walk off from th
background increases with decreasing blackness [4].

Dark soliton properties have been investigated ex
sively over the last few years due to their potential ap
cation as carrier bits in telecommunication systems [3
16]. Several techniques have been proposed to gen
isolated odd-symmetry black pulses [3,5,6], or CW tra
of black solitons [9,11–15]. Thurstonet al. demonstrated
the generation of single gray solitons on a finite durat
background [8].

Already in early investigations by Blow and Doran [16
it was shown that dark solitons interact repulsively a
that an even-symmetry dark pulse breaks up into
gray solitons with identical amplitude but opposite sig
of B. The evolution of even-symmetry dark pulse in
two complementary gray solitons was later experiment
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verified [17]. It was also shown that an odd-symmetry d
pulse at powers, exceeding the power of a fundame
soliton, emits a pair of symmetrical gray solitons [18].

Optical spatial solitons, which are solutions of the tw
dimensional spatial NSE with defocusing nonlinearity, e
hibit properties similar to those of temporal solitons
optical fibers [19]. As in the case of temporal soliton
simulations of multiple spatial soliton propagation demo
strated that they interact repulsively [20].

To date, due to the absence of shaping techniques
abling one to generate a couple of dark pulses with diff
ent phase profiles and different signs ofB, interaction of
black and gray solitons in optical fibers has been stud
only theoretically [8,16,21], to our knowledge.

In this Letter we report the first experimental investig
tion of black-gray soliton pair behavior. Two dark puls
with controlled phase profiles are shaped on a relativ
large but finite-width background carrier pulse. A num
ber of previously published works revealed that, un
such conditions, propagational properties of dark pul
are similar to those of the solitons on the infinite bac
ground [3,5–8,21].

Experimental results.—The odd-symmetry dark pulse
are produced in a shaping setup based on the sp
to-time transformation properties of a spectrographl
arrangement [10]. The input for the shaping setup
nearly transform limited 1.8 ps pulses (FWHM intens
assuming sech2 shape) emitted at an 82 MHz repetitio
rate by a mode-locked Ti:sapphire laser (Fig. 1). T
central wavelength of these pulses is fixed at 886.5
Their duration is monitored by a scanning intens
autocorrelator. With the phase plate producing thep

phase shift, the shaping setup delivers 3 ps (FWH
odd-symmetry black pulses located on a 37 ps (FWH
background. In addition to thep phase plate, a secon
phase plate is added. By choosing the value of the ph
shift imposed by the latter one, gray pulses with a
blackness parameters could be generated on the s
carrier pulse. The sign of the blackness parameteB
can be altered by the rotation of the second wave p
by 180± around the beam axis. Both wave plates a
© 1996 The American Physical Society 4011
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FIG. 1. Experimental setup.

fixed on two independent translation and rotation sta
to allow the precise adjustment of the phase and timin
the black and gray solitons inside the background car
The shaping setup delivers up to 10 mW of signal ave
power when pumped by 1.2 W.

Experiments are carried out with the use of 1
single-mode fiber with an effective core area of 28mm2

and dispersion of 90 psynmykm. The fiber length equa
approximately 8 soliton distances. The coupled sig
power exceeds (approximately by 25%) the level of
fundamental dark soliton in order to partially compens
for the fiber losses.

Temporal and spectral measurements of shaping
fiber output signals are performed, respectively, by a st
camera and a grating spectrograph [10]. The impulse
sponse of the streak camera is 6.7 ps (FWHM). Altho
not giving the possibility to resolve the pulse shape
der investigation, it still is sufficient to study the tempo
position and the qualitative behavior of generated soli
[5,7]. For instance, the broadening or the compressio
dark pulses corresponds to the increase or the decrea
the contrast of the streak camera image of pulses.
of the radiation from the shaping setup and the fiber
put are synchronized and simultaneously directed to
streak camera to enable the observation of both sig
at the same time. The spectrum is monitored by a g
ing spectrograph with the resolution of1.8 3 1022 nm,
i.e., 7.5 GHz.

As predicted by Thurstonet al. [8], the evidence o
the interaction taking place during the propagation
change of the arrival time for both dark pulses w
respect to the interaction-free case. In order to obs
the effect, we first propagate both pulses in a way
gray pulse, initially well separated from the black o
will completely walk through the black soliton and cou
be clearly resolved at the fiber output. This is achie
by adapting the original position of the gray pulse
its blackness sign and by the adjustment of its glo
phase shift. The total phase shift of the gray pulse
found to be 0.68p, corresponding tojBj ­ 0.88. The
background peak power coupled into the fiber is adju
to approximately 2 W, which slightly exceeds the pow
of the fundamental soliton (1.6 W).

In a second step, without changing any adjustments
propagate only a single black pulse withp phase shift to
4012
es
of
er.
ge

al
e
te

nd
ak
re-
gh
n-
l
ns
of
e of

arts
t-

he
als
at-

a
h
rve
he
,

ed
o
al
as

ed
r

we

record its exact position on the carrier pulse at the in
and output of the fiber.

Finally, in a similar way, we propagate only the gra
pulse on the background. Comparing the three s
of measurements, we estimate the shift induced by
interaction forces.

The streak camera image shown in Fig. 2(a) displ
the temporal profiles of the shaping output (left curv
and the fiber output (right curve) of a single gray pul
During the propagation in the fiber, the gray soliton w
B . 0 clearly walks off from the leadings210 psd to the
trailing parts14 psd of the carrier pulse. The asymmetr
of the gray pulse’s profile is due to the limited stre
camera resolution. At the same time the carrier pu
disperses in time because of the dispersion and s
phase modulation effects. Dark and gray solitons are
becoming broader after the propagation in the fiber d
to the fiber losses and the decrease of the carrier p
amplitude.

In order to have the initial positioning of dark solito
pulses for reference, a temporal measurement has
performed with only the singlep phase plate for the blac
pulse generation installed in the shaping setup [Fig. 2(

The temporal measurement, when both dark and g
solitons were formed at the same time, revealed
following behavior of the pulses [Fig. 2(c)]. When place
on the leading part of the carrier pulse, gray soliton sh
its position after propagation in the fiber (dotted curs
and walks through the dark pulse (solid cursor). As
result of the interaction with the dark soliton, gray pul
walk-off increases by 3 ps [compared Figs. 2(a) and 2(
At the same time dark pulse also changes its posi
towards the leading edge of the carrier pulse by 2 ps [
Figs. 2(b) and 2(c)].

FIG. 2. Streak camera images of the pulses at the sha
output (left curves) and at the fiber output (right curves)
B ­ 0.78. (a) Single gray pulse, (b) single black pulse, and
gray and black pulse pair. Black solitons are marked by s
cursors and gray pulses at the fiber output by dotted lines.



VOLUME 77, NUMBER 19 P H Y S I C A L R E V I E W L E T T E R S 4 NOVEMBER 1996

c
et
al
ng

ne

to
th
s
d

e
e

et

ra

i

th

(a
la

M)
y

-
ent.

in
pe,
lse
and

ber
de.
of
ing
iton
he
ral

the
se
ing
see
e
no

lue
ns
ced
asic
lse.
he
en

put
We have also performed the investigation of the bla
and gray soliton interaction with the blackness param
of the latter onesB , 0 and the same equivalent glob
phase shift. Results are depicted in Fig. 3. The timi
are found to be consistent with the case ofB . 0.

The reason that our investigation is limited to o
absolute value of the parameterjBj only is connected with
two factors. For greater values ofjBj the length of the
fiber available was not sufficient for the gray soliton
completely walk through the black one. Whereas for
smaller values ofjBj the contrast of the dip decrease
which makes it difficult to observe the pulses with alrea
limited resolution of the streak camera.

Numerical simulations.—It has been shown that for th
positive GVD wavelength region of optical fibers, puls
of the form

Ustd ­ sA0yjBjd

3f1 2 B2sech2sA0tyt0dg1y2 expfiwsA0tyt0dg , (1)

wsjd ; sin21

"
2B tanhsjd

s1 2 B2 sechsjdd1y2

#
(2)

are soliton solutions of NSE for the blackness param
jBj # 1 [3]. For the limiting case ofjBj ­ 1 the above
equations reduce to

Ustd ­ A0tanhsA0tyt0d , (3)

which represents a black soliton [2].
The normalized peak intensity of both black and g

solitons is given byI ­ jAj2. The full width at half
peak (the depth) of the intensity ist ­ 1.76yjAj (in units
of tyt0). The total phase shift across a gray soliton
2 sin21jBj [3].

To solve the pulse propagation problem we use
split-step Fourier method [22].

FIG. 3. Streak camera images forB ­ 20.78 of the shaping
output (left curves) and the fiber output (right curves).
Single gray pulse, (b) single black pulse, and (c) gray and b
pulse pair.
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In the present investigation we consider 3 ps (FWH
gray and black solitons with the form given b
(1)–(3), superimposed on the carrier pulseUstd ­
A sechf2sty12t0d2g with the FWHM of 38 ps. Parame
ters of the fiber are taken the same as used in experim
Results of numerical simulations forB ­ 0.77 and an
input black pulse amplitudeA ­ 1.25 are presented in
Figs. 4(a) and 4(b) and show that after propagation
the fiber, dark solitons are retaining their initial sha
although broadening to some extent. The carrier pu
also becomes broader because of normal dispersion
self-phase modulation effects, which apart from the fi
attenuation contribute to the decrease of its amplitu
The gray soliton, initially located on the leading part
the carrier pulse [Fig. 4(a)], moves to later times dur
propagation in the fiber and crosses the black sol
completely [Fig. 4(b)]. As a result of the interaction, t
black soliton shifts toward earlier times from its cent
position by approximately 2 ps.

Figures 4(c) and 4(d) show the input and output of
fiber with only gray soliton located on the carrier pul
at the same initial position, as in Fig. 4(a). Compar
Figs. 4(a) and 4(b) and Figs. 4(c) and 4(d), one can
that the overall walk-off of the gray soliton during th
propagation in the fiber increases from 13.5 ps (with
interaction) to 16.5 ps after crossing the black soliton.

Numerical simulations carried out for the negative va
of B ­ 20.77 display the opposite situation. Simulatio
are also performed for the case of the dark solitons pla
on the CW background and revealed the same b
behavior of pulses as in the case of the finite carrier pu

In conclusion, the first experimental evidence of t
black-gray soliton interaction in an optical fiber has be

FIG. 4. Numerical simulation forB ­ 0.77. Temporal pro-
files of the black and gray pair at the fiber input (a) and out
(b). Single gray soliton at the fiber input (c) and output (d).
4013
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demonstrated. The observed behavior of the black
gray solitons after the collision leads to the conclusion t
the interaction of the dark-gray soliton pair has a repuls
character when a complete walk-off of the gray solit
through the dark one is taking place for both cases
blackness parametersB , 0 and B . 0. That means tha
the faster soliton arrives earlier and the slower one arr
later if they pass through each other. As was appa
after the investigation, the gray soliton time shift, broug
on by the interaction, is higher than that of the bla
soliton (particularly 1.5 times higher forjBj ­ 0.78). The
delay times in arrival of dark solitons after propagati
in the fiber are found to be approximately equal forB .

0 and B , 0. The collision induced time shifts are i
consistency with general prediction of previous theoret
papers [8,16].

Numerical simulations performed show good agr
ment with experimental results. We found that prop
gational timing properties of dark solitons on the fin
carrier pulse are similar to those of the dark pulses on
background. Although temporal timings resulting fro
the interaction between black and gray solitons are w
defined, the interpretation of the spectral images is m
complicated and needs further investigation.
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