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Properties of an optical soliton gas

A. Schwache and F. Mitschke
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We consider light pulses propagating in an optical fiber ring resonator with anomalous dispersion. New
pulses are fed into the resonator in synchronism with its round-trip time. We show that solitary pulse shaping
leads to a formation of an ensemble of subpulses that are identified as solitons. All solitons in the ensemble are
in perpetual relative motion like molecules in a fluid; thus we refer to the ensemble as a soliton gas. Properties
of this soliton gas are determined numericall$1063-651X97)08406-1

PACS numbs(s): 42.65.Tg, 42.65.5f, 42.81.Dp

INTRODUCTION further terms describing fiber losses, higher-order dispersion,
or the delayTy of the response of the medium that leads to
It is well known that in a variety of nonlinear wave propa- Raman scattering. In what follows, we will add on the right-

gation processes there exist pulses with special propertigsand side the termsi/6)8;9°A/ T2 for third-order disper-
and special shape called solitons. Solitons can form fronsion. We emphasize, though, that this correction is added
initial conditions that can be quite different from their even- solely to make the correspondence to our experiment as close
tual shape. They can collide and pass through each othess possible; the essentials of the phenomena described here
without being destroyed; this was noted[ih] and lead to  occur in their absence just as well.
their name, which implies a particlelike property. In fiber It is well known that the NLSE exhibits a constant shape
optics, in particular, solitons are the natural bits of informa-solution of the form
tion for long-distance transmission, a conclusion that has
considerable impact on future telecommunication technol-

Wave propagation in optical fiber is well understood; see, Alz,T)= \/P—lsechliexr{mz), e
e.g., the book by AgrawdR]. One has to take into account
group velocity dispersion and self-phase modulation. The
former is usually written as a power series in frequency sepawhich is called the fundamental soliton. It has a pulse width
ration from the central frequency of the light; in many casesT, and peak poweP,=1/yLp . Lp=T3/|B,| is a character-
it suffices to consider what is known as second-order dispeiistic dispersion length.
sion, commonly expressed as the paramgterThe latter is There also exists an infinite family of higher-order soli-
caused by what is often referred to as the optical Kerr effections of integer orderN (N-soliton bound stat@swith
The index of refractionn of silica fiber is given by P =N?P,. The shapes of all higher-order integer order
n=no+n,l, wheren, is the small signal index familiar from solitons oscillate and repeat after the soliton period
classical optics] is the light intensity, and, is the Kerr  z,=(#/2)Lp.
coefficient, ~ which  here  takes values around The ability of fiber solitons to form from initial nonsoliton
3x 10 2° m?/W. Note that this expression implies an instan- pulses and acquire their characteristic shape was observed
taneous response of the medium, which is a reasonable apxperimentally in[3]. An experimental observation of the
proximation for pulses much longer than the Raman timesoliton interaction was reported {#], where pairs of co-

Tr, Which is of the order of 10" s. propagating solitons were studied. However, it stands to rea-
The influence of both3, andn, is captured in the cel- son that whatever applications may evolve one day, they will
ebrated nonlinear Schidmger equatior{NLSE) presumably deal with many more than just two solitons. In
5 this paper we will consider an ensemble of solitons, all of

i%:E,B A IAA (1)  Which can interact. There is a considerable amount of litera-

gz 2Ptz Y ' ture on such a situation in various fields such as plasma

physics[5] and solid-state physid$] under the name of a
A refers to the envelope of the electrical fieldis distance, “soliton gas.” However, with few exceptiong7,8], this lit-
andT is local time.y=n,wo/CAq is the nonlinearity coef- erature is theoretical. For fiber optics in particular there are a
ficient; hereinw, is the optical frequency andl; the effec-  few theoretical papef®—11], but no experiments have been
tive mode cross-sectional area. Depending on the desired deeported. Falling just short of presenting actual experimental
gree of approximation, the NLSE is often enhanced withdata, we present an experiment in which a “soliton gas”

does form; unfortunately, the ultrashort time scales involved

have made it unfeasible so far to “see” it directly. However,

*FAX: 49-251-83-33513. we will study its statistical properties by numerical simula-
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FIG. 1. Schematic of the experimental setup. Laser, cw mode- —— ig -
locked laser; ATT, variable attenuator; OD, optical dig8araday —— u\g
isolator, prevents feedback into the lasdiber, typically 10 m of 0 o . 5 : o
single-mode polarization-preserving fiber. The inset defines the i i time (ps)

pulse width7, and the repetition timer,. Resonator round-trip

time is denoted byoung. For synchronous driverey= rround- FIG. 2. Feed pulse and substructure are shown over one round-

trip around the nonlinear ring resonator or 100-m fiber. 200 round-
I. EXPERIMENT trips were preiterated, during which the feed puiskown as a

dotted line with exaggerated vertical scale for compaidws re-

Consider a piece of single-mode fiber closed onto itsel neq into an ensemble of subpulses. Parameters: input peak
such as to form a ring resonator. Feed this resonator at Som@ver p, =80 W, input pulse widthr,=10 ps; dispersion:

input coupler with pulses of light of duration,, whichis  g,— —10 p&/km, 3= —0.135 p&/km.
much shorter than the resonator round-trip timg,q (typi-

cally, 7, will be a few picoseconds an},,ng several nano-  gre indeed solitonlike. Then we will discuss how many such

seconds Also, arrange for the repetition time., of the  solitary pulses can emerge. Finally, we will look at the den-
external drive pulses to be equal to the round-trip time. Insjty and the kinetics of the subpulses.

other words, consider a synchronously driven fiber ring reso-
nator. A sketch of the experimental setup is shown in Fig. 1.
For further detail, see Reff12-14.

Propagation around the ring is described by the NLSE as Since the ultrafast time scales involved make a direct
above. The additional ingredient now is the interference bemeasurement on a single shot basis extremely difficult, we
tween a pulse inside the ring with an external feed pulse oncRave to resort to a numerical simulation for now. The present
every round-trip time. Owing to the self-phase modulationinvestigation is based on a split-step Fourier calculation
acting on the pulse in the fiber it will acquire a chirp; upon similar to that in[2]. We typically used spatial steps of 5 cm
interference, this chirp will translate into amplitude effects.and 1024 time steps for a total time window of, e.g., 50 ps
For example, whenever the phase of both interfering pulsefr 10-ps pulses. Periodic boundary conditions were used:;
match constructively the resulting pulse will have a peakenergy conservation were monitored to guard against nu-
whereas in positions of opposite phase the resulting pulsgerical inaccuracies. For the data discussed below, 200
will have a notch due to destructive interference. round-trips were preiterated to let any initial transients die

As has been described befddb], the pulses traveling in - out. Then 1000 more round-trips were calculated; this con-
the ring will acquire complicated shapes after only a fewstitutes the database to which all analysis below will refer.
round-trips. This has been studied under conditions of nor- First we extract the position, peak power, and width of all
mal dispersion and was shown to give rise to optical turbumaxima as a function of time. To find the position and peak
lence. It was also shown that a measure of the complexity obower is a straightforward routine. The determination of the
the shapes is given by the “system sizg23,14. This quan-  width requires a remark: Since it is common in experiments
tity is determined by the ratio of two widths: the width of the to describe pulses by their half-width full width at half
feed pulses divided by the typical width of the narrow sub-maximum rather than b¥,, we use a routine that searches
structures emerging from the process. The latter in turithe half maximum points on either side of each maximum to
equals the correlation width set by the amount of dispersiongptain the widthr. Occasionally, two subpeaks are so close
The situation may be compared loosely to that of hydrody+o each other that this strategy fails; in such cases we make
namic turbulence, where an upper length scale of eddies igo further attempt to determine. It turns out that some
set by the container size and a lower length scale by viscosnaxima are detected mostly in the wings of the whole struc-

ity. ture that are really just small ripples in the power profile
In the present paper we concentrate on the case where thi€mpare Fig. 2

fiber has anomalous dispersion. We find that now individual,
isolated narrow subpulses emerge from the feed pulse. Fig-
ure 2 shows a typical situation. Superimposed is the feed
pulse for comparison. Evidently, the substructure can exist Under the conditions chosen, the prominent maxima have
only within the width of the feed pulse. typical peak powers oP=40-200 W and typical widths
We will proceed by first demonstrating that the subpeaksiround 7=600-1600 fs. It is also quite obvious that the

Il. NUMERICAL EXPERIMENT

A. Subpeaks are solitonlike
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FIG. 3. Diagram of correlation between peak power and width
of subpulses. Only subpulses with peak power greater 0.5 W are
taken into account. Parameters: input peak pddjer 40 W, others i
as in Fig. 2. The solid line is the theoretical expectation for the
fundamental solitofEg. (3)].
0
highest peaks tend to be the narrowest. This anticorrelation is 0.5 1.0 1.5 2.0

shown in Fig. 3, whereP is plotted overr 2. One easily
identifies two branches. The majority of data points is at very
low values of P and can have any value of 2 over the , , i ,
range shown and larger. This branch consists of linear waves FIG. 4. Histogram for the soliton order estima¥¢ obtained

and numerical noise. The other branch corresponds to n0|I|r—Om 1000 round-trips. Same data and parameters as in Fig. 3.
linear pulses and displays a linear trend so fat~ const.

The solid line, shown for comparison, represents the combi- We conclude that the pulses, while perturbed strongly,
nations ofP and 7 that one expects for an unperturbed fun- eventually settle to a fundamental soliton, as evidenced by
damentali.e.,N=1) soliton. This line is not a fit to the data; the correlation of pulse width and peak power. Since there is
there are no free parameters. The peak power of the fundar considerable spread in both widths and peak powers, we

soliton order estimate N*

mental soliton is given by proceed to look at the distributions of these quantities. Also,
18,| since we deal with a whole ensemble of pulses, we look at
P1:Csech18_221 (3) their number and mutual distance.
where the numerical factd@geq=4 IN?(1+/2)~3.11 origi- B. Distribution of peak power of solitons

nates from the sechlike power profile. It is quite apparent
that the nonlinear pulses fall close to this line; this justifies
the identification of these pulses as solitonlike.

A different way to display these data is to introduce the
soliton ordem throughPy=N2?P; into Eq.(3) and solve for
N. Then, from the widthr and peak heighP of the pulses
we can empirically determine an estimate of the soliton or
der, which we calN*, as

In the following section, we are repeatedly faced with the
problem that linear and nonlinear pulses exhibit different
properties so that statistical measures, taken blindly, repre-
sent an ill-defined mixture. We therefore attempt to separate
both “populations” by defining a threshold criterion: Pulses
with N*>1/2 are identified as nonlinear; only these will be
‘considered further. Note, however, that a complete separa-
tion is not feasible because both populations merge at low
powers and become undistinguishable by this criterion. Due

. \/F [ yPr? to this imperfect separation, linear pulses still contribute a
N = p_l: m (4) very high and rather narrow peak at fairly low power in the
histogram of peak powelsee Fig. 5. Beyond the crossover

to the nonlinear pulses, the histogram decays exponentially,

A fundamental soliton should hawé* ~N=1 all the time. as evidenced by the linear decay in the semilogarithmic plot
Other pulses will have different values, and as their shapes y y g P

change, so willN*. However, whenever their shape is rea- Of Fig. 3. It means that very powerful pulses are rare.
sonably close to seéh the identification ofN* and N is
reasonable.

Figure 4 shows a histogram of &I* values encountered The histogram of the pulse widths is shown in Fig. 6.
over 1000 round-trips; the peaking Wt =1 is unmistake- Again, for large widths there is an exponential decay indi-
able. The other peak &* =0 is due to linear pulses; for the cating that very wide pulses are very rare. On the other hand,
sake of clarity we will from now on cut their number by very narrow pulses are also very rare, which is not too sur-
disregarding maxima with a peak power not exceeding 2 Wprising because very powerful pulses were shown above to

C. Distribution of width of solitons
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subpulse peak power (W) It was pointed out above that the width of the solitons
scales with dispersion accordingte | 3,|. Figure 7 shows

FIG. 5. Histogram for the subpulse peak power. From 2000this relation for the average pulse _W|d((h>._EvaIuat|on of
round-trips all subpulses with peak power greteV and with a th_e 'separation between n_e|ghbor!ng solitons reveals that
soliton order estimathl* > 0.5 were taken into account. The param- W'th'n_ the accuracy of the fit there is the same type of scal-
eters are the same as in Fig. 3. ing: Fig. 7 shows the average separafa) plotted versus
V|B.|. Thus therelative pulse separatiofin units of pulse
width) does not depend on dispersion. The dependence of
{7) and(AT) on the input power is shown in Fig. 8; again,
there is a linear relation witl =2 for both (7) and(AT),
while the relative pulse separation varies only slightly.

be very rare too. The overall shape of the histogram re
sembles a distributioR(7) = ar’exp(— 7/b) with a,b fit con-
stants(formally, a Planck distributiory shown as a solid line
and intended merely to guide the eye.

E. Distribution of the separation of solitons

The histogram of the separation between neighboring

e e R s pulses looks very similar to the pulse width histogréfig.
] 9). In fact, we use the same type of function for the solid line
to guide the eye. Very wide pulse spacing is improbable and
1000 = 3 . ? s 2 -
] E S0 is a very close distance. This is a significant deviation
] ] from a purely random distribution of pulses over the avail-
1 1 T T T
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S E . 4
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pulse width T (ps) FIG. 8. Mean values for the pulse width and the distance

AT between the subpulses during the fiber propagation for different
FIG. 6. Histogram for the subpulse widih Same data as in Fig. values of input poweP;,. Other parameters are the same as in Fig.
5. The solid line guides the eysee the texjt 5.
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" remain essentially constant as long@sis constant; this is
corroborated by Fig. 7.

pulse separation AT (ps)

. . Ill. SOLITON FLUID
FIG. 9. Histogram for the subpulse separatidii over 1000

round-trips. Same data as in Fig. 5. The solid line guides the eye

(see the text We have so far considered the ensemble of solitonlike

pulses with respect to their static properties. In fact, the

able interval; the latter would result in a monototapproxi- ~ Whole ensemble is in constant motion, much like the atoms
mately exponentialdistribution, whereas the actual distribu- in @ fluid. In keeping with terminology in the literature, we
tion clearly has a maximum. therefore refer to the ensemble as a soliton ¢dste, how-

One might have the suspicion that the maximum could b&Ver. that in the absence of compressibility data the distinc-
an artifact due to difficulties of counting all pulse pairs cor-tion between a gas and a liquid is not obvigus.
rectly when the separation between neighboring pulses be- We have stated how th@veraggnumber of “particles”
comes smaller than the width of the participating pulses. Wdh this gas determined. By using the average separation given
checked this by creating the corresponding histogram of dis2bove, we can also define the dengity (AT)~ ', where
tances for only those pulses that have a pulse width of les8 iS @ dimension and in this case the dimension of the em-

than 0.3 ps. The maximum of the distribution remained at 1.2€dding spac®=1. We have preliminary data indicating
ps, so that such an artifact can be ruled out. that from the relative motion of the solitons, also a “tem-

perature” can be defined that depends on the pump power.
Further characterization of the soliton gas in the spirit of

_ _ _ thermodynamics and statistical mechanics must be left for
Figure 2 graphically illustrates the development of a pulse&ytyre work.

during the fiber propagation over one round-trip, starting
right after interference. Evidently, not only are the shape and
position of solitary subpulses subject to fluctuations, but so is 1 — T T T I
their number. Figure 10 shows that the numger changes
not only during interference, but also during propagation.
The average numbem) (where the average is taken over
many round-tripsis essentially determined by their separa-
tion and the available width, the latter given by the feed
pulse width, in the same spirit as the number of substructures
is given by the system siZsee above anfl3,14)).

We test this assumption by varying the input pulse width
and tracking(n) at the end of each round-trip. First, we
control the system size by varyimgyp; it is expected to scale

F. Number of solitons

=
<o
1
1

2
(==
1
1

average number of solitons
— [N
< [
1 1
1 1

as VB, [13,14. As Fig. 10 shows, there is indeed the ex- 0 — T T T

pected behavior. Second, we control the system size by way 0 10 20 30 40 >0

of varying the input pulse width; with all other parameters input pulse width T_(ps)

kept constant, it increases linearly witfy . Figure 11 shows

the result: Indeed({n) grows linearly withr;,. One con- FIG. 11. Mean number of subpulses for different input pulse

cludes that the average separation between subpulses mustith. Other parameters are the same as in Fig. 5.
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IV. CONCLUSION statistical material on the properties of such gas. The soliton

. . T . as provides a unique opportunity to study the interactions
We have described an experimental situation in which al etween a large number of solitons.

ensemble of subpulses is created from a broader input pulse.
Individual subpulses have been shown to be solitons. The
ensem_ble as awhole isin constant motion, suggesting a fluid ACKNOWLEDGMENTS

of particles: hence the term soliton gas. Direct experimental

verification will be very challenging in view of the very short ~ We have enjoyed discussions with N. Akhmediev, C.
time scales involved and the necessity of single-shot obseEtrich, F. Lederer, and B. Malomed. This work was finan-
vation. Meanwhile, numerical investigation provides detailedcially supported by Deutsche Forschungsgemeinschatft.
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