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Three Dimensional Bright Spatial Soliton Collision and Fusion
in a Saturable Nonlinear Medium
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We report experiments showing of the attraction and novel fusion behavior of 3D bright spatial
solitons, formed by modulation instability of an optical vortex in a saturable self-focusing medium.

PACS numbers: 42.65.Tg, 03.40.Kf, 42.65.Jx

The physical nature of self-focusing and self-trappingwithin a 200 mm long glass cell, with no buffer gas, in
resulting from the optical Kerr effect has been under-a double chamber oven. The input beam was generated
stood since the 1960s [1]. It is also known that a selfby a cw Ti:sapphire laser tuned near the Rb reso-
trapped beam propagating in three spatial dimensionsance line at 780 nm. Enhancement of the self-focusing
through an ideal Kerr medium is unstable [2,3]. Satu-nonlinearity could be obtained by tuning relative to the
ration of the Kerr response [4], however, stabilizes the5S, »,(F = 3) — 5P3,2(F = 4) hyperfine transition. At
process and allows the formation of stationary solitarythese low pressures collisional broadening was negligible
waves [5], referred to as 3D bright spatial solitons. Suchand the Doppler-limited linewidth of the working reso-
solitons are expected to interact (attract, repel, etc.) imance was=0.75 GHz (at 100C). The laser was de-

a way analogous to the more widely studied case of 2DBuned from 1.5 to 0.5 GHz on the high frequency side of

bright spatial solitons [6,7]. Our aim was to investi- the transition, providing the maximum range of focusing

gate the interaction between in-phase 3D bright spatiahonlinearity for the least absorption.

solitons, experimentally, as they propagated through a The vortex was created by passing the laser beam
saturable self-focusing medium. We were able to observehrough a diffracting phase mask. The mask was pro-
a number of novel phenomena including attraction andluced, using lithographic techniques, from a computer-
fusion [8] of the solitons and behavior arising from con-generated binary pattern representing the interference
servation of angular momentum for the vortex field usecbetween a plane wave and a wave containing a doubly
to generate the solitons. The experimental observationsharged optical vortex. The background fringe frequency
and numerical simulations were in excellent agreement. was 130 cm! and the diffraction efficiency was-80%

To generate a pair of in-phase bright spatial solitons wetotal power into the two first order diffracted beams).
used the method described in Ref. [9] but imposed a douAfter demagnification, the vortex beam was imaged onto
bly, rather than a singly, charged optical vortex [10] onthe input of the cell with a beam diameter0.25 mm.
the axis of a slightly elliptical laser beam. After linear Further details of the experimental arrangement can be
propagation this beam developed the double-lobed annuléound in Ref. [9]. The patterns at the output of the cell
structure shown in Fig. 1(a) with the vortex (which in fact were viewed with a cooled charge coupled device camera
decays into a closely separated pair of singly charged voand recorded using a frame grabber. It was also possible
tices) responsible for the near on-axis intensity zero. Wheto view the fluorescence from the Rb vapor through side
this beam propagates through a self-focusing medium ivindows along the cell.
is susceptible to breakup via modulational instability, into  Figure 1 shows the intensity pattern at the output of
two soliton-like spots on diametrically opposite sides of thethe cell with increasing nonlinearity. The sequence shows
beam axis [11]. The initial intensity distribution, which two distinct stages in the evolution of the spatial intensity
varies slightly in the azimuthal direction, strongly seedspatterns. In the first stage [Figs. 1(a)—1(c)], only two lo-
this decay. Because the solitons so formed inherit the loeal intensity maxima were observed. These three pictures
cal phase of the original beam, they are in phase whenevelemonstrate the breakup in the azimuthal direction due
the vortex has even charge. By increasing the nonlineaon modulational instability of the annular beam [12] to
propagation distance, one can expect features reflecting tfierm a pair of solitonlike beams. As the “solitons” form
interaction between solitonlike beams to appear in thehey start to rotate about their common axis and attract
transverse intensity distribution. each other, the rotation rate increasing as they approach.

Experimentally it was impractical to vary the propaga-The sense of rotation was clockwise for the vortex
tion length in the medium; our observations were of theand anticlockwise when the2 vortex was used. As de-
intensity pattern at the output of a medium whose nontuning was further reduced, a second stage in the evo-
linearity could be varied. The nonlinear medium waslution began. This was characterized by the appearance
low pressure (18-'2¢m™3) rubidium vapor contained of an additional on-axis intensity maximum [Fig. 1(d)].
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fused their radial motion reversed, taking them away from
the axis. The central filament, while remaining on-axis,
displayed a nonstationary profile as nonlinearity increased
further, at times appearing to be composed of two very
closely spaced individual filaments [Fig. 1(h)]. Eventu-
ally, both the rotation and outward motion of the outer
filaments tended to saturate, yielding an approximately
stable output pattern [Fig. 1(g)—1(i)], although total in-
tensity decayed at higher nonlinearities due to increased
absorption near the transition frequency.

Propagation behavior of the vortex was observed
through the side window of the oven. For output profiles
containing only two maxima, this view showed the
presence of only two filaments within the medium, except
during the first 3 cm of propagation, where they were
not yet formed. When three maxima were observed at
the output window, the side views showed that the input
beam first formed two filaments [Fig. 2(a)] with the
third filament appearing at longer propagation distances
[Fig. 2(b)].

It is worth noting that the general behavior reported
above was not critically dependent on any particular
experimental parameter. Similar results could therefore
be obtained by varying cell temperature, or laser power to
alter the effective nonlinearity of the medium.

Numerical simulations were carried out for comparison
with these experiments using the beam propagation
method. The slowly varying envelope of the electric
field at the cell input took the formA(x,y,z =
0) = Apexg —(x*/wi + y*/w}) + i2tan”!(y/x)], with
the intensity (I = |A|?>) dependent dielectric constant
of the medium approximated as(l) = nj + 2ny X
[nn(I) — iy(I)/ko], vy being the absorption coefficient
and n,; the nonlinear refractive index. Estimates of
real and imaginary parts of the dielectric constant were
based on a two-level atom model with inhomogeneously
broadened transitions in the presence of strong hole
burning [13]. The values obtained in this way have a
complicated form, depending on both detunitlv,),
intensity, and vapor concentratigVg,). The calculated
dependencies of the dielectric constant were interpolated
by simpler fitting functions, with the best fit obtained for

FIG. 1. Comparison of experimental results and simula-2 NOnlinear index,

tion. Experimental beam profiles at the output window ny(Avy, Nrp)l
of the cell are shown in the upper set of pictures for na(Avy, Nry, ) = ARGl A TR 8-Vl (1a)
detunings equal to (a) 30 (b) 27, (c) 26, (d) 25, (e) 1+ I/I1(Avy)

24, (f) 23, (g) 21, (h) 20, (i) 16 with eachxAwv,
(laser linewidth Av; = 40 MHz). The window size was
0.8 mm X 0.8 mm. Calculated beam profiles are shown in
the lower set of pictures for concentrationSg,, equal to
(J) 1.2, (k) 1.5, (I) 1.9, (m) 2.3, (n) 2.7, (n) 3.1, (0) 3.1, (p)
3.5, (q) 3.9, (r) 5.2 each in units of10'' cm™3.

The two outer filaments began to fuse as they reache« (al (b)

their point of closest approach, transferring energy into F|G. 2. Side window observations of beam configuration.

central lobe [Figs. 1(d)-Fig. 1(f)]. Rotation of the outer jmages were taken at distances of (a) 7 cm and (b) 20 cm along
filaments continued in the clockwise sense, but as thethe cell. Image size= 5 mm X 20 mm, detuning=17Av;.
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over detuning rather than concentration, given the smar. . .
behavior of output profiles for the two cases. Good

agreement between simulation and experiment Shows|G. 3. Propagation dynamics of calculated beam profile.
that the model for nonlinearity fits well with the actual From top left to bottom right by row, propagation distanee
response of the medium. All features of the behavio®: 2.5, 5, 7.5, 10, 12.5, 15, 17.5, and 20 cm.
described above were observed in the calculated profiles.
There is slight disagreement in that splitting of the centrahre formed from vortex breakup must conserve angular
peak was not resolved, although oscillatory changes imomentum at all propagation distances, at least when
shape, were apparent. Varying the simulation parameteasorption is neglected.
over a feasible experimental range did not affect the If it is assumed that the solitons approximately retain
general behavior of the output beam profiles. their shape and are permitted to move along some nearly
The numerical simulations allowed investigation of longitudinal path, then it is possible to obtain a more
beam dynamics during propagation through the mediuntransparent form for the angular momentum conservation
where, experimentally, this could be monitored onlylaw. The envelope for such a soliton has an approximate
through side windows. The calculated propagation dyform [16]:
namics of the field is shown in Fig. 3. Two filaments aro
form from the elliptical ring structure of the beam after Alr,z) = u(r, — ro(z)) ex;{ikono— . rli|
about 7 cm propagation, as was seen in experimental side 9z
views. A collision between this pair of filaments is re- X exfipBz], 3)
sponsible for generation of the third, central filament, seefyhere y is the shape of the solitom, = [x,y] is the
at longer propagation dlstan_ces, in agreement vylth Flg. 2ransverse coordinatery = [xo(2), vo(z)] is the position
In both.expen_ment and simulations only partial fusion ¢ the profile, 8 is a propagation constant, and the
of the soliton pair was observed. There are reasons Whyansyerse phase variation simply acts to make the planes
complete fusion might not occur when bright solitons ares constant phase normal to the soliton’s direction of
created from a beam containing an optical vortex becausﬁropagation. To ensure a slowly varying enveldpevith
of the need to conserve “angular momentum” for theyegpect to the carrier ekpikonoz ], the parameters should
beam. The expression for the angular momentum [14], satisfy|lare/azll, B/kono < 1. Substituting (3) into (2),

and an absorption,
¥s(Avyi, Nrp)

Vl + I/IXZ(AUI) ,

wheren; is the saturated Kerr coefficient apd is the low
intensity absorption coefficient. The following parameter
set was used for simulationg;; = 5.5 W/cn?; I, =
0.01 W/en?;  ng = 0.9 X 107"Ngp C2/W;  y, =

0.2 X 107" Ngp cm™!, with Ngy, in cm™3.

Results from a sequence of simulations for increasing
nonlinearity at a fixed propagation distance of 20 cm are
shown in Figs. 1(j)-1(r). The power at the input was
25 mW (A3 = 16 W/cn¥), with the input radii given by
wy = 0.34 mm andw, = 0.27 mm. Model parameters
were taken from those listed above, usivg, values
ranging froml.1 X 10'' t0 5.2 X 10'' cm™3. The values
of ny, and y, calculated for these concentrations cover
the same values obtained experimentally by detuning,
though it was more convenient in experiment to range

Y(Avy, Nry, I) =

(1b)

. oo 9A* A a simple form for the conservation law is obtained,
L, = é[ f |:x<A Pl A* a_> convertingr to its polar representation:
—e0 J — y y
206y
« L, = konoPors — 4
0A 0A z oo ok s

—y<A - —A*a—>:|dxdy, 9z

* X where P, is the beam power. This is the same form as

(2)  mechanical angular momentum for a particle of “mass”
arises from rotational invariance of the field equationsP,, with time substituted for propagatiokyngz. For
[15]. For the incident optical vortex used in thesefields consisting of well separated solitons, the total
experiments, this integral is nonzero. Solitons whichangular momentum is the sum of the individual angular
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momenta. The use of the vortex as the incident field Demonstration of fusion is not without practical impor-
means that this sum was nonzero in our experiments. tance. Logic and switching mechanisms employing soli-
Calculations of the angular momentum were carriedon collision and fusion have been proposed whereby the
out for propagation simulations akin to Fig. 3. The an-fused soliton is present at some position only if both in-
gular momentum and power versus propagation distangaut soliton signals were present. Interaction forces can
for ny, = 5 X 1079 cn? /W and neglecting absorption are also be interesting in that a variety of trajectories may be
shown in Fig. 4. The beam power slowly decreases due ttvaced out by a pair of solitons depending on the balance
spread of energy into regions outside the integration winef the interaction with the “centrifugal forces.” For in-
dow. Note that not all of the energy in the initial beam stance a bound states exist [17], where the soliton pair
ends up in solitons. Some energy contributes to a low inspirals in fixed orbit, which is likely to provide a striking
tensity “radiation” field which spreads, by diffraction, past experimental example of beam interaction in the nonlin-
the integration area in our numerical grid. The importantear medium. Appropriate variants on the vortex propa-
feature of this figure is that as the solitons move outside thgation and soliton interaction experiment shown here are
integration window the angular momentum drops to zercurrently being investigated.
in spite of the fact that-40% of the total beam power re-  The partial support of the Australian Photonics Co-
mains within the integration window in the central lobe. operative Research Centre is gratefully acknowledged.
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