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Focusing a laser beam with an axicon lens produces a Bessel beam and increases the longitudi-
nal interaction length. This report describes structural modifications to be extended deep in polyme-
thyl methacrylate (PMMA) using a femtosecond laser with an axicon. We investigated the depend-
ence of the morphology of filamentary structural modifications on the distance between the tip of
axicon and the sample surface. The region of filamentary modification was greater than 10 mm

long. Focusing-refocusing modifications of filaments were produced.
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1. Introduction

The use of femtosecond laser direct writing inside transpar-
ent materials has been growing rapidly. Tightly focused
femtosecond laser pulses can induce structural modifica-

tions around the focal volume in transparent materials [1-4].

When a femtosecond laser pulse is focused loosely inside
the bulk of a transparent material, filamentation occurs as
the result of a dynamic balance between Kerr self-focusing
and defocusing effects in the electron plasma that is gener-
ated through the ionization process. The electron plasma
intensity in the filamentary region can become sufficiently
high to produce localized modification in the filamentary
volume. [5-8]. Induction of filamentary refractive-index
change, a promising technique for use in internal microm-
achining, has been applied widely to fabrication of optical
elements such as waveguides and gratings in glass [1-4]
and polymer materials [9—-19]. For internal micromachining
inside transparent materials, Gaussian laser beams are
commonly focused using objective lenses. However, the
processing range of structural modification is limited even if
filamentation occurs. This limitation does not accommodate
full exploitation of the three-dimensional capabilities of
femtosecond laser micromachining.

To overcome such limitations, application of non-
diffractive Bessel beams has been attempted for laser mate-
rials processing [20,21]. Because the intensity maximum is
strongly localized over a distance that exceeds the Rayleigh
range of Gaussian beams by orders of magnitude, Bessel
beams have attracted great interest for diverse applications.
Bessel beams can be generated using an annular slit com-
bined with a lens, computer-generated holograms with spa-
tial light modulators, and axicon lenses [22-26].

Results demonstrated that Bessel beams can provide im-
portant benefits for femtosecond laser propagation and pro-
cessing. Bessel beams have focal depths that are much
greater than those of Gaussian beams with a combination of
diffraction-free nature of Bessel beam and nonlinear propa-
gation such as filamentation. Especially, focusing of femto-
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second pulse axicons provides distinct benefits because
longer plasma channels can be formed than in the case of a
lens focusing a Gaussian beam in air [27,28], or liquid
[29,30] or solid [31,32] matter. In glass, modifications or
damage tracks were found over longer distances [33-35].
For femtosecond laser micromachining, Bessel beams have
been used for surface ablation [36,37], channel formation
[38,39], and writing waveguides [40] and gratings [41]
within bulk glasses, and for glass cutting [42].

As described herein, we used an axicon lens with a femto-
second laser to study the morphology of structural modifica-
tions produced in bulk polymethyl methacrylate (PMMA).
This report describes the induction of structural modifica-
tions by changing (i) the distance between the PMMA sam-
ple and the tip of the axicon and (ii) laser energies. Structur-
al modifications are extended deep into PMMA by a femto-
second laser with an axicon.

2. Bessel beam propagation with an axicon lens

When a Gaussian beam is incident on an axicon lens, the
transmitted beam after the axicon is called a Gaussian—
Bessel beam. The intensity distribution of a Gaussian—
Bessel beam in a linear regime is described by a zeroth-
order Bessel function of the first kind J, [23] as

I(r,z) = 2kn(tan?a)(n — 1)zl e "2(m~Dztana/wo
X J2(kr(n — 1) tan a), (1)

where r and z respectively denote the radial and longitudinal
coordinates, [, and a, respectively represent the intensity
and beam waist of the incident Gaussian beam, k is the
wave vector, n is the index of refraction of the axicon lens,
and a is the wedge angle. The relation between wedge angle
a and cone angle @ is given as

)
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Figure 1 shows on-axis intensity variation (+=0) along the
beam propagation direction (z) for a Gaussian—Bessel beam
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when the laser beam of 800 nm wavelength and 6 mm beam
diameter is focused by an axicon with refractive index n of
1.51 and cone angle of 170°. The Rayleigh range of a

Gaussian—Bessel beam z; is given as [23]
~__ D 3)
Zr ¥ 2(n—-1)tan(a)’

where D denotes the incident laser beam diameter. Using eq.
(3), the calculated z, is 66 mm. From eq. (1), the central core
diameter of the Gaussian—Bessel beam is estimated as 6.9
pm.
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Fig. 1 On-axis intensity variation (=0) along the beam propaga-
tion direction (z) for a Bessel beam created using an axicon.

3. Experimental system

Figure 2 shows the optical setup for femtosecond laser pro-
cessing with an axicon. Laser pulses of 100 fs were generat-
ed using a Ti:sapphire laser system with 800 nm wavelength
of, a repetition rate of 1 kHz, and maximum laser power of
0.4 mJ/pulse. The pulse energy was attenuated by rotating a
half-wave plate in front of a polarizer. The Gaussian beam
impinged on the axicon was 6 mm (1/¢?). The M square of
the laser beam was approximately 1.3. Axicon lenses were
used to transform the laser beam from the Gaussian to the
Bessel function of intensity distribution. An axicon with
cone angle of 170° was used. The PMMA sample is a 20
mm cube. The four sides of the sample were optically pol-
ished. The sample was mounted on a computer-controlled
translation.

Structural modification was observed from the direction
perpendicular to the optical axis using a transilluminated
optical microscope. Structural modifications or refractive
index changes in glass with axicons were observed with
optical microscopes at fixed exposure of laser pulses [40—
42). However, the refractive index change in PMMA is on
the order of 10, which is lower than those induced in wide-
ly various glasses by the order of 10™. Therefore, it is diffi-
cult to observe structural modifications at fixed exposure.
To visualize structural modifications from the side (in the y—
z plane), the sample was translated perpendicularly (x axis)
to the laser beam propagation direction (z axis) at a constant
speed. Periodic structures with some intervals are written in
the PMMA (Fig. 3).
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Fig. 2 Optical setup for femtosecond laser processing with an
axicon: PC, personal computer; CCD, CCD camera.
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Fig. 3 Schematic diagram for induction of structural modifications
in PMMA. To visualize structural modifications from the side, the
sample was translated 2 mm perpendicularly to the laser beam
propagation direction at constant speed. Periodic structures with an
interval of 10 pm are shown.

4. Experimental results

4.1 Structural modifications as a function of distance
between the PMMA sample and the tip of the axicon
We experimentally studied structural modifications in
PMMA. We investigated structural modifications in PMMA
by an axicon with a 170° cone angle by changing the dis-
tance between the axicon and the sample surface. Figure 4
shows optical microscopic images of the laser induced
structures in PMMA with a femtosecond Bessel beam. Var-
iations of structural modifications for different distance be-
tween the axicon tip and sample surface are demonstrated at
a constant energy of 0.2 mJ/pulse and constant speed of 0.5
mm/s. The sample was translated 2 mm along the y-axis
perpendicular to the laser propagation axis at the speed of
0.5 mm/s and repeated 10 times every 10 um (x axis). At 5
mm distance, structural modification started at 5 mm from
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the incident surface and continued up to the back surface.
At distances of 15 mm, 25 mm, and 35 mm, structural mod-
ification started at the incident surface and ended inside.
The filamentary modification length decreased as the dis-
tance increased. At the entrance surface, ablation occurred.
At a distance of 45 mm and 55 mm, modifications started
inside. No evidence exists of ablation at the entrance or exit
surfaces. The region of filamentary modification was great-

L [mm]

er than 10 mm long. The positions and lengths of structural
modifications in PMMA are dependent on the distance be-
tween the axicon and the PMMA surface. From optical im-
ages, structural modifications were confirmed to be the re-
sult of refractive-index change. The refractive-index region
diameter was several micrometers.

Incident surface

20 (mm)
Exit surface

Fig. 4 Optical microscopic images of the laser-induced structures in PMMA with a femtosecond Bessel beam. Variations of structural
modifications for different distances between the axicon tip and sample surface from the side. The sample was translated perpendicularly
to the optical an axis at 0.5 mm/s along the y axis. Translation was repeated 10 times every 10 pm. The image was obtained by combining
images that had been taken separately. The entrance surface of PMMA sample is on the left side. The exit surface is on the right side. The

beam direction is from left to right surface of the sample. The image was observed under illumination using a halogen lamp.

4.2 Structural modification with different pulse energy

Figure 5 presents filamentary modifications as a function of
the energy of the Bessel beam. Structural modifications
were produced at the pulse energy between 0.15 mJ/pulse,
0.20 mJ/pulse, and 0.25 mJ/pulse at a fixed scan speed of
0.5 mm/s. Figures 5(a) and 4(b) show transmission micro-
scope images of the structural modifications in PMMA with
different pulse energy, as observed from a direction perpen-
dicular to the optical axis at a distance of 5 mm and 25 mm,
respectively. Below the pulse energy of 0.1 ml/pulse, no
structural modification was observed with the optical mi-
croscope. Lengths of the modifications along the optical
axis increased as the energy increased. Figure 5 also shows
that when the pulse energy increased, the head of the fila-
ment filamentary track shifts towards the laser entrance.
Table 1 presents the head position of the filamentary modi-

fications for different pulse energies. We can ascribe this
effect to self-focusing of ultrashort pulses [7].

Table 1 Head position of filamentary modifications for
different pulse energies

Distance between the PMMA sample and
the axicon tip

Energy
[ml/pulse] 5 mm 25 mm
0.15 4.7 3.5
0.2 4.8 1.4
0.25 5.1 0
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Fig. S Variations of structural modifications for different pulse energies. Structural modifications in PMMA were induced at distance L
of (a) of 5 and (b) 25. The sample was translated perpendicularly to the optical an axis at the speed of 0.5 mm/s along y axis and was re-
peated 10 times every 10 um.

4.3 Structural modification with different scan speeds

We investigated the dependence of the region of modifica-
tions on scanning speed under fixed pulse energy (0.2
m]/pulse) at distances of 5 mm and 25 mm. We changed the
scan speed from 0.1 to 1 mm/s. Figures 6(a) and 6(b) show
optical images of the structural modifications in PMMA as
a function of the scan speed. The contrast of the microscop-

Stage speed [mm]

ic image shows features of two types. The black spot in the
images is the granular structure or scattering damage. At-
tempts to translate the sample at lower scanning speed en-
gender the granular structure or scattering damage observed
as a result of optical breakdown.

Incident surface

20(mm)

Exit surface

Fig. 6(a) Dependence on scanning speed at distance » of (a) 5 and (b) 25. The sample was translated perpendicularly to the optical axis at
different speeds and repeated 10 times every 10 pm.
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4.4 Structural modification with different intervals

To investigate the effects of the written structures, we
changed the structure interval. Once a sheet of filamentary
modification is induced along the x axis, the next filamen-
tary propagation might be affected by the previously in-
duced region of refractive index change. We changed the
interval of structures at a constant energy of 0.2 ml/pulse
and a constant speed of 0.5 mm/s. The distance between the
axicon and the sample surface was set as 5 mm. The sample
was translated 2 mm perpendicular to the laser propagation
axis. Figure 7(a) presents optical images obtained when the
sample was translated perpendicularly to the optical axis
every 10 um and 25 pm, and 50 pm. Single filamentary
modification was induced as a trial at an interval of 50 pum.
Single filamentary modification is a refractive-index
change. At the beginning of the modification, a filament
breaks into multiple filaments at all the energies. Figure

Period [um]
10 R

7(b) presents a magnified image of typical multiple filamen-
tary modifications. Some multiple filamentary modifica-
tions disappeared or were combined into one filamentary
modification. The complex filamentary modifications are
unaffected by previously induced written structures.

Figure 8(a) presents variations of structural modifications
for different pulse energies at the distance L =5 mm and the
interval of 50 um. Figure 8(b) shows a magnified image of
focusing and refocusing of filamentary modifications. In
Fig. 8, focusing-refocusing events are recognizable. At
lower energy, the number of focusing-refocusing events
increased. After multiple filaments occurred, and focusing
and refocusing events were repeated, a single filament with
a long channel is formed. Finally, focusing and refocusing
events were visible at the end of modifications.

$0.1mm

Incident surface

Period

10

25
50

()

I
20[mm]

Exit surface

(b)

Fig. 7(a) Dependence on periods at distance L =5 mm, energy of 0.2 mJ/pulse, and the speed of 0.5 mm/s. The sample was translated
perpendicularly to the optical axis. (b) Magnified image of multi-filamentary modifications.
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Fig. 8(a) Variations of structural modifications for different pulse energies at the distance L =5 mm. The sample was translated perpen-
dicularly to the optical axis at 0.5 mm/s perpendicular to the optical axis and repeated twice at the interval of 50 um. (b) Magnified image
of focusing and refocusing of filamentary modifications.

5. Discussion

Results show that the length of the filamentary modifica-
tions induced by the Bessel-Gaussian beam in PMMA was
greater than that found with objective lenses. When laser
pulses are focused in PMMA by objective lenses with a
numerical aperture (NA) of 0.1 at pulse energy of a few
microjoules per pulse, a filamentary refractive-index change
at length of approximately 300 um was induced [16]. The
length of modification with the axicon is substantially
greater than that obtained by focusing a Gaussian beam. The
aspect ratios of the structural modification are greater than
1,000 through processing with the axicon. Results show that
filamentary modifications are induced in PMMA by focus-
ing femtosecond laser pulses with an axicon at a cone angle
of 170°. The axicon lens yields longer filamentary modifi-
cations, although higher energy is required.

Energy to induce filamentary modifications with the ax-
icon requires greater than 0.1 mJ/pulse in PMMA. Femto-
second laser filamentation in glass and crystals with Bessel
beams demands higher incident energy. Actually, energy of
0.6 mJ/pulse is necessary to generate filamentary modifica-
tions inside barium fluoride crystals and glass when an ax-
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icon is used. This result demonstrates that the threshold for
the induction of modifications in PMMA is lower than that
in glass or crystal.

Multiple filamentation has been observed when focusing a
femtosecond laser pulse into a methanol solution with an
axicon at a cone angle of 179° [30]. Our results show that
an axicon with a cone angle of 170° produced multiple fil-
aments at the beginning of propagation in PMMA. The tran-
sition between a single filament and multiple filaments
might depend on the distance between the axicon tip, the
sample surface, incident energy, and the cone angle of the
axicon.

Our results obtained for focusing—refocusing filamentary
tracks in PMMA show good agreement with findings in
crystal and liquid [29-31]. When the laser energy increased,
more refocusing filaments were created. Moreover, the pe-
riods between focusing and the refocusing cycles varied
from 1.7 mm to 0.65 mm. The periods decreased as the fil-
ament propagated. The length of focusing filamentary re-
gion varied from 1 mm to 0.3 mm. At higher energies, focus
and refocus tend to become mutually connected and longer
filamentary channels were formed. The self-channeling
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mechanism relies on dynamic competition between self-
focusing and plasma formation. Complex filamentary modi-
fications were induced in PMMA.

Conclusion

We experimentally investigated filamentary structural mod-
ifications in PMMA by focusing femtosecond laser pulses
with an axicon. Single and multiple filamentary modifica-
tions were induced in PMMA by focusing femtosecond la-
ser pulses with an axicon at a cone angle of 170°. The re-
gion of filamentary modification was greater than 10 mm
long. Focusing-refocusing modifications of filaments were
produced, which is dependent on incident energies. The
diffraction-free nature of Bessel beam with the axicon pro-
vides longer filamentary structural modifications. It is ex-
pected to be useful for internal modification and the photon-
ic device fabrication in PMMA.
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