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ABSTRACT

Polymers are important materials for both industrial and scientific applications. However, it is challenging to efficiently process polymers
with an ultrafast laser due to their low melting point, high bandgap, and different absorption mechanics with different laser parameters. It is
common practice in industries to use different kinds of lasers and, therefore, different laser parameters, such as pulse duration, wavelength,
pulse energy, etc. In particular, the effect of pulse duration during ultrafast laser interaction with polymers is significant as the absorption mech-
anism can be different with different pulse durations. In this study, the effect of pulse duration is investigated during the ultrafast laser interac-
tion with transparent polypropylene (TPP), which is an important polymeric material widely used in many industrial applications. This study
is based on the experimental measurement of the optical properties of TPP during ultrafast interaction, where optical properties, i.e., reflectance,
transmittance, and absorptance, are determined by performing time-resolved measurements in single-pulse configurations. This experiment is
carried out by collecting in situ data of the reflection and transmission of each laser pulse in an ellipsoidal reflector-based experimental setup,
which enables the collection of both specular and diffusive reflection with nearly full coverage, and absorption is calculated from the experimen-
tal results. It is found that TPP undergoes a dramatic morphological change with different pulse durations ranging from 167 fs to 1 ps, which is
correlated with the change of optical properties during the ultrafast laser interaction with TPP for different pulse durations. This result will be
useful for controlling the processing of polymers with ultrafast lasers for industrial applications.

Key words: polymer processing, ultrafast laser, effect of pulse during, pulse shaping, optical properties
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I. INTRODUCTION

In the last few years, ultrafast laser technologies have proved

A promising approach that can control laser-material interac-
tion for high-precision material processing is the temporal pulse

to be of great interest for material processing applications.'™ The
interest in the ultrafast laser micro-processing of polymers has
grown significantly over the past few years due to the high demand
for using polymers in scientific and industrial applications."™
However, material processing with an ultrafast laser is quite com-
plicated due to the dynamic behavior of the interaction between
the ultrashort pulse and the polymeric material. Therefore, the
ultrafast laser micro-processing of polymers with high precision
and control is challenging for researchers.”'’

shaping of ultrashort pulses."’ Researchers have already shown that
temporal pulse shaping helps enhance optical properties, i.e.,
absorptance, of materials.'>'” These various studies have provided
some understanding of the dynamics of laser-matter interactions,
but most of the studies deal with the ultrafast laser ablation of
dielectrics, especially pure silica, while ultrafast pulse shaping for
polymer processing has been investigated less, even though poly-
mers are one of the first materials to be processed by ultrafast
lasers.'”'”> However, the nature of absorption for near-infrared
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laser beams has not been fully understood, and therefore, it
remains challenging to process polymers with high energy
efficiency.

In this study, the effect of pulse duration is investigated during
the ultrafast laser interaction with a transparent PP sample in a
single-shot configuration. An analytical solution of the differential
equation of ultrafast laser pulse propagation is applied considering
the spatial and temporal distributions of intensity to observe inten-
sity distribution inside the sample. The enhancement of absorp-
tance is investigated for different pulse durations by performing the
time-resolved measurement of optical properties of the ultrafast
laser-material interaction with polymer (i.e., polypropylene).
Besides, the spatial and temporal distortions of ultrashort pulse
propagation through the medium is investigated.

Il. SPATIAL AND TEMPORAL DISTORTIONS
OF ULTRASHORT PULSE

The equation, which describes the attenuation of the ultrafast
laser pulse with spatial and radial intensity, I(r, z, t), passing
through the material undergoing single-photon, two-photon, or
two-step absorption or three-photon or three-step absorption, is
given by

dl(r;, zi, t)

d =—ol(r;, zi, t) — o P(ri, zi, 1) — P (i, 2, 1), (1)
Zi

where a3, a,, and a5 are the linear, two-photon, or two-step non-
linear absorption coefficient and three-photon or three-step nonlin-
ear absorption coefficient, respectively. Here, i = 1, 2, 3, etc. are
considered for multiple reflection cases.

The analytical solution of the above differential equation, after
passing through the material, can be expressed below, which is
given in greater detail elsewhere:'®

1
3a;(ri, zj, t)

Aoi(ri, zis t)

Li(ri, zis t) = m -
1 I3 1

(Qi(rh zj, t) + bi(ri, zis f)),

@)

where I (r;, L;, t) is the incident intensity at the different interfaces
except for the first incident point. All the variables in the above
equation are defined elsewhere.'

The study of the propagation of an optical Gaussian pulse is
important to control the process with an ultrafast laser. When a
high-intensity ultrafast laser pulse propagates through an optical
medium, the Gaussian pulse intensity is distorted temporally and
spatially during the propagation due to the nonlinear phenomena,
i.e.,, the nonlinear refractive index changes due to an intense pulse.
To investigate the distortion of the Gaussian pulse, Eq. (2) is used,
and the intensity distribution is shown in Fig. 1.

Figure 1(a) shows the spatial distribution of the peak intensity
of the ultrashort pulse during propagation through the transparent
PP sample. It can be seen that the peak intensity of the Gaussian
pulse reduces by 70% within 50 um distance inside the transparent
sample and the shape of the Gaussian pulse changes to a different
pulse shape, which is close to the flat top close to the back (exit)
surface of the sample, where the sample thickness is around
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FIG. 1. (a) Spatial distribution and (b) temporal distribution of the peak intensity
of the ultrafast laser with a pulse duration of 167 fs.

450 um. Similarly, the temporal distortion of the peak intensity is
shown in Fig. 1(b).

The distribution of the peak intensity has two peaks at differ-
ent axial distances of the sample, and the difference in the height
of the peaks decreases as the pulse propagates through the medium
because the high-intensity pulse gets more distorted than the low-
intensity one as it propagates through the medium. It can be seen
that the peaks are not the same in the spatial distribution case,
where the possible reason for this spatial distribution is the incident
angle of the laser beam at the sample and two peaks of the spatial
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FIG. 2. (a) 3D representation of the spatial distribution of peak intensity of ultrafast laser during propagation through the transparent PP sample and (b) the temporal distri-

bution of the peak intensity corresponding to 2, 3, and 4 of (a).

distribution of the peak intensity appear due to the nonlinear
refractive index change during high-intensity propagation.
Figure 2 shows the distribution of the peak intensity at a different
axial distance inside the medium with a pulse duration of 167 fs,
where the distribution of the peaks also displays similar behavior to
the spatial case.

I1l. EFFECT OF PULSE DURATIONS

To investigate the effect of the pulse duration on ultrafast laser
interaction with the PP sample, different experiments are per-
formed with a single pulse configuration for a wide range of pulse
energies (1-100uJ) and different pulse durations, i.e., 167, 371,
710, and 1000 fs.

Figure 3 shows the front surface damage with different
pulse energies (1-100#]) and pulse durations (i.e., 167, 371, 710,
and 1000 fs). The front surface damage is dominant for 167 fs
since most of the energy is absorbed at the surface of the sample
due to high peak intensity, which has a higher nonlinear effect.
Figure 4 shows the back surface damage with different pulse ener-
gies and pulse durations. Here, the back surface (or the exit

surface) damage is dominant in the case of a longer pulse duration
(i.e., 1000 fs for this study), and there is back surface damage for
the 167 fs pulse duration as mentioned above because most of the
energy is absorbed at the front surface for a shorter pulse case
(i.e., 167 fs).

Figure 5(a) shows the determination of the damage area
created by a single pulsed laser shot from the optical microscopic
image of damage, and Fig. 5(b) shows the semilog graph of the
damage area as a function of peak intensities. This graph is used to
determine the peak damage threshold intensity corresponding to
the different pulse durations, where the highest peak threshold
damage intensity is found to be 12.9 TW/cm® with a shorter pulse
duration (i.e., 167 fs), and the lowest peak threshold damage inten-
sity is obtained as 4.1 TW/cm® with longer pulse durations (i.e.,
1000 fs). However, in the case of peak damage threshold fluence,
the highest value is obtained as 5.1J/cm” for the longest pulse
duration, which is shown in Fig. 6, and the lowest damage thresh-
old fluence is found to be 1.2 ] cm ™2 for 167 fs.

The relation between the peak damage threshold fluence and
the pulse duration can be explained with simple scaling laws
derived by Gamaly et al.'” as Fy, ~ t., where 1 can be found from
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FIG. 4. The back surface damage of the transparent PP sample with different pulse durations (i.e., 167, 371, 710, and 1000 fs) for a wide range of pulse energies (1-100 zJ).
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the fitting of damaged peak fluence as a function of pulse duration
(ton), which is found to be 7 = 0.23 in this study, which is similar
to the literature value for shorter pulse cases.'® Similarly, the rela-
tion between the peak damaged threshold intensity and the pulse

2000 v duration can be expressed as Iy, ~ Fy/ton.
9@ Expt. (167 f5) (b) To compare the front surface damage area that is determined
@ Expt. 371 f5) from the experimental results, the damage areas from different
@  Expt. (710 f5) pulse.durations are theoretically determined by using the following
15004 @ Expt. (1000 f5) ol equation:
1, (1,
A= Emooln (E) , (3)

1000 4

where I, = 2Ep/ﬂw§tm, and Iy, are the incident peak intensity and
the peak damaged threshold intensity, respectively. The peak
damaged threshold intensity is obtained from Fig. 7. Figure 7
shows the damaged area as a function of peak intensity and peak
fluence for different pulse durations. Smaller types of damage are
obtained with lower fluences, which agree with those in the litera-
ture.'” The theoretical calculation shows a good match with experi-
mental results, except for high intensities and shorter pulse

T durations, where the peak intensity is too high, which leads to the
100 creation of air ionization or other nonlinear phenomena that are
Peak intensity (TW/ cmz) not considered in this calculation.

Damage area (um?)

h

00 4

FIG. 5. Determining (a) the damage area from optical microscopic images for

different pulse durations (i.e., 167, 371, 710, and 1000 fs) and (b) the damage IV. EFFECT OF PULSE DURATION ON ULTRAFAST
threshold peak intensity with different pulse durations (i.e., 167, 371, 710, and LASER INTERACTION
1000 fs).

Figure 8 shows the front and back surface damage with a
1000fs pulse duration. For the 1000 fs pulse duration case, a strong
back surface damage is observed with a pulse energy <30 uJ, although
the front surface damage appears at 30 ] and no front surface damage
is observed at <30 uJ. A possible reason could be the electric-field

[
=
(=)

@ Threshold intensity enhan.cen?ent at the exit. side and self-focusing due to the nonlinear

—_ refractive index change with an ultrafast laser pulse.

NE 12 - & When light travels from a lower refractive index medium to a
S 1 = higher refractive index medium, the reflected electric field under-
a 10 - -S 5 goes a phase shift of 180° in relation to the incident light wave.
- = For traveling from a higher refractive index to a lower index
g o) medium, the reflected electric field undergoes a zero (0°) phase
j? 8 1 5 shift. To verify the electric field enhancement at the exit surface,
Z - 4 “:’ Crisp et al.”’ gave a simple expression as follows:

S 6 =
g ] sp 4n?
= S b= ()
= 4 = Seit (n+1)
wn - Q
bt 3 E where SD is the incident power per unit area that corresponds to
= 2. = damage of the entrance face and SZ,, is the incident power per unit
= area that corresponds to the damage of the entrance face. Since the

0 @ Threshold fluence 2 Rayleigh length in this study is larger than the thickness of the
L] L] T

sample (450 um), and with the assumption of no self-focusing and
the same beam diameter at the exit surface as the front surface,
Eq. (4) can be written as follows:

0 200 400 600 800 1000 1200
Pulse duration (f5)

FIG. 6. The damage threshold peak fluencefintensity with different pulse ED,  4n? 5)
durations. Egm - (n+ 1)2 ’
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FIG. 7. Comparing the theoretical and experimental damaged areas as a function of (a) peak fluence and (b) peak intensity.

where ED, and ED,, are the threshold pulse energies at the entrance
surface and threshold pulse energy at the exit surface, respectively,
which are shown in Fig. 9. Here, the left side of Eq. (5) is found to
be ED /ED. =4 from the experimental results and the right-hand
side is found to be 1.44 (where the linear refractive index is 1.44).
Therefore, Eq. (4) is not satisfied properly with our experimental
results. To obtain information on the diameter of the laser beam at
the front and back surfaces from our experimental results, the
damaged area at the front and back is plotted with M =

In(2Ep/tonls) and Eq. (6) is used to fit the experimental data,

2E,
P) —ﬂwﬁeamln(A). (6)
tanIth

2 _ 2
ﬂwdamage = Wheam ln<

I

=

100 T 90pd 80pd 70pd G0pJ 50 pnJ

The ratio of the entrance beam radius and the back surface
beam radius is found to be 3.72 (Fentrance /Texit & 3.72) from the
slope value, 72, of the above in Figs. 7 and 10. This result indi-
cates that the diameter of the beam at the back surface is smaller
than the beam diameter at the front surface. To verify this result, a
simple experiment is designed to measure the beam diameter at the
front surface (without any sample) and the beam diameter at the
back surface of the sample for single-pulse configuration by trigger-
ing the pulse. Figure 11 shows the camera images at the front
surface (without sample) and the back (exit) surface of the sample,
which also indicate that the beam diameter at the back surface is
much smaller than that at the front surface. From these experimen-
tal verifications, it is obvious that the field enhancement might not
be the only reason for the back surface damage, and there might be

100 ) 90pJ 80pJ 70p) 60pT  50p) 45p) 40pd 35p) 30pd 25u) 20pd 17.5p 15pJ 12500 10pd 7.5p) SpJ 25p01 )

, . 1000 /s | Front surface
No damage
- 1000fs | Back surface
‘Damage |

L4

45pd 40pd 35pd 30pd 25p) 20pd 17.5p) 15 12500 10 pJ 75pd Spd 2.5pd 1pd

FIG. 8. Front and back surface damage with a 1000 fs pulse duration.
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21,22

a self-focusing effect” > that leads to a strong back surface damage
during longer pulse durations as the energy is not absorbed at the
front surface of the sample during laser—matter interaction.

V. EFFECT ON OPTICAL PROPERTIES

Figure 12 shows the reflectance (R), transmittance (T), and
absorptance (A) as a function of the peak fluences for different
pulse durations (i.e., 167, 371, 710, and 1000 fs). As mentioned
above, the single-shot experiment is performed to see the effect
of the pulse duration for a wide range of pulse energies from 1 to
100 uJ, which correspond to the fluence of 0.94-18.8 Jem™2
Figure 12(a) shows the reflectance of the transparent PP sample as
a function of the peak fluence of the incident laser beam, where
reflectances are very low as the sample is mostly transparent.
Note that the tolerance of this measurement is about +0.012.
Figure 12(a) shows that the reflectance with different pulse dura-
tions is within the tolerance limit, which indicates that the reflec-
tance is not much dependent on pulse duration for a transparent
PP sample case. It can be seen that the reflectance starts to decrease
after a certain value of fluence from which the nonlinear absorption
mechanism starts.

Figures 12(b) and 12(c) show the transmittance (7) and
absorptance of the ultrafast laser beam through the transparent PP
sample. At low fluences, the transmittances for all pulse durations
have almost constant values, which indicates the linear absorption
mechanism with low fluences. The transmittance starts to decrease
after certain fluences, where nonlinear absorptions start to happen.
However, the transmittance starts decreasing first for the 167 fs
pulse duration due to the high peak intensity leading to a nonlinear
absorption with a lower fluence that also supports the damage mor-
phology shown in Figs. 3 and 4. Although the peak intensity for
the case 1000 fs is less, transmittance starts to decrease earlier than
the 371 and the 710 fs cases, which might be the reason for the
strong back surface damage shown in Fig. 8.

Figure 12(c) shows the absorptance during the ultrafast laser
interaction with a transparent PP sample, which is determined

from the experimental value of transmittance and reflectance as
A =1—T—R. As the reflectance of this study is very small, the
transmittance has a dominant effect in determining absorptance.
As explained in the transmittance case, for a low fluence, the
absorptance is constant for linear absorption mechanisms and
starts to increase after a certain level of fluence (ie., 1 Jem™ for
the 167 fs pulse duration).

1200 =350 /s (back) ' '

@ 1000 fs (front)
Linear fitting (back)
Linear fitting (front)
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E 800 .
s Slope = 696.10
Z 6004 Slope=78.8 |
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M“ 0%90
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FIG. 10. Determining the beam diameter at the front and the back surfaces
from an experimental damage diameter.
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FIG. 12. (a) Reflectance (R), (b) transmittance (T), and (c) absorptance (A) as a function of laser fluences with different pulse durations (i.e., 167, 371, 710, and 1000 fs).
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VI. CONCLUSIONS

The effect of the pulse duration is investigated both experimen-
tally and theoretically. This study showed the most effective energy
region for processing transparent PP samples with ultrafast lasers
with different pulse durations. The shorter pulse duration (167 fs) is
preferred for surface processing, while longer pulses (~1 ps) create
subsurface and back surface damage. The back surface damage with
1000 fs is suggested to happen due to self-focusing phenomena,
which have a lower critical power for a longer pulse. This study also
shows that the shorter pulses have higher distortion than the longer
pulse inside the material and that most absorptances that happen for
the shorter pulse is at the surface of the material.
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