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ABSTRACT

Polymers were one of the first materials to be processed by ultrafast lasers. However, the nature of absorption for near-infrared laser beams
is not fully understood, and therefore it remains challenging to process polymeric materials with high energy efficiency. In this study, the
pulse-to-pulse evolution of optical properties (reflectance, transmittance, and absorptance) of polypropylene (PP), which is an important
polymeric material widely used in many industrial applications, is determined by performing time-resolved measurements for a wide range
of pulse energies. The goal is to differentiate between linear and nonlinear absorption in different laser-matter interaction regimes and select
the processing condition that yields the highest energy efficiency. The experiment is performed by recording the reflection and transmission
of each laser pulse in an ellipsoidal mirror-based setup, which enables the collection of scattering reflection with nearly full coverage.
Absorption is calculated from the experimental data, and a model consisting of linear and nonlinear absorption is used to analyze the
results. It is found that PP undergoes a dramatic morphological change from pulse to pulse, which is accompanied by changes in optical
properties, that is, the tuning of the laser condition to fully utilize the laser energy. Their results could help increase energy efficiency in
ultrashort-pulsed laser processing of polymers toward the high-throughput operation.
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I. INTRODUCTION

Recent advances in ultrafast laser technology facilitate research-
ers to focus on understanding the physical process of ultrashort pulse
interaction with materials and its applications for high-precision
material processing in scientific and industrial applications.1–4

Ultrafast lasers have been used in various types of material processing
including laser cutting,5 drilling,6 polishing,7 cleaning,8 and micro/
nanomachining.9 Ultrafast lasers produce minimal thermal damage
to the material, which makes these lasers attractive for processing
polymeric materials, which typically have a low decomposition tem-
perature.10 The interest in the ultrafast laser micro-processing of poly-
meric materials remains strong due to the high demand for using
these materials in scientific and industrial applications.11–16 However,
material processing with ultrafast lasers is quite complicated due to
the dynamic behavior of laser–matter interaction, and there are
pulse-to-pulse variations of the interaction mechanism. Therefore,

ultrafast laser microprocessing of polymeric materials with high preci-
sion and control is still challenging.17,18

Laser processing with multiple ultrafast laser pulses has been
already discussed in various articles.19–22 Li et al.21 observed the
morphological evolution and dynamics of femtosecond laser ablation
of bulk polymethylmethacrylate (PMMA) irradiated with a pair of
pulses with experimental and numerical studies. Hu23 showed that a
second delayed pulse causes an increase in the ion emission from Si
and enhanced absorption of the second pulse was suggested as the
reason for increased ion emission. Researchers also found that the
material response and the ablation process have a significant depen-
dence on the delay between the pulses.24 Most of the studies were
performed with metals and dielectrics by using the pump-probe
technique. For polymers, the understanding of fundamental mecha-
nisms involved is still lacking, especially in the near-infrared (NIR)
wavelength. In addition, determining pulse-to-pulse interaction
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mechanisms, especially optical properties such as reflectance, trans-
mittance, and absorption, is crucial for selecting laser-processing
parameters to maximize energy efficiency for industrial applications.

In this study, the pulse-to-pulse evolution of optical proper-
ties, such as reflectance, transmittance, and absorptance, is deter-
mined by performing time-resolved measurements in ultrafast laser
interaction with polypropylene. The time-resolved measurement is
performed by using an ellipsoidal mirror-based system, which can
collect both specular and diffusive reflection from the irradiated
sample. The measurements are carried out for each of the pulses in
a double-pulse configuration for a wide range of fluences, and the
measurement of optical properties is compared with observed
damage morphology. The absorption is explained with a model
that includes both linear and nonlinear mechanisms.

II. EXPERIMENTAL SETUP

The experimental setup is shown in Fig. 1. A Yb: KGW
(Yb-doped potassium gadolinium tungstate) femtosecond laser from
Light Conversion at a central wavelength of 1030 nm is used as the
laser source. It delivers 170 fs to 10 ps ultrashort pulses with the
maximum pulse energy of 1 mJ and repetition rate tunable from a
single pulse to 1MHz. The output beam with a diameter of 4 mm is
expanded by a beam expander to 10mm in diameter, and the laser
power is controlled with a variable neutral density (ND) filter. The
laser beam is split into two arms, one as the reference arm, which
has 6.5% of the incident light and is used to determine the incident
laser pulse energy, and the other as the source arm, which is focused
onto the sample with a lens of 250mm focal length. The diameter of
the spot size is measured to be 36.8 μm at the 1/e2-point.

A 1-GHz oscilloscope (Tektronics, MD03104), which is not
shown in Fig. 1, and three photodiodes (PD 1–3, Thorlabs,
FDS100) are used for data acquisition. Commercially available
transparent PP sheets (PP301440, Goodfellow) of thickness 450 μm
are used in this experiment as samples, which are placed on the top
of a fixture (Fig. 1, inset) and are close to the first focus of an ellip-
soidal mirror (E180, Optiforms). An ND filter with a diameter of
12.5 mm and PD 3 is placed in the fixture. To capture the reflected
light (both specular and diffusive reflection) from the sample,25,26

an ellipsoidal mirror (E180, Optiforms) is used, and the reflected
light is detected by PD 2 at the second focus of the ellipsoidal
mirror. The procedure to place PD 2 at the second focus of the
ellipsoidal mirror has been discussed elsewhere.27 To ensure a fresh
surface for each laser shot, a 3D stage is used to move the sample
for irradiating with different pulse energies. The sample is irradi-
ated with a total of two pulses and time-resolved optical properties,
such as reflectance and transmittance, are measured experimentally.
PD 2 is used to measure the reflectance light, and PD 3 is used for
the transmittance light. Figure 1 also shows the damage profile for
single pulse damage at the upper left and double-pulse damage in
the upper right. As will be discussed next, a single pulse creates
swelling and the double pulses create a crater.

In this study, transparent polypropylene (PP301440, Goodfellow,
which is mostly transparent, around 91% of visible light) samples are
used. Absorption of polymer is dependent on additives and impuri-
ties, and therefore the secondary ion mass spectroscopy (SIMS) has
been performed, The SIMS measurement confirms that the transpar-
ent PP sample used in this experiment is almost pure.

According to the manufacturer, this sample is semicrystalline,
white, semiopaque commodity thermoplastic. It is a linear

FIG. 1. Experimental setup for measuring the optical properties of ultrafast laser interaction with transparent PP.
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polyolefin that can be compared in many ways to high density
polyethylene and that is manufactured in a very similar way.

III. EXPERIMENTAL RESULTS

The measurements of optical properties for the two pulses are
performed with a wide range of peak fluences, from well below to
well above the damage threshold. The sample is irradiated with a
pair of identical pulses with a delay of 1 ms to avoid the effects that
happened within a shorter time duration. Both pulses are focused
at the same spot on the sample, and the surface of the sample is
tilted with an incident angle of 17° to reduce backscattering
through the entrance hole of the ellipsoidal mirror.

Figure 2 shows the damage on the surface of the transparent
PP sample and the corresponding damage profiles for both single
pulse and a pair of pulses. The left side of Fig. 2 shows damages
irradiated with a single pulse. Damages A, B, C, and D are irradi-
ated with the single pulse energies of 20, 30, 50, and 100 μJ, respec-
tively, that correspond to the peak fluences of 0.94, 3.76, 5.64, and
18.8 J/cm2, respectively. The 2D profilometer (Dektak, Bruker)
measurements are performed to confirm the damage profiles,
which are shown next to the SEM (scanning electronic microscopy)
image of the damage profile. It is obvious from both SEM image
and profilometer measurements that single-pulse irradiation with
fluences 3.76, 5.64, 9.4, and 18.8 J/cm2 creates dome-shaped swel-
ling. The maximum height of the dome is around 1.75 μm from
the profilometer measurement. Similarly, the right-hand side of
Fig. 2 shows the damage with the double-pulse irradiation.
Damages E, F, G, and H are irradiated with an additional pulse
with the same fluences as the respective single-pulse damage. The
profilometer measurements are shown next to the damages. For the
double-pulse case, craters are observed at the surface of the sample
and the maximum depth of the crater is found to be 5.7 μm.

It is found that single-pulse irradiation creates voids below the
surface of the sample, as is shown in Fig. 3, which shows the evi-
dence of void formation near to the surface. The cross-sectional
analysis of the irradiated sample is performed with a focused ion
beam (FIB) milling, where the sample is irradiated with a pulse
energy of 80 μJ. The inset (a) in Fig. 3 shows the center part of the
irradiated region, where the formation of the voids is denser than
the periphery as the intensity of the laser is higher at the center.
The diameter of the voids is found to be increasing with pulse
energies, and the diameter of the voids is found to be 0.2–3 μm cor-
responding to the pulse energy 12.5–100 μJ. The inset (b) in Fig. 3
shows a comparison between the irradiated region, where the void
formation is found near to the surface, and the non-irradiated
region, where no void is observed near to the surface. The instanta-
neous heating27,28 and expansion29,30 occur due to the ultrashort
pulse irradiation on the surface of the polymeric material. Micro/
nano splashes are observed at the surface of the sample due to the
localized melting and explosive boiling and a two-phase liquid–gas
mixture develops after thermalization of the laser pulse in the
polymeric sample in the ps time scale. Then, material ejection and
resolidification take place in the ns time scale30,31 due to hydrody-
namics expansion, which is the reason for the formation of micro/
nanovoids as well as dome-shaped swelling.32,33

Figure 5 shows the total reflectance (specular and diffusive), R,
transmittance, T, and absorptance, A, as a function of peak fluence
for first pulse and second pulse in the double-pulse case. To deter-
mine R and T, an integrated area at FWHM (full width at half
maximum) of the oscilloscope traces for the PD signals for reflection
and transmission is used with proper scaling based on the ND atten-
uation and more discussion on determining R, T, and A can be
found elsewhere.27 In this study, it is observed that the threshold
peak fluence, which is defined from material surface measurements,
for surface damage of the transparent PP sample is 0.94 J/cm2 with

FIG. 3. Cross-sectional analysis of transparent PP sample with focused ion beam
(FIB) milling, which is irradiated at pulse energy 80 μJ and pulse duration 167 fs.

FIG. 2. SEM pictures and z-profile of surface damages obtained after single (left)
or double (right) pulse laser irradiation for different pulse energies ranging from 20
to 100 μJ. The damage profiles are shown beside each of the damages.
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single pulse irradiation. Since the material surface does not undergo
any surface modification <0.94 J/cm2, the reflectance and transmit-
tance remain constant up to the peak fluence 0.94 J/cm2 for the first
pulse in the case of multiple pulse irradiation. Therefore, this cons-
tant peak fluence/intensity region is defined as the “linear absorption
region” for single pulse absorption. Similarly, the absorptance
remains constant for the peak fluence of <0.94 J/cm2 as it is deter-
mined from the reflectance and transmittance, A ¼ 1� R� T . The
transmittance and reflectance start to drop after the peak fluence
reaches the threshold peak fluence due to nonlinear absorption with
high intensity, which will be discussed in Sec. IV.

It can be seen from Fig. 4 that the second irradiated pulse is
not behaving exactly the same as the first irradiated pulse due to the
modification that happened in the surface and inside the sample.
The reflectance for the first pulse and the second pulse looks quite
similar except at very high peak fluences, where the surface morphol-
ogy has changed, as can be seen, from Figs. 2 and 4.

It can be seen from Fig. 5 that the transmittance for the first
pulse and the second pulse is distinct from each other except some
crossing points. The formation of micro/nanovoids with the first
pulse could be the reason for the changed transmission inside the
material for the second pulse. For low pulse energy, the size of the
voids is smaller inside the material; therefore, the transmitted light
is attenuated more inside the material, and the transmission gets
lower for the second pulse. However, the diameter of the voids
increases with pulse energy, and a more hollow region is formed
inside the material, which allows transmitting more light for higher
fluence for the case of the second laser pulse.

IV. THEORETICAL ANALYSIS

Ultrafast lasers have been used for various high precision
polymer processing, but several fundamental questions are still not
clear. Therefore, it is required to understand those fundamental
questions including the relative significance of different linear and
nonlinear absorption regimes and interaction mechanisms with dif-
ferent kinds of materials for high precision material processing. For
polymeric materials, which have a wide bandgap, the absorption
mechanism has the contribution of both linear (single-photon) and
nonlinear (multi-photon) processes.27,34 However, the absorption
mechanism for polymer processing with the NIR wavelength is
happened due to vibrational overtone or combination absorption.35

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

dI(ri, zi, t)
dzi

¼ �α1I(ri, zi, t)� α2I
2(ri, zi, t)� α3I

3(ri, zi, t), (1)

where α1, α2, and α3 are linear and nonlinear absorption coefficients
for single-photon (linear), two-photon or two-steps (nonlinear), and
three-photon or three-steps (nonlinear), respectively. The electric
field enhancement36 at the back surface inside the material is not
considered in Eq. (1). The effect of this enhancement is, however,
negligible when the absorption coefficient is very small, and therefore
Eq. (1) can be applied to weakly absorbing media. In addition,
Eq. (1) would be applicable to optically thick material, i.e., when the
geometrical thickness of the material is much larger than the coher-
ence length of the laser inside the material.37–39 The wavelength
shifts from Δλ = 10 to 30 nm due to self-phase modulation (SPM)
for the intensities considered in this study. Thus, the coherence
length, lc ¼ (λo/n)

2/Δλ, varies from 71.2 to 23.7 μm corresponding
to Δλ ¼ 10 and 30 nm, respectively, where n is taken to be the linear
refractive index, 1.49. Since these values of lc are much smaller than
the sample thickness, L = 450 μm, the sample of this study is consid-
ered to be optically thick.

FIG. 4. Surface damage with a single pulse (top) and double pulse (bottom)
with different peak fluences.

FIG. 5. Reflectance (R), transmittance (T), and absorptance (A) as a function
of peak fluence for the first pulse (circular data point) and the second pulse
(star data points) in double pulse case with the delay 1 ms (uncertainty of this
measurement is about ±0.012), where the duration in this case is 167 fs.
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The analytical solution of the above differential equation after
passing through the material can be expressed as

IiI(ri, zi, t) ¼ 1
3ai(ri, zi, t)

Qi(ri, zi, t)þ Δoi(ri, zi, t)
Qi(ri, zi, t)

� bi(ri, zi, t)

� �
,

(2)

where IiI(ri, Li, t) is the incident intensity at the different interfaces
except for the first incident point, which is shown in Fig. 6. All the
variables in the above equation are defined in the Appendix.

The total transmitted intensity at the exit side of the sample is
given by

IT (r, z, t) ¼
X1
m¼0

I(2mþ1)T (r(2mþ1), L(2mþ1), t): (3)

Here, the transmitted light at each of the points is IiT (ri, Li, t).
The total reflected light intensity at the exit side of the sample is
given by

IR(r, z, t) ¼ IOR(r, 0, t)þ
X1
m¼1

I(2m)T (r(2m), L(2m), t): (4)

The transmittance, T, and reflectance, R, of the ultrafast laser
pulse through the PP sample can be found from the above solution
in Eq. (2), which can be expressed as

T ¼ IT (r, z, t)
IOI(r, 0, t)

,

R ¼ IR(r, z, t)
IOI(r, 0, t)

:

(5)

Figure 7 shows the experimental results of transmittance
fitted with theoretical calculation, where the transmittance is
divided into three fluence/intensity regions. Region I represents
the linear absorption region, and regions II and III represent the
nonlinear region as defined in Sec. III. It can be seen that the
transmittance remains constant until the fluence/intensity reaches
the damage threshold peak fluence/intensity, where the damage
threshold peak fluence is found to be 0.94 J/cm2. The transmit-
tance starts to decrease after the damage threshold peak fluence as
shown in Fig. 5, which indicates nonlinear absorption. The trans-
mission keeps decreasing until the peak fluence reaches 10 J/cm2.
Note that the absorptance of the sample increases in region II as
the transmittance decreases.

In this study, the linear and nonlinear absorption coeffi-
cients are determined from the fitting results of the experimental
data of T and A with the theoretical calculation of Eq. (5) for dif-
ferent pulse durations, i.e., 167, 371, and 710 fs, which is shown
in Fig. 8. The average value of the linear (single-photon) absorp-
tion coefficient for three pulse durations (i.e., 167, 371, and
710 fs) is found to be α1 = (110.45 ± 3) m−1, which agrees with
the experimental value determined from the linear spectroscopic
measurement for the thickness of the transparent sample,
L = 450 μm. The linear refractive index of this transparent poly-
propylene sample is 1.49.

The average (from three pulse durations) value of nonlinear
absorption coefficients for two-photon or two-steps absorption
and the three-photon or three-steps absorption is found to be

FIG. 6. The multiple reflection is considered an inclined laser beam that is irra-
diated on the sample.

FIG. 7. Fitting of the experimental results of 167 fs for a transparent PP
sample. The laser intensity used in this experiment can be divided into three
regions (regions I, II, and III). Note that the pulse duration in this case is 167 fs.
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α2 = (8.01 ± 2.15) × 10
−13mW−1 and α3 = (3.21 ± 1.0) × 10

−29 m3W−2,
respectively, from the fitting result, and those values are consistent
with the previously reported value for the polymeric materials.40,41

The average (from three pulse duration) value of nonlinear refrac-
tive indexes is found to be n2 = (3.22 ± 1.15) × 10−20 m2W−1 and
n3 = (2.64 ± 1) × 10−37 m4W−2. This study suggests that the non-
resonance vibrational overtone or combination absorption happened
at 1030 and 515 nm, and resonance overtone or combination
absorption happened at 353 nm, which is shown in Fig. 9. The fun-
damental wavelength used in this study is 1030 nm; therefore, the
third-harmonic of the fundamental wavelength could be around

343 nm. However, the absorption peak from linear spectroscopic
measurement is found to be at 353 and 373 nm.

When a high-intensity laser pulse propagates through a non-
linear medium, an ultrashort pulse accumulates the temporal phase
as it propagates, which is known as SPM, which is a nonlinear
Kerr-like phenomenon due to the nonlinear refractive index change
inside the medium.42,43 Therefore, the wavelength shifting due to
SPM phenomena can be written as

λ(t)� λo ¼ λo
n2(dI(t)/dt)þ 2n3I(t)(dI(t)/dt)

(c/z)� n2(dI(t)/dt)� 2n3I(t)(dI(t)/dt)

� �
: (6)

The maximum wavelength shifting corresponding to the
maximum peak intensity 106.1 TW/cm2 is found to be around ± 30
nm, which covers both peaks at 353 and 373 nm. Therefore, three-
steps or three-photon absorption is suggested to have happened
through the vibrational overtone absorption mechanism by shifting
wavelength at a very high intensity of the laser beam.

V. CONCLUSIONS

In summary, the pulse-to-pulse evaluation of optical proper-
ties of polypropylene in ultrafast laser interaction is determined by
performing time-resolved measurement for the multiple pulse con-
figuration for a wide range of intensities from below to well above
the damage threshold. The measurements of the optical properties
show a strong correlation with damage morphology. The experi-
mental data are explained with a model that includes the linear and
nonlinear absorption mechanism and the absorption coefficients

FIG. 8. The experimental results of (a) transmittance and (b) absorptance
(A ¼ 1� R � T ) for different pulse durations (i.e., 167, 371, and 710 fs are
fitted with the theoretical calculation).

FIG. 9. Absorptance, A, of transparent PP sample is determined from the linear
spectroscopic measurement.
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are determined. Our results could be useful for optimizing parame-
ters for the ultrafast laser processing of polymers.
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APPENDIX

After performing integration, Eq. (1) can be written as a
general cubic equation as

aiI
3(ri, zi, t)þ biI

2(ri, zi, t)þ ciI(ri, zi, t)þ di ¼ 0, (A1)

where ai, bi, ci, and di can be expressed as

ai(ri, zi, t) ¼ 2α3

α1
� 2α2

3

α2
1
ki(ri, zi, t),

bi(ri, zi, t) ¼ N � α2α3

α2
1

þ α3M
α1

� �
ki(ri, zi, t),

ci(ri, zi, t) ¼ � 2α3

α1
þ α2M

α1

� �
ki(ri, zi, t),

di(ri, zi, t) ¼ �Mki(ri, zi, t):

(A2)

Here, M, N, and k are

M ¼ α2

α1
� α2

α1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 4α1α3

α2
1

,

s

N ¼ α2

α1
þ α2

α1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 4α1α3

α2
1

s
,

ki(ri, zi, t) ¼ ((2α3/α1)I3(ri, zi, t)þ NI2(ri, zi, t))e�2α1zi

(2α3/α1)I(ri, zi, t)þ (2α3α2/α2
1)I2(ri, zi, t)þ (2α2

3/α
2
1)I3(ri, zi, t)þ (α2M/α1)I(ri, zi, t)þ (α3M/α1)I2((ri, zi, t)

:

(A3)

Therefore, the solution of Eq. (A1) can be expressed for
the incoming beam at every interface except the first incident
point as

IiI(ri, Li, t) ¼ 1
3ai(ri, zi, t)

Qi(ri, zi, t)þ Δoi(ri, zi, t)
Qi(ri, zi, t)

� bi(ri, zi, t)

� �
:

(A4)

The other two roots of the cubic equation are ignored in this
study as it is not applicable for our case. Here, Qi(ri, zi, t) and
Δoi(ri, zi, t) in Eq. (A4) can be expressed as

Qi(ri, zi, t) ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δ2
1i(ri, zi, t)� 4Δ3

oi(ri, zi, t)
q

� Δ1i(ri, zi, t)

2

3

vuut
,

Δoi(ri, zi, t) ¼ b2i (ri, zi, t)� 3ai(ri, zi, t)ci(ri, zi, t),

Δ1i(ri, zi, t) ¼ 2b2i (ri, zi, t)� 9ai(ri, zi, t)þ 27a2i (ri, zi, t)di(ri, zi, t) :

Here, the transmitted light at each of the points IiT (ri, Li, t) is
related to IiI(ri, Li, t) as

IiT (ri, Li, t) ¼ Tie(IiI)IiI(ri, Li, t),

I0T (r, 0, t) ¼ T0I(I0I)I0I(r, 0, t):
(A5)

Here, TOI(IOI) and Tie(IiI) are the transmission coefficient at
the first incoming point and all others can be expressed as

TOI(I0I) ¼ 4(n1 þ n2IoI þ n3I2OI)

((n1 þ n2IoI þ n3I2OI)
2 þ 1)

2 þ κ2
,

Tie(IiI) ¼ 4(n1 þ n2IiI þ n3I2iI)

((n1 þ n2IiI þ n3I2iI)
2 þ 1)

2 þ κ2
,

κ ¼ λ(α1 þ α2IiI þ α3I2iI)
4π

,

(A6)

where, n1, n2, and n3 are the real parts of the linear, nonlinear
third-order, and nonlinear fifth-order refractive index, respectively,
and κ is the imaginary part of the nonlinear refractive index.

Here, the reflected light at each of the points IiR(ri, Li, t) is
related to IiI(ri, Li, t) as

IiR(ri, Li, t) ¼ Rie(IiI)IiI(ri, Li, t),

I0R(r, 0, t) ¼ R0I(I0I)I0I(r, 0, t):
(A7)

Here, ROI(IOI) and Rie(IiI) are the transmission coefficient at
the first incoming point and all other can be expressed as
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ROI(I0I) ¼ ((n1 þ n2IoI þ n3I2OI)
2 � 1)

2 þ κ2

((n1 þ n2IoI þ n3I2OI)
2 þ 1)

2 þ κ2
,

Rie(Iie) ¼ ((n1 þ n2IiI þ n3I2iI)
2 � 1)

2 þ κ2

((n1 þ n2IiI þ n3I2iI)
2 þ 1)

2 þ κ2
:

(A8)
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