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Abstract:  We investigate the self-focusing dynamics of super-Ganssi
optical beams in a Kerr medium. We find that up to several tithegritical
power for self-focusing, super-Gaussian beams evolverttsva Townes
profile. At higher powers the super-Gaussian beams formsriwbich
break into filaments as a result of noise. Our results areistens with the
observed self-focusing dynamics of femtosecond laserepdits air [1] in
which filaments are formed along a ring about the axis of tfit@alrbeam
where the initial beam did not form a ring.
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Nonlinear wave collapse is universal to many areas of phyisiduding optics [2], hydrody-
namics [3], plasma physics [4], and Bose-Einstein conderg&]. In optics, applications such
as LIDAR and remote sensing in the atmosphere with femtagkpalses depend critically on
the collapse dynamics [1, 6]. The fundamental model for aicajpbeam propagating in a bulk
medium with an intensity-dependent refractive index idbsd by the two-dimensional (2D)
nonlinear Schisdinger equation (NLSE), and for powers above a certaiitatipower @) the
beam will undergo collapse until higher-order processeh as plasma generation halt the col-
lapse [7]. Extensive theoretical analysis has shown tleb#am collapses with a self-similar
profile, known as the Townes profile (TP), at a square rootwéttea log-log correction (the
log-log law) [8—11]. Recent experiments confirmed that asaasSian beam approaches the
point of collapse; the beam evolves to the TP [12]. Since tRev@is observed independent of
the initial noise or ellipticity of the beam, it was assumébdttthe TP was the only attractor
for the 2D NLSE. However, recent theoretical work [13] hasveh that super-Gaussian (SG)
beams of sufficiently high power collapse towards a selftaining-shaped profile called the
G-profile.

Ring-shaped profiles have been studied for a variety of ¢immdiin nonlinear optics. Vortex
beams, which are ring-shaped profiles with helical phases baen shown theoretically to
break apart into filaments at high power due to asymmetric®litd] and the filamentation
of vortex beams recently has been observed experimenidily Another example of a ring-
shaped beam is a beam with uniform phase that forms a ringadd#ftaction, and at high
powers these beams undergo filamentation due to modulatistability [16]. For any ring-
shaped beam above the critical power, azimuthal filamemtagiwell-known [17-19].

In this paper, we experimentally examine the collapse dycswof uniform-phase SG beams
in which the ring profile is not present on the initial beam istfbrmed as the beam undergoes
nonlinear propagation towards collapse. At low powers aliay SG input beams behave sim-
ilar to Gaussian profiles and collapse towards the selflairiiP. However, at higher powers,
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a distinct behavior emerges for SG profiles in which the beaives to a ring profile and, in
the presence of noise, undergoes multiple filamentatioruahrtower powersR ~ 10P;) than
with a Gaussian beanP(> 100P; [20—23]). Our experimental results are in excellent agree-
ment with these predictions and provide clear quantitaixdence that the collapse dynamics
of SG beams are fundamentally different from other inpufile® previously studied.
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Fig. 1. Profiles of the solutions to the NLSE for a super-Gaussian inpun aé¢ two powers
for various propagation distancés (a) P = 5P, the beam collapses towards the Townes
profile, (inset) three-dimensional plot fgr= 0.1. (b) P = 10P;, the beam forms a ring
shape, (inset) three-dimensional plot {oe= 0.065.

The propagation of the beam in a Kerr medium is described éydimensionless (2+1)D
NLSE as

W+ 0+ |YlPy =0, 1)

whereg(v, i, {) = (r3k?nc®/mY/2A(x,y, 2), Ais the amplitude of the envelope of the electric
field, { =z/2Lgt, 4 = X/ro, V =Y/r0, Di is the transverse Laplacian, abgs = kr% is the
diffraction length,rg is the characteristic radius of the input bedms 2rmp/A is the wave
numberA is the vacuum wavelengthg is the linear index of refraction, amd is the nonlinear
index coefficient. The last term of the left hand side of Eq.dites rise to self-focusing as a
result of the intensity-dependent refractive index ng + nzl, wherel is the intensity. The
precise threshold for self-focusing depends upon the profithe input beam [7]. In this paper,
we defineP; to be the critical power for a Gaussian input beam.

Numerical integration of Eq. (1) for an initial beam with aifanm-phase SG field distribu-
tion at two different input powers is shown in Fig. 1. For apuhbeam of 32, the SG beam
collapses towards the TP similar to the observed behaviar @aussian beam [24]. However a
SG beam with 1%, does not evolve to the TP but forms a ring shape. The initiahé&dion of
the ring can be understood by the following argument.FFg¢ P, the nonlinearity dominates
over diffraction, and the NLSE is approximated by

iy +|ylPy=0. )
The solution of Eq. (2) is given by
W = do(u,v)e's, (3)
where )
n
S(p.0) =" " Iol*C. @)
0
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We recall that the transformation from the nonlinear Helttthequation (NLHE) to the NLSE
was done via the substitutidh = €%¢ . Thus, if we look for a solution of the NLHE of the
form _

E(p.0) = Au(p,{)e"o™, ®)
thenSy = (1+ (2n2/no)|Yo|?)Z. In Fig. 2 we plot the phase fronts and rays for Gaussian and
SG input beams. The flat-top phase profile of the SG beam aatkeas to focus the rays into a
ring-like structure in contrast to the Gaussian phase profilich focuses the rays towards the
center. Thus, the initial ring formation can be understaolo& a result of nonlinear propagation
over distances in which diffraction is negligible.

1 ' Ja /] 1 ' / /b
-1 ‘ . 1 -1 ‘ \ ‘
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Fig. 2. Nonlinear propagation of rays (horizontal lines) and phasadr(vertical lines)
for (a) Gaussiangy = (1+ e °*)¢) and (b) super-Gaussia&i{ = (1+ 2e*")¢) input
beams.

After the initial ring formation, the beams will continue tollapse and Fibich et. al. [13]
have shown that the collapse rate for SG beams is differantttiat for Gaussian beams, which
collapse to the TP, and that the profile evolves to a ring-astiaelf-similar profile called thé-
profile [13]. In our numerical simulations tl@& profile persists at extremely high intensities and
does not form a TP as the beam collapses. Though it is negdssawnfirm self-similarity of
the G-profile by performing simulations up to intensities far begl what is physically possible
to observe, the drastic difference in dynamics for a SG beampared to that of a Gaussian
beam is still evident at intensities well within an obsetealegime (See Fig. 1). However, we
find that theG-profile is unstable to non-radially symmetric noise (artuole or phase) and
eventually the beam breaks into filaments along the ringr{eiali observation of a difference
in multiple filamentation for a SG as compared to Gaussiantin@s first reported in [25]). We
solve the NLSE for a SG input beam with several types of néiseradially symmetric noise
we observe the ring to be stable. However for noise withadiataymmetry, the ring becomes
unstable as shown in Fig. 3. We conducted similar simulatieith SG beams that are slightly
elliptical and find that the ring also breaks apart into filaisesimilar to those shown for a
noisy profile in Fig. 3 but regularly spaced. This filamematprocess occurs for SG profiles
with noise as small as 1% and for input powers as low d%;16rom this we conclude that
noise or asymmetry do not determine the transition from &reasymmetric TP to a ring-shaped
profile but do lead to the break up of the ring into filamentdasbeen observed for other ring-
shaped profiles. We also find that the amount of noise on the prpfile changes the distance
at which filamentation occurs but not the number of filaments.

The number of filaments into which the ring breaks can be ptediby following a sim-
ilar azimuthal modulational instability analysis as thaed to predict the number of fila-
ments for collapsing vortex beams [15]. We assume the beamsfa uniform-phase ring,

Y(r)= (r/w)e*(r/"")z, and solve for the number of azimuthal maxinmg (vhich yields

n =+/2e"1(2Pw2a —e), (6)
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Fig. 3. Solutions to the NLSE with a super-Gaussian input beam with 5% anplimide
(phase noise produces similar results) and an input power Bf; 24 distances (af = 0,
(b) { =0.025, (c){ =0.0375, and (dY = 0.05.

wherea = 1.8962 from [7] andw determines the radius of the ring. Different input powers
of a SG beam will each produce a ring at a slightly differemtiua (see Fig. 4). We choose
w = 0.7 which produces a ring with a radius approximately equahéorings observed in the
simulations. Figure 4 shows the number of predicted filasygatsus power from our analy-
sis compared to the approximate number of filaments obsémvéte numerical simulations.
The modulationally instability analysis assumes a unif@imase SG input, and the numerical
integration starts with an initial amplitude noise of 10 %nelclose agreement between the
predictions of the modulationally instability analysisdaihe numerical simulations show that
the number of filaments formed by a SG beam is proportiondiecstjuare-root of the input

power.
I
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Fig. 4. Left: Comparison of our modulational instability analysis with the axipnate
number of filaments observed in the numerical simulations. Right: Nuadgrgimulated
filamentation of an initially super-Gaussian beam with 10% amplitude noisegat pow-
ers of (a) 1P, (b) 15P, (c) 20P, (d) 30P, (e) 40P, (f) 50 P .

To experimentally investigate the collapse of SG beams,sed the setup shown in Fig. 5. A
90-fs, 800-nm pulse from a Ti:sapphire amplifier with a réjmet rate of 1 kHz is sent through a
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spatial filter and is reflected from a two-dimensional spétiht modulator (Hamamatsu PPM

X8267). The spatial light modulator allows the amplitudétef input beam profile to be altered
with a high degree of spatial control. The size of the bearhes reduced using a telescopic
arrangement, and the spatial light modulator is imaged th@&dnput face of a deionized water
cell. We record the input profile by removing the cell and immgghe input beam onto a 12-bit

CCD camera (Spiricon LBA-FW-SCOR20). We then replace thieaoel image the output face

of the cell for different input parameters. In order to oleethe dynamics of the pulse as it
propagates through different lengths of the medium, themell is adjustable in length [26].

This setup is ideal for observing dynamics as it allows foe fiontrol over the power, size, and
shape of the input beam and over the length of the medium.

Spatial Light
Modulator

Input  Polarizer M2 Plate

—_—
Imaging Water Cell Telescoping lenses

CCD  Filters  |gng Adjustable Length
Camera

Spatial Filter

Polarizer

Mirror

Fig. 5. Schematic of the experimental set up used to observe beamseollafthe experi-
ment the beam is reflected from the spatial light modulator at a nearahoroidence.

Figure 6 shows an experimental comparison of Gaussian ¥&8&ucollapse dynamics at
high powers. For the case of a Gaussian input beam, the isjpuiiged in Fig. 6(a), and Fig.
6(b) shows the image of the output after traveling throughttcm length cell. The energy is
increased until the point just below the threshold for stgmatinuum generation, which is a
signature that the beam has undergone collapse [27]. Thes@@aunput beam collapses to a
TP, which is in agreement with previous experiments [12]. Wikee input profile is slightly
altered to produce a more flat-topped profile [Fig. 6(c)],chh@pproximates a SG, the profile
no longer evolves to a TP but more closely resembles a brokgriFig. 6(d)] as predicted by
our numerical simulations.

Fig. 6. Images of the input and output intensity beam profiles for a 7 ropagation dis-
tance (0.9 mm X 0.9 mm). (a) Gaussian input profile, (b) output beé&mthe Gaussian
input and an input energy & = 5.6 uJ, (c) super-Gaussian input profile, (d) output beam
with a super-Gaussian input and an input energi ef 5.0 uJ. The pulse energies were
just below the threshold for supercontinuum generation.

Figure 7 illustrates how a beam with a SG profile, evolves gwadpagates through the
medium. When the cell is set to 1.3 cm, a dip forms in the cehterthe length of the cell
is increased, the ring develops and then breaks into ind@iflaments as expected for beams
with noise. We also tested ring-shaped input profiles and veemwve similar filamentation of
the ring as that shown for SG inputs. These results agreeawititheoretical predictions that
a noisy SG beam with sufficiently high power will form a ring fdéments. Similar rings of
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filaments have been observed for high-power flat-top bearas [28].

Fig. 7. Experimental intensity distributions of an initially super-Gaussiamb@a= 13.3
uJ) as it propagates in the water cell. The image area is 0.3 mm X 0.3 min.Ihyeft
profile. Right: Output profiles with the length of the water cell set at, (8)cin, (b) 20
cm, (c) 30 cm, and (d) 43 cm.

Figure 8 shows the dependence of SG collapse profiles as &diuraf input power for

a 10-cm cell. A low-power SG [Fig. 8(a)] input collapses tousaa TP [Fig. 8(d)]. In order
to observe the dynamics at higher powers, the spatial ligidutator was used to produce a
SG with sequentially larger diameters in Fig. 8(b) and (¢)ifereasing input powers. This
allows us to increase the power in the beam while avoidingisapntinuum generation and
minimizing dispersion effects present in a longer cell. Dagput profiles in Fig. 8(e) and (f)
clearly show the transition of the TP to the ring of flamerggtze power increases. We were
not able to explore higher powers above those shown due fmteatial of damaging the SLM.
This is experimental confirmation that a low-power SG beallapses towards the TP, while a
higher power SG beam collapses to a ring that then breakélaneents.

Fig. 8. Input super-Gaussian beams (a-c) for increasing enadjg@responding output
profiles (d-f) just before the super-continuum threshold in a 10-dm(dg¢E = 4.2 uJ,l =
3.3x 1019 W/cn?, (e)E = 9.1 ud, | = 4.6 x 1010 W/en?, (f) E = 17.5 uJ,| = 6.2 x 1010
W/cn?. The image areais 1 mm X 1 mm.

These results illustrate a new path to multiple filamenteti@t depends critically on changes
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in the shape of the input beam. Typically multiple filameiotatin the NLSE for a Gaussian
input is not expected to occur unless the power is greataertdé&>; [22] due to modulational
instability. Neglecting the effects of dispersion, the SGfites in Fig. 6 and Fig. 7 have powers
of 31P, and 8%, respectively, which are both lower than the powers exjgefttefilamenta-
tion with a Gaussian beam. In our simulations we observdairbehavior for powers as low
as 1.

In conclusion, we have experimentally confirmed that at Ipigivers the SG collapse dynam-
ics are fundamentally different than those of Gaussian ke&n8G with power a few times
the critical power will collapse towards the TP similar to auSsian beam. At higher powers
a noiseless SG beam will collapse towards a ring-shape ¢tanhes the self-similds-profile
at extremely high intensities. With the addition of noide ting breaks apart into filaments.
While collapse of other annular beams, such as uniform-pih@asghnut and vortex beams may
have shown similar filamented ring patters, the transittomfTP to filamented rings for a SG
input is unique. These results offer a compelling explamatf the ring-shaped filamentation
that occurs with very high power femtosecond pulses selii$ong in air [1]. Lastly, we expect
that ring-type profiles could occur in Bose-Einstein corsdges since their dynamics is also
governed by the Gross-Pitaevskii equation which is sintdahe NLSE.
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