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ARTICLE INFO ABSTRACT

Keywords: Polymethylpentene (PMP) polymers can be used to make advanced optics, especially for midinfrared (MIR)
Femtosecond pulsed laser ultrafast optics. In this study, an optical parametric converter pumped by a Ti sapphire femtosecond laser
Thermal measurement was used to investigate the polymer. The thermal effect generated by loosely focused femtosecond near mid-
PMP

infrared (MIR) pulses in bulky materials is observed in real-time, and the polymer exhibits thermal stability

E;UV and conformability. To avoid strong linear absorption and to increase the nonlinear damage threshold, the

spectral region for ultrafast applications is 1310 nm (0.95 eV)-1350 nm (0.92 eV). For the process in region

VI, there is a sign of stronger coupling for short-wavelength photons, and the pulse duration is recommended

to be lower than 160 fs. In the ultraviolet (UV) region, filamentary writing using a low-focused beam, the

laser peak power was selected in the range of 2.2 MW-9.2 MW. High-density bulky gratings were written. The

refractive-index modulation was significant, and the polymer exhibited highly nonlinear features. This study

provides insights into the applications and production of PMP polymers in laser optics and laser engineering.

1. Introduction dBem~1MHz™! [7]. Note that PMP can be built in block copolymers,

in which polymer blocks are strongly bonded in a covalent method to

Polymethylpentene (PMP) is a plastic material suitable for many construct a patterned chemical architecture at the nanoscale [8]. Re-

applications and laser processing. The plastic commonly has very low cently, the material has the potential to make nanomaterial templates
density (p = 0.83 g/cm), relatively high melting point (240 °C), [o1.

strong resistance to chemical corrosion, high air permeability and Internal inscription using ultrafast laser pulses is a powerful ap-

stable dielectric properties. This polymer can be employed to produce
optical elements via injection extrusion because of its thermoplastic
properties, which are suitable for large-scale production. The optical
and electronic properties of PMP are attractive to various industries;
therefore, this polymer has been used in many important applications
[1-5]. For example, this polymer possesses a wide transmission band
from the ultraviolet (UV) to the midinfrared region (MIR), and even
this material has a transmission window in the far infrared region
(FIR)[6]. In addition, PMPs are applied in biometric devices for ul-
trasound images because of their tissue-like acoustic properties of low
impedance, especially for low frequency attenuation, which is ~ 81.6

proach for fabricating advanced devices of diffractive optics [10], op-
toelectronic [11], lab-on-chip [12], micro-electro-mechanical systems
(MEMS) [13], photonic crystal fibres [14], and quantum computing
devices [15]. The lithography can be employed to produce similar
structures with more accuracy and precise than laser inscription. The
lithographic technique however requires a systematic support, increas-
ing the cost and reducing the efficiency. Another alternative technique
is to fabricate functional structures in photosensitive materials [16,
17]. Laser inscription using femtosecond pulses can directly change
properties of the non-photosensitive materials [18]. The laser writing
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furthermore is more feasible for operating and requires less resources.
The laser writing devices at sub-nanosecond scale need high NA objec-
tives, being the problem of the low production efficiency. This problem
can be well solved using two-beam interference [19] or holographic
beam splitting method [20].Using ultrafast pulses with a designated
characteristic wavelength can generate functional structures in solid
materials, including dielectrics [21], polymers [22] and even semicon-
ductors [23]. This inscription opens up a method to construct 2D or 3D
structures in transparent materials. The inscription can employ phys-
ical and chemical mechanisms, such as the thermomechanical effect
[24], optical breakdown [25], filamentation [26], incubation [27], and
photo-exciting chemical reactions [17] to conduct the inscription. The
inscription can internally modify the material, producing a change in
the refractive index [28]. Filamentation is a static self-guiding phe-
nomenon which is theoretically explained by the balance between
self-focusing and plasma-defocusing phenomena [29]. The focused laser
beam did not diverge after passing through the focus plane owing
to filamentation. This filamentation effect is a third-order nonlinear
effect that leads to a considerable nonlinear absorption. The focusing fs
pulse with high peak intensity creates highly localised refractive-index
changes because of nonlinear absorption, resulting in multiphoton and
post-ionisation. Pulse width is also an important parameter for fila-
mentary modification [30]. The couple between the lattice temperature
and electronic temperature is approximately 1 picosecond in ultrafast
laser exposure. When the pulse width is less than 180 fs, the light
energy can be directly coupled to the filament region, resulting in
local modification. The filamentation effects can be precisely located
using accurate optical energy to modify the transparent material in the
bulk. Furthermore, the process has a small heat-affected zone, similar
to that of the adiabatic process. In the case of a scarcely focused
beam, the filamentary length can be ten times higher than the Rayleigh
length [29]. By exploiting the filamentation effect, laser processing can
significantly increase production. The process of concentrating a laser
beam using extremely high intensity can ignite multiphoton absorption
[31] and induce a permanent change in the chemical properties of
polymers. For polymer materials, chemical modification can involve
photoinduced or direct cleavage. It has been reported that an unsatu-
rated carbon bond of the partial depolymerisation of m ethyl formate is
produced by photoinduced cleavage [32]. PMMA experiments at NUV
wavelengths suggest the direct cleavage of the polymer backbone under
the formation of monomers, leading to a refractive index change.
Although the optical performance of PMP is attractive, research on
polymers for ultrafast laser bulky modification is insufficient, especially
on the energy deposition behaviour. In addition, the interaction of
femtosecond near-mid-IR (MIR) laser pulses and polymer materials is
lacking in the literature although the spectral region of MIR is defined
as 2.5-5 pm wavelengths. This study investigates the nonlinear and
linear absorption of femtosecond pulses with a range of wavelengths,
characterising the laser-processing properties and providing precise
processing parameters. The investigation of processing features can
help researchers and engineers consider PMP as a new material for
optical devices that work in the MIR region and ultrafast cases.

2. Experimental setup

Femtosecond laser beams with wavelengths ranging from 190 nm to
2 pm were generated using an optical parametric method. A Ti: sapphire
laser was used as the pumped source. In Fig. 1(a), a retroreflector
system is used to obtain super-continuum spectra. The laser beam was
focused inside the sample to ignite filamentation. The laser beam with
a supercontinuum signal was reflected by M2 back to the mirror (M1),
which had a dielectric film coating. The reflection angle was set to
approximately the Brewster angle, which acts as an attenuator. The
spectral signal was collected and transmitted to an advanced-timing
spectrometer. A thermal camera was used to characterise the linear
absorption. Fig. 1(b) shows an optical configuration for observing the
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Table 1

Experimental details.
Item Objective/NA 4 (nm) v(mm/s)
Thermal characterisation singlet/0.01 1050 0
SC spectrum singlet/0.08 387 10
Filamentary inscription singlet/0.05-0.1 387 1
Filamentary inscription* reflection/0.15 620-640 0.5
VBG inscription Microscope/0.5 387 0.1

in situ thermal field. For material processing, as shown in Fig. 1(c),
a Galileo telescope system was used to expand the beam to a 6-mm
diameter and route it to a piece of PMP sample. Additional details are
listed in Table 1.

3. Results and discussions
3.1. In situ thermal characterisation

The femtosecond beam had extremely high irradiation, even for a
collimated beam with a diameter of approximately 1 mm, and MIR
irradiation can lead to thermal effects via laser-material interaction.
The energy coupling of the interaction of the thermal effect signifies
strong linear absorption. Experimental investigations are expected to
provide thermal characteristics relative to linear absorption. As shown
in Fig. 2, the key parameters of the femtosecond pulsed laser beam are
180 mW, 1050 nm and 170 fs for the average power, wavelength, and
pulse duration, respectively. The laser beam was loosely focused using
a ZnSe optical glass lens with a focal length of 150 mm. The laser beam
built an infrared exposure channel in the PMP sample. The thermal
graphics of this channel provide more details when linear absorption
is involved. An infrared camera was used to characterise the thermo-
physical properties. With a camera, it is possible to obtain temperature
details in the exposure channel and characterise the linear absorp-
tion. The thermographic analysis provides the time- and space-resolved
evolution of temperature within the interaction zone. Therefore, an
approach to the analysis of thermal evolution has become possible in
principle. Fig. 2(a) shows that the ambient laboratory temperature was
low. The thermal zones in each typical stage are shown in Fig. 2(b)-
2(f). In the initial stage, heating is generated near the optical axes
near the focused plane. The high-temperature zone then moved in the
incident direction. The laser beam started to build a heat-affected zone
along its propagation direction. The evolution of the heat-affected zone,
as shown in Fig. 2(e) at 25 s, showed a saturated temperature T =
27.2 °C. Note that there was some off-axis low-intensity scatter from
the laser beam that reached the surroundings.

Fig. 3 shows that the average temperature in the heat-affected zone
varied with the exposure time. There was a steep-rising stage at the
front side until 14 s, a gradually increasing stage between 14 s and 25 s.
After achieving the heat equilibrium state, the increase in temperature
saturates between 25 s-35 s. The temperature suddenly decreased
after the cessation of laser radiation exposure, followed by a gradual
decrease. In the equilibrium state, the heat-affected zone appeared
spindle-shaped, as shown in Fig. 2(e), and the high-temperature region
was at the front side, possibly at the focal point of the incident beam.
The beam waist at the focus spot had a diameter of approximately
100 pm. Irradiation did not lead to nonlinear modification of the poly-
mer. The saturated temperature was approximately 31.1 °C which is far
below the glass-phrase transition temperature, approximately 170 °C,of
PMP, suggesting that the laser pulses did not lead to permanent modi-
fication of the polymer. However, the “quasi-continuum” may begin in
the energy region populated by the 300 K Boltzmann distribution [33].

Fig. 4 shows the construction of the transverse thermal zone. The
profile exhibited a symmetrical shape along the optical axis, with a
peak value in the middle. Significant variations were observed on
both sides of the peak. Although the variation on the two sides was



B. Liu et al.

D
M2 L1 M1

Infrared Physics and Technology 130 (2023) 104636

L2 FC

(a) _. e

ms | J : M4
1
D o Ve
| 1
i i
. L6 i
) i
i
S ! :
!
' L4 LS :
NUV fs i
D .

Fig. 1. Schematic setups of (a) supercontinuum spectrum analysis (b) in situ thermographic observation and (c) material processing. Lens: L1, L2, L3, L4, L5 and L6; mirrors: M1,

M2, M3, M4 and MS5; stage: S; density plate: D; fibre coupler: FC, supercontinuum: (SC).

Fig. 2. Thermal effects of filamentation generated by femtosecond pulses with 1050-nm wavelength. (a) 0's, (b) 2's, (¢) 95, (d) 15 s, (d) 32 s, (e) 38 s and (f) 79 s.

obvious, the peak temperatures around the symmetric axis exhibited
less fluctuation. The trends displayed a significant difference from those
of the Gaussian distribution.

At infrared wavelengths, interactions involve vibrational excitation,
forced vibration, and the Inverse Bremsstrahlung Effect [34]. The in-
teractions remained localised during and after the energy-coupling
process. In addition, for femtosecond pulses, radiation induces electron
jumping between energy levels, which is called multi-photon absorp-
tion. Bound electrons interact only weakly with the electromagnetic
wave, apart from resonance; however, free electrons can be accelerated
by absorbing energy from the optical e-m wave. This energy is either
re-emitted or transferred to the lattice. The electric vector component
of the laser radiation passing over a charged particle (electron or ion)
sets the particle in motion such that a forced vibration is produced.
This occurs because the frequency of the incoming radiation does not
correspond to the natural resonance frequency of the lattice. The optical

field can also interact with the movement of free electrons to distort
the lattice by small amounts. The process of incoming photons being
absorbed by electrons is known as the “Inverse Bremsstrahlung Effect”.
As a supplement, an experimental study on the linear absorption of
a collimated beam with a wavelength range in the near MIR region was
conducted. Fig. 5 shows the coefficient of linear absorption. Absorption
is considered to be the attenuation of electromagnetic waves. The
polymer material dampens the intensity of the incident light at a
distance, characterised by a damping constant. The intensity decays
exponentially with distance from the surface to the polymer.
According to Beer Lamber law

I=1Iy " (¢))

where g the linear absorption coefficient. Fig. 5 shows that strong
absorption occurred for photons of 1.05 eV. If PMP is used as an optical
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Fig. 4. Transverse thermal field.

material, the recommended region of work is 1350 nm (0.92 eV)-
1310 nm (0.95 eV) to avoid strong linear absorption. In this region,
the small photonic energy increases the threshold value of nonlinear
damage.

These results suggested the occurrence of multiphoton infrared
laser-induced processes. The forced vibration are significant, leading to
extensive incubation times and significant post-pulse effects, and the
energy linear coupling should be very sensitive to the pulse length.
This absorption behaviour is consistent with the intramolecular redis-
tribution of energy and is less likely to lead to unimolecular chemical
reactions.

3.2. Filamentary modification

A focused laser beam with a numerical aperture (NA) of less than
0.1 was suitable for writing optical components such as waveguides.
Fig. 6(a) and (b) illustrate the filamentary modification process using a
convex lens with a numerical aperture of 0.05. The focusing laser beam
in the sample could be seen as a light blue channel, and stray light was
speculated.

Fig. 7 shows a scatter diagram of the ten groups. It can be observed
that the supercontinuum (SC) spectral signal in regions I and II grew
steadily, indicating the occurrence of tunnel and multiphoton ionisation
[35,36], signing a gentle process. The balance between the self-focusing
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Fig. 5. The linear absorption coefficient B, corresponding to photon energy at
0.78 eV-1.78 eV of 1150 nm-1600 nm near MIR spectral region.

and defocusing effects of the plasma results in a filamentary region
with uniform intensity. In addition, the filamentary process is engaged
when the pulse energy exceeds the threshold value. Energy coupling
is nonlinear in laser-material interaction via tunnel or multiphoton
ionisation. In this nonlinear process, self-phase modulation and self-
steepening broaden the laser spectrum, resulting in the SC spectrum.
Filamentation has the same threshold value as SC. The spectral pattern
produced by the femtosecond pulse is in terms of the anti-Stokes broad-
ening spectrum [37]. Photonic accounts for the SC signal are collected
from the region of interest (ROI), which shifts to the short-wavelength
region from the fundamental wavelength of the laser. An optical circuit
was set up to attain the supercontinuum spectrum (Fig. 1(a)). In region
11, cascade energy coupling results from avalanche electrons which is
a strong coupling process. However, the SC sample scattered for the
same photo energy in each group with an obvious deviation, signifying
a relatively unstable process compared to the process in region I. In
region III, avalanche ionisation produces a large number of SC signals
[38], signifying a fierce process. The self-focusing effect dominated the
modification process. In this intermediate condition, heat is coupled to
the polymer through electron heating of the lattice.

It is summarised that the thresholds for self-convergence are p,,, =
2.2+0.6 mW and e,y = 0.4 +0.1 pJ, while the thresholds for avalanche
ionisation are p,,; = 9.2 + 0.6 MW and e, = 1.7 + 0.1 pJ which
was estimated using the interpolation method. Tunnel and multiphoton
absorption are the main energy-deposing methods for weak plasma
formed in the region I. Photon energy plays a key role in the order
of multi-photon absorption. The band gap of PMP is approximately 6.2
ev, which is the minimum excitation energy of the electronic transition
from the valence band (VB) to the conduction band (CB). Therefore,
ionisation was generated by two-photon coupling for 387 nm photons
in the PMP. In the filamentary process, zone II was recommended, and
the peak power was selected in the range of 2.2 MW-9.2 MW.

The numerical aperture (NA) plays an important role in the filamen-
tary process [39], and NA was an effective parameter that depended on
the focusing optics. When NA > 0.4, the supercontinuum phenomenon
cannot be formed [38], and optical breakdown occurs. The process
length of the focused Gaussian beam was calculated using Eq. (2).

w
R, = Ty —= (2)
In the absence of filamentation, the length produced was likely twice
the Rayleigh length (RL), approximately 362 pm. Fig. 8 shows a set
of filaments was processed using 387-nm (NUV) pulses femtosecond
pulses with pulse energy Ep from 0.2 p to 1.0 pJ, while transverse
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Fig. 6. (a) and (b) Processing of refractive-index modification in PMP. The laser wavelength is 387.5 nm. A singlet convex lens (focal length f = 50 mm, na 0.05) was used. The

processing speed was 0.5 mm/s.
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Fig. 7. Gross spectral intensity of supercontinuum versus pulse energy. I: tunnel-
and-multiphoton ionisation; II: multiphoton-and-avalanche ionisation; III: avalanche
ionisation.

scan speed was 1 mm/s. The maximum filament length shown was
1530 pm >> 2RL (~ 362 pm), and the shortest length was close to
2RL. The filament forming length was between 300 pm and 1500 pm,
and the laser beam shown in the figure was from the right side. The
starting point was located in front of the geometric focus, and this
went to the light source as the energy increased [39]. This implies
that the filamentation mechanism can increase the process length. The
filament length had a root square relation to pulse energy, and the
exponent in the experiment was approximately 0.53, which is close
to the theoretical value of Zverev and Pashkov’s work of 0.5 [40].
High energy can increase the filamentary length, but the process uni-
formity deteriorates. Fig. 9 shows the performance of the wavelength
ranging from 560 nm-—640 nm. The focal point of the laser beams
showed evidence of wavelength factor. The filaments responding to
short wavelengths always started near the laser source, and as the
wavelength increased, they receded into the material. The filaments
start deeper in the material at long wavelengths. This can be explained
by the higher refractive index of the material for short-wavelength
light. Low coupling of photonic energy is observed, whereas stronger
coupling with short-wavelength photons occurs. Furthermore, pulse
duration plays a critical role in the filamentary process. There is a sign
of a stronger nonlinear couple for the short-wavelength filament (top).
The filamentary structure was uniform in shape and length. The pulse

duration varied from 152 fs to 200 fs and the optimal duration was
152 fs. The long pulses undermine the filamentary process, leading to
breakdown errors [30]. For a long-wavelength process in the region VI,
the pulse duration becomes more important, and it is recommended to
be lower than 160 fs.

To further understand the material modification in the filamentary
region, Raman spectral analysis was performed using an Ar-ion laser
with 514 nm wavelength focused via a 0.55 NA objective. Reference
measurements on pristine samples show very low fluorescence and
clear peaks, which is consistent with the work of Samuel and Mohan
[41]. The filamentary structure was approximately 1 mm beneath
the surface. The material was removed and polished for direct mea-
surement. Compared to the analysis of the pristine PMP sample, the
processed sample showed strong photoluminescence (PL) noise in the
filamentary structures due to Raman scattering. If the PL signal is
removed, the clean Raman peak height becomes distinct. Backbone
CH stretching and CH3 asymmetric stretching contributed to peaks be-
tween 2800 and 3000 cm-1, and CH3 rocking and twisting vibrational
modes contributed to peaks between 750 and 1500 cm~! [42]. Fig. 10
shows the Raman spectral results with the background PL subtracted,
demonstrating the decrease in the strength of all Raman peaks with
increasing pulse energy. This trend suggests the existence of chemical
modification mechanisms. The emergence of PL in the filament is clear
and is often associated with the generation of defects and free radicals
via direct laser writing [43].

3.3. The construction of bulky micro gratings

The focusing objectives with high numerical aperture (NA) are
suitable for writing with precise optics. Fig. 11 shows the bulky gratings
generated with laser in the sample. Fig. 12(a) shows inscription process
carried out with a combinational objective with numerical aperture of
approximately 0.4. The optical breakdown effects is considered for NA
number is greater than 0.2 [44]. The material is directly destroyed
by the optical breakdown, causing cavities and carbonisation. It is
noted that the transmittance objective was formed of several optical
materials. Positive Group Velocity Dispersion (GVD) can cause pulse
stretch [45]. The pulse duration is a key factor for the third-order non-
linear effect called filamentation. The bulky grating specific parameter
(Fig. 12(b)) were 690 pm thick, 3 pm wide, 200 lines/mm grating den-
sity and gate spacing of A = 5 pm. The grating sample (Fig. 12(c)) was
carefully mounted on a rotating stage, permitting to bring the gratings
to normal incidence prior for diffraction measurements. Detected light
wavelength (A) value of the transmitted laser beam was 532 nm and
the diffracted pattern was seen on a distant wall dim1.2 m away. The
first-order diffraction efficiency at n,, Bragg angle of was 39.8%, being
calculated used the Eq. (3), confirming the Kogelnik theoretical fit [46].
The refractive-index modulation in the PMP was significant.

Nyt = sin( wAnL ) 3)

Acosfp
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Fig. 8. Profile view of filamentary structures written by pulse energy 0.2 pJ-1.0 pJ.

Fig. 9. Filamentary modification of wavelength ranged from 550 nm-700 nm.

Where, L is the grating thickness, 4n is the refractive index and 6 is
the Bragg angle. This result indicates a change in the refractive index
to 0.01, being an order of magnitude higher than that for a lens with
a small NA number. The diffraction efficiency of the gratings (Fig. 11)
can be relatively low, being led by insufficient index contrast difference
between modified and pristine materials. For improving diffractive
efficiency, the direct approaches were increased by the thickness or line
density. Using stitch-writing method can effectively be increased the
thickness of the grating layer [47]. The writing of high-density gratings
furthermore requires high NA objectives. The pulse duration should be
lower than 160 fs for higher nonlinear effect to avoid to become a
significant issue. Both approaches however lead to the problem of low
production efficiency. This problem can be well solved with the usage

of holographic beam splitting techniques [48].

4. Conclusions

In a study on loosely focused MIR femtosecond pulses in PMP
material, the thermal effect is non-obvious and the saturated temper-
ature is approximately 31.1 °C, which is far below the glass-phrase
transition temperature, approximately 170 °C of PMP, suggesting that
the laser pulses will not lead to permanent modification in the polymer.
To avoid strong linear absorption, the optimised work region of PMP
was 1310 nm (90.95 eV)-1350 nm (0.92 eV). In this region, smaller
photonic energy increases the threshold of the nonlinear damage. For
the high-throughput process of femtosecond beam, it is better to process
in Zone II, and peak power is selected in the range of 2.2 MW-9.2
MW. In this region, multiphoton ionisation and avalanche ionisation
are the main mechanisms to deposit energies. For NUV photons, two
photons couple to form a plasma. The refractive-index modulation in
the PMP is significant. For a long-wavelength process in the region VI,
the pulse duration becomes more important, and it is recommended
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Fig. 11. Photo of 5 x 5x7 mm bulky gratings.

Fig. 12. (a) Internal engraving using a digital aperture of approximately 0.4 near-
ultraviolet combined objective focus; (b) Side-view photomicrograph of a Bragg-like
grating approximately 690 pm thick; (¢) Primary diffraction test of the impaling angle
incidence of a laser with a wavelength of 532 nm.
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to be lower than 160 fs. Using a tightly focused beam to modify the
refractive index, the change in 4n reaches 0.01, which is an order of
magnitude higher than the amount of change inscribed using a lens
with a small NA number.
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