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Near-field dynamics of ultrashort pulsed Bessel beams in media with Kerr nonlinearity
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The near-field dynamics of a femtosecond Bessel beam propagating in a Kerr nonlinear medium (fused
silica) is investigated both numerically and experimentally. We demonstrate that the input Bessel beam expe-
riences strong nonlinear reshaping. Due to the combined action of self-focusing and nonlinear losses the
reshaped beam exhibits a radial compression and reduced visibility of the Bessel oscillations. Moreover, we
show that the reshaping process starts from the intense central core and gradually replaces the Bessel beam
profile during propagation, highlighting the conical geometry of the energy flow.
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Bessel beams (BBs) are peculiar light beams that result
from the interference of plane waves whose wave vectors lie
on a conical surface. The near-field, i.e., the transverse am-
plitude profile of a BB takes the form of a Bessel J, function,
with an intense central peak of width down to a few wave-
lengths. A distinctive feature of BBs is that power flows
along the conical surface and not along the propagation axis
as in conventional Gaussian beams. The central peak is ap-
parently diffraction-free and is surrounded by slowly decay-
ing tails in the form of concentric rings that contain the ma-
jor part of the beam power (each ring carries an equal
amount of power). Due to the finite extent of the beam lim-
ited by the particular geometry of any practical realization,
the propagation of experimentally generated BBs is thus
diffraction-free over finite distances only, although larger by
orders of magnitude than those achievable by conventional
laser beams with the same spot diameter [1].

As proposed in 1987 [2], BBs have found a range of
applications, such as micromanipulation of particles in mul-
tiple planes realizing three-dimensional optical tweezers [3]
and optical levitation [4]; these beams possess a good poten-
tial for free-space optical interconnects [5] and electron ac-
celeration [6], to mention a few. Specific properties (nondif-
fracting propagation, self-reconstruction) due to the conical
nature of BBs have been exploited in various fields of non-
linear optics, where practical benefits are expected. In par-
ticular, BBs have been shown to produce efficient Raman
radiation [7], diffraction-limited parametric superfluores-
cence [8], continuous plasma channels [9], high-order har-
monic generation [10], and excitation of fluorescence chan-
nels via multiphoton absorption [11]. In device-oriented
applications, BBs were used for material modification [12]
and in optical microlitography [13].

To date, most studies devoted to the nonlinear propagation
of BBs mainly concern the transformations occurring in the
far field of the fluence distribution. In particular, in media
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with Kerr nonlinearity, the appearance of an axial component
and the generation of additional rings in the far field have
been demonstrated with picosecond laser pulses [14,15]. A
complete near-field characterization of the nonlinear dynam-
ics of BBs should provide relevant complementary informa-
tion. So far, radial compression/expansion of the BB has
been predicted to occur from numerical simulations in the
case of focusing/defocusing nonlinearity [16]. However,
near-field measurements of the nonlinear dynamics are still
missing for initial BBs.

In this paper, we report on a near-field observation of the
evolution of an intense ultrashort pulsed BB undergoing Kerr
self-focusing and nonlinear losses (NLL) in fused silica. Un-
der frequently encountered operating conditions, the input
BB experiences a progressive reshaping, evidenced by radial
compression and contrast attenuation, that reduces visibility
of the Bessel oscillations. The observed reshaping dynamics
is driven by the combined action of self-focusing and NLL
occurring in the intense central core of the BB. In particular,
NLL induce unbalancing between the inward and outward
Hankel components [17,18], which constitute the input BB.

In the experiment we used the laser pulse delivered by a
Nd:glass laser system (TWINKLE, Light Conversion Ltd).
The ultrashort pulsed BB was generated by launching a
200 fs, 1.4 mm full width at half-maximum (FWHM),
527 nm wavelength Gaussian beam into a BK7 glass axicon
of 2° 50" base angle. The axicon generated BB had a Bessel
zone of about 50 mm length, and the maximum intensity of
the central spot was reached 19 mm after the axicon. The
measured width of the central spot was 7 um FWHM. We
used several fused silica samples of different lengths (2, 3, 5,
and 8 mm) placed with the input facet at the location of this
maximum intensity. The energy of the input BB was set to
27 wl, so as to generate a stable axial component in the far
field, thus ensuring a nonlinear propagation regime in the
sample. The output facet of the sample was imaged onto a
CCD camera (COHU, 10 bit dynamic range, pixel dimension
9.9 wm with Spiricon frame grabber) with a 45 mm focal
length lens, corresponding to a 10.8X magnification (for a
resolution of 0.92 um/pixel). For comparison, we also re-
corded the fluence profiles in the case of a low-energy
(<1 wJ) input BB propagating linearly.

The results are reported in Fig. 1. The solid curves repre-
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FIG. 1. (Color online) Experimental fluence profiles (logarith-
mic scale of normalized units) showing the progressive reshaping of
a BB: the solid curve shows the reshaped BB at the output facet of
each sample of different length (2, 3, 5, and 8 mm); the dotted
curve shows the fluence profile of a BB linearly propagated through
the same samples. The bold dot is the predicted folding edge.

sent the evolution of the fluence profile in the nonlinear re-
gime, while the dotted curves correspond to the linear propa-
gation of the low-energy BB. The fluence profile is reshaped
within a circular region of increasing radius, while out of this
region it remains almost indistinguishable from the linearly
propagated BB. The folding edge between the reshaped and
the nonreshaped part (shown by the bold dots) is found to be
well described by a radius 6z, where 6=1.01° is the cone
angle of the input BB (in the medium, i.e., taking into ac-
count the refraction index) and z is the propagation distance.
Figure 2 shows a magnification of the reshaped portion of
the near field at z=5 mm. The beam profile is characterized
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FIG. 2. (Color online) Magnification of the fluence profile (loga-
rithmic scale of normalized units) of the reshaped BB (solid line)
after the nonlinear propagation through a 5-mm-long fused silica
sample, compared with the linearly propagated BB (dotted line)
through the same sample.
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by ring compression, which we attribute to Kerr nonlinearity,
and by contrast attenuation, arising from NLL.

The key features of the experimentally observed nonlinear
dynamics were reproduced in detail by means of numerical
simulations with our code described in Ref. [19]. The code
solves the nonlinear equation for the envelope &(r,¢,z) of the
laser field with central frequency w, and accounts for diffrac-
tion, dispersion, self-focusing, and NLL,

& 2 2

e {& - @(k—z - 02>]é+ﬁ{1v(5)}, (1)
2ky 2 \kg

where é(r,w,z)=ﬁ{5(r,t,z)} (F denotes the Fourier trans-
form for the time/frequency domains) and Xpr{N(€)} denotes
the Fourier transform of the nonlinear terms. Here k(w)
=n(w)w/c denotes the wave number of the Fourier compo-
nents, n(w) is the linear refraction index, ko= wyn(wy)/c,
n(wg)=1.46, U(w)=1+(w-wy)/ky, and v,=dw/ k], is
the group velocity of the input pulse. In this way, high-order
dispersive terms are also accounted for, even if they do not
play any important role under our operating conditions. The
nonlinear term includes self-focusing and NLL,

N(E) = i%n,|Pe - Ti—’<|g|2'<—25. 2)
C

The nonlinear refractive index of fused silica n,=3.5
% 10716 cm?/W was taken from Ref. [20]. With the band gap
of fused silica being 7.5 eV [21], NLL are expected to be a
four-photon absorption process, and the multiphoton absorp-
tion coefficient B (K=4) was computed from Keldysh’s for-
mulation [22] (B,=1.2X10738 cm®>/W? with an electron-
hole reduced mass of 1) in the multiphoton ionization limit.
This is fully justified by the fact that the intensity never
exceeds 7=10'> W/cm? in our calculations. The operator T
=1+ j()% is responsible for pulse self-steepening and optical
shocks, which were found from our simulations to be negli-
gible effects. We modeled the propagation of a Gaussian-
apodized pulsed BB with input-pulse parameters correspond-
ing to the experiment, namely wavelength 527 nm, pulse
duration 200 fs, energy 27 wJ, central peak FWHM 7 um,
and 1.4 mm FWHM Gaussian apodization.

The results of numerical simulations are presented in Fig.
3, which compares the reshaped fluence profiles (solid
curves) with linearly propagated BBs (dotted curves) at the
same propagation distances as in the experiment. The general
trend is similar to that shown by the experimental results in
Fig. 1, yet the numerical results allowed us to better capture
the fine details of the transition between the internal (nonlin-
ear) and the external (linear) regions, which does not exhibit
abrupt changes in contrast and oscillatory ring position.

Our experimental and numerical results show that the in-
put BB experiences a gradual reshaping that starts from the
intense core of the BB and expands as a circle of linearly
increasing radius with propagation distance, as dictated by
the conical geometry of the energy flow. Within this circle,
the input BB undergoes radial compression and contrast at-
tenuation indicated by reduced visibility of the Bessel oscil-
lations. For the different sample lengths considered in the
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FIG. 3. (Color online) Fluence profiles from numerical simula-
tions (logarithmic scale of normalized units) of the progressive re-
shaping of an input BB.

experiment, the intersections between the Bessel cone angle
(1.01° in our fused silica samples) and the output facets of
the samples lie on circles of radii 35, 52, 88, and 141 um
marked by the bold dots in Figs. 1 and 3. These marks sepa-
rate the zone of nonlinear propagation (inner) from that fea-
tured by the linear regime (outer). The profiles corresponding
to the intense (solid curves) and weak (dotted curves) fields
coincide in the outer region, indicating that the tails of the
field propagated linearly up to this distance without experi-
encing the reshaping triggered by the intense central core. In
contrast, in the inner region, the reshaped BB is established.

The good agreement between the experimental and nu-
merical results suggests an interpretation of the reshaping
dynamics in terms of Kerr- and NLL-induced unbalance be-
tween the two Hankel components which constitute the input
BB. To this end, it is worth mentioning that the power flux in
a BB can be represented as the sum of the flux from two
Hankel waves, one carrying energy toward the central peak
and the other flushing it outward [17,18],

E= ainH(()]) + aoutH(z), (3)

where a;, and a,, denote the complex amplitudes of inward
and outward Hankel components, respectively. Note that «;,
and «a,, are equal for a BB.

Figure 4 explains the main features of the reshaping dy-
namics of a BB launched in a nonlinear Kerr medium. Since
nonlinear effects occur mainly in the intense central core, the
field at any point P outside the Bessel cone centered on the
central peak (depicted by dot-dashed lines) is the result of the
superposition of the “fresh” inward and outward Hankel
components, hence a BB. However, at any point P’ inside
the cone, a single Hankel component passed through the in-
tense core, where it experienced nonlinear absorption and a
nonlinear phase shift due to the Kerr effect. The field at point
P’ is then the superposition of these two unbalanced Hankel
beams. The resulting profile can still be described by Eq. (3),
but with a;, # a,,- The most evident effect of amplitude un-

PHYSICAL REVIEW E 73, 056612 (2006)

Input BB Reshaped BB
< Hankel components
Balanced (BB) __—~
: Cone angle
Unbalanced z
|
.
S
* < Intense core
.y
s
z=0 z=Z z=Z7

FIG. 4. (Color online) Graphical explanation of the progressive
reshaping of the BB during propagation in Kerr nonlinear medium.

balancing due to NLL (|a;,| # |y |) is the creation of a net
inward radial power that attenuates the contrast C
=2| || o] / (|tin]? +aoul?) of the Bessel oscillations,
reaching C=0 (no oscillations) in a pure Hankel beam, while
C=1 for a balanced BB. The nonlinear phase shift due to
Kerr nonlinearity leads to a phase shift arg(c;,)—arg(a,y,,)
between the interfering Hankel beams, which manifests itself
as a radial compression of the maxima and minima of the
intensity profile [23]. Thus the near-field reshaping dynamics
of a BB launched in a nonlinear Kerr medium can be verified
by the appearance of ring compression and contrast attenua-
tion, which are the signatures of Kerr self-focusing and
NNL, respectively. These findings suggest that the near-field
dynamics of the input BB can be understood as a gradual
evolution toward the nonlinear unbalanced Bessel beam, in
which unbalancing of the inward and outward conical energy
fluxes acts as a refilling mechanism that compensates for
NLL in the central core of the beam.

In conclusion, investigation of the nonlinear propagation
of a high-power femtosecond BB launched in a Kerr medium
(fused silica) suggests that the observed near-field reshaping
dynamics is linked to the spontaneous formation of the non-
linear unbalanced Bessel beam, which is a stationary and
weakly localized solution of the nonlinear Schrédinger equa-
tion in the presence of self-focusing and NLL [24]. The main
features of the nonlinear unbalanced Bessel beam, e.g., ring
compression due to self-focusing and contrast attenuation
due to NLL, were recorded. Moreover, the observed reshap-
ing dynamics indicate that the nonlinear unbalanced Bessel
beam is formed from the intense central core and progres-
sively replaces the BB profile during propagation following
the conical geometry of the energy flow.
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