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Abstract We have investigated femtosecond laser irradia-
tion effects on the surface topography, structural changes
and nonlinear absorption properties of CR-39. For this pur-
pose, a CR-39 target was exposed in air to 25 fs, 800 nm Ti:
sapphire laser radiation at fluences ranging from 0.25 J cm−2

to 3.6 J cm−2. The surface of irradiated CR-39 probed by
an Atomic Force Microscope (AFM) exhibits the forma-
tion of several topographical structures, like bumps, explo-
sions and nano cavities. Raman spectroscopy is performed
to explore chemical and structural modification of the ir-
radiated target. The spectroscopy reveals changes such as
cross linking, bond breaking, formation of new bonds etc.
in the fundamental structure of the polymer after irradia-
tion. In order to establish a correlation between morpholog-
ical and structural changes with the changes in the nonlin-
ear absorption of the irradiated CR-39, a Z-scan technique
was employed. A comparison of experimentally obtained
data from Z-scan measurements with our calculations pre-
dicts the dominance of three-photon absorption in the case
of pristine CR-39, whereas for irradiated targets concurrence
of three- and two-photon absorption is probable. Nonlinear
absorption increases with increasing laser fluences and is
well correlated by surface and structural changes revealed
by AFM and Raman spectroscopy.
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1 Introduction

The importance of polymers with improved surface and bulk
properties has increased substantially due to their technolog-
ical applications in microelectronics, packing industry and
medicines [1]. Irradiation of polymers by neutrons [2], pro-
tons [3], slow and swift heavy ions [4], gamma rays [5],
UV [6] and IR lasers [7–9] results in the modification of
structural, optical, chemical and mechanical properties of
the polymers. The effectiveness of these changes depends
upon the basic structure of the polymer and the experimental
conditions of exposure such as dose, energy and wavelength
of incident radiation.

CR-39 is a polymer from diallyl monomers, particularly
poly diethylene glycol-bis-allyl carbonate or allyl diglychol
carbonate and is commercially known as CR-39 (Columbia
Resin 39 or Allymer 39). Its chemical formula is

CR-39 is an important polymer, which is known as an excel-
lent material for a number of industrial, medical and optical
applications. It is extensively used in various experiments in
fusion research, nuclear science and astrophysics [10, 11].
However, few studies have been performed to obtain fun-
damental information on the laser irradiation effects on this
detector material [7, 8]. Most recent work on CR-39 reports
that neutron, gamma and high-energy ion irradiation induces
changes in its structural and optical properties [2, 4, 10–12].
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Investigations on the nonlinear optical properties of com-
posite [13] and pure CR-39 [14] have also been reported in
the literature.

In the present work, the surface, structural and chemical
changes induced by femtosecond laser irradiation on CR-39
has been explored. The object is to correlate these changes
with the changes in the nonlinear absorption properties of
this polymer after irradiation.

2 Experimental details

CR-39 is irradiated in air with laser pulses obtained from a
multipass CPA Ti: sapphire amplifier seeded from a mode-
locked Ti: Sapphire oscillator. The system operating at a
repetition rate of 1 KHz provides laser pulses with a cen-
tral wavelength around 800 nm and a typical pulse length
of 25 fs. A CR-39 target (20 mm × 20 mm × 1 mm) was
mounted on a xyz-manipulator with a spatial resolution of
5 µm in each direction for a precise positioning of the sam-
ple for each exposure. The laser beam, after passing through
a 36 cm focal length lens, was incident perpendicular to the
surface of the target placed 5 mm away from the focus point
giving a spot size of 100 µm. The irradiation fluence was
varied from 0.2 J cm−2 to 3.6 J cm−2. In order to expose the
target, a surface area of approximately 1 mm × 1 mm was
irradiated by overlapping individual laser spots. The laser
beam profile (intensity and shape) was monitored with a
Laser Cam–HR (Coherent) to ensure that the beam shape
was Gaussian. Investigations on the surface of the laser ir-
radiated CR-39 were performed with a MFP-3D scanning
force microscope (Asylum Research USA) in contact mode
under ambient conditions.

The Raman spectroscopy is done using aLab Ram HR-
800 (Horiba Jobin-Yvon) Raman spectrometer. A He–Ne
laser is used as an excitation source with 8 mW power, at
632.8 nm.

The main aim of the measurements reported here was
to correlate AFM surface topography and the Raman spec-
troscopy with the nonlinear absorption properties of irradi-
ated CR-39. For this purpose, an open aperture Z-Scan tech-
nique [15] has been employed. This technique allows the
nonlinear absorption coefficients (Two-photon Absorption
(TPA) or Three-photon Absorption (ThPA)) of the mater-
ial [14] to be determined. In this technique, the system de-
livers ultrashort laser pulses with a repetition rate of 1 kHZ.
The pulse width estimated as the FWHM of a Gaussian tem-
poral profile, is typically 25 fs and the spectrum is concen-
trated at 800 nm. The irradiated CR-39 targets were mounted
on a translating stage that can be moved across 25 mm
through the beam focus. The irradiated targets were scanned
by the laser beam at a scanning energy of 100 nJ. The beam
was focussed through a lens of focal length 20 cm with a
beam waist of 14 µm and a Rayleigh length of 0.8 mm.

3 Results and discussion

3.1 AFM measurements

Figure 1 presents AFM topographic images (2 µm × 2 µm
with different heights) of ultra short laser irradiated CR-39
at a fluence of 0.2 J cm−2 (a), 0.5 J cm−2 (b), 1.5 J cm−2

(c, d), 2.5 J cm−2 (e) and 3.6 J cm−2 (f). Localized nanos-
tructures in the form of bumps are clearly seen on the irra-
diated surface. Heights and diameters of these bumps range
from 5–20 nm and 100–300 nm, respectively. An increase
in the diameter and number density of these bumps is ob-
served with the increasing laser fluences from 0.2 J cm−2 to
2.5 J cm−2. However, at a laser fluence of 1.5 J cm−2, an
additional feature in the form of explosions or nanocavities
with diameter ranging from 50–100 nm and depths 1–5 nm
at the top of the bumps are also observed (1d). If the laser
fluence is increased up to 3.6 J cm−2, it appears that there is
an onset of material ejections which results in craters (2f).
This fluence is assumed to be sufficiently high to cause ex-
plosive ablation.

Dependence of geometric characteristics (diameters and
heights) and number of bumps on the laser fluence can be
quantitatively evaluated from AFM images (Fig. 1(a–e)).
Different sizes of protrusions can be explained on the ba-
sis of marked differences in the energy deposition and the
material ejection mechanism. During an expansion of laser-
induced vapor/plasma, the density of vapor phase species
is significantly non-uniform due to the plasma composition
and various processes involved such as absorption of laser
radiation, ultrafast melting, ionization, recombination, con-
densation and clustering. It has been reported [16] that there
is an irregular variation in the melting point of selected
atomic clusters i.e. smaller particles have a lower melting
point than bulk material. This irregular variation in melt-
ing point also causes size variation of the bumps. At the
early stage, a single atom is sputtered. This single atom
diffuses by interstitial paths where two atoms attract each
other and form a stable dimer. This dimer can push further
atoms off from their original lattice sites and occupy the va-
cancy. It has ability to attach another atom to form a trimer
which causes lattice deformation. Consequently, there is oc-
currence of variation in the rate of nucleation and growth of
clusters. This variation marks a significant difference in the
sizes of bumps. These bumps are discrete localized aggre-
gates of atoms (agglomerates), which cannot escape from
the surface and are frozen in the form of protrusions or
bumps.

The formation of these bumps and nano cavities can be
explained on the basis of thermo elastically induced stresses
caused by laser-induced heating within the material. These
stresses stay confined in the focal volume leading to a maxi-
mum pressure rise [17]. This pressure may exceed the Young
modulus of CR-39 and cause rupturing or phase explo-
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Fig. 1 AFM topographic images (2 µm × 2 µm with different heights)
of femtosecond laser (800 nm, 25 fs) irradiated CR-39 at fluence
(a) 0.25 J cm−2, (b) 0.5 J cm−2, (c) 1.5 J cm−2 (bumps are prominent),

(d) 1.5 J cm−2 (nanocavities are prominent), (e) 2.5 J cm−2, (f) and
3.6 J cm−2

sion which is a possible physical reason for the melt ejec-
tion [18].

Another possible explanation for the bump formation
could be that the plasma generation in the focal region in-
creases the absorption coefficient and produces a fast energy
release in a very a small volume. The total deposited en-
ergy builds up the pressure that drives the shock wave. This
shock wave propagates into the surrounding cold material.
After the release of pressure, the shock-affected material un-
dergoes transformation into a postshock state [19] that may
cause bump formation.

The bump formation can also be understood by consider-

ing that laser pulses induce a large molten layer underneath

the ablation layer [20]. A low solidification rate can induce

the motion of carbon particles inside the molten layer. Af-

ter the first pulse, the carbon particles are free to move ran-

domly on the ablated surface and, therefore, agglomerate to

form surface clusters. These carbon clusters diffuse into the

large molten layer. For succeeding pulses each agglomerate

of carbon particles acts as a nucleation site to form bump-

like structures [6].
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Fig. 2 Raman spectra of the
virgin and laser irradiated
CR-39 in air for different
fluences 0.25 J cm−2,
0.5 J cm−2, 1.5 J cm−2,
2.5 J cm−2, and 3.6 J cm−2 after
background subtraction

3.2 Raman spectroscopy

Photothermal and photochemical decomposition of the or-
ganic polymeric molecules can take place by vibrational or
rotational excitation due to absorption of near infrared pho-
tons [9]. These processes are responsible for spatially inho-
mogeneous internal stresses, local volume increase, forma-
tion of new bonds, cross linking and bond breaking [21].

In order to have convincing evidence about the struc-
tural and chemical changes in the irradiated polymer, Raman
spectroscopy has been performed.

Raman spectra of unexposed and exposed CR-39 at dif-
ferent laser fluences are shown in Fig. 2. In a pristine CR-39
target the appearance of peaks at 1287, 1451, 1643, 1737,
2913 and 2958 cm−1 confirms its basic monomer struc-
ture [4]. The wave numbers around 2913 cm−1 and 2958
cm−1 are assigned to –CH2– symmetric and asymmetric
stretching modes respectively [4]. The spectra show that the
density of –CH2– groups reduces significantly after expo-
sure at laser fluences of 0.25 and 0.5 J cm−2 and is almost
negligible at laser fluences of 1.5, 2.5 and 3.6 J cm−2. This is
attributed to the reduction of hydrogen content in the irradi-
ated target for lower laser fluences and its complete absence
for higher fluences [22].

At laser fluences of 0.25 and 0.5 J cm−2 broadening of
these bands is observed with a Raman shift of 4 cm−1 in
the symmetric stretching mode. A Raman shift at these flu-
ences is attributed to strains developed by radiation induced
heating [23]. The observed broadening in the peaks is due
to the decrease in phonon lifetime as a result of scattering
from radiation-induced defects [24]. In electrical-insulating
solids, it is believed that point defects affect the lattice vi-
brations and cause scattering of phonons due to mass differ-

ences and inter atomic coupling force differences [25] which
will shorten the mean free path of the phonons [26].

For higher laser fluence (1.5, 2.5 and 3.6 J cm−2), no
peaks are identified for these –CH2– stretching bonds, which
is ascribed to complete destruction of these bands.

The two peaks observed at 1737 cm−1 and 1643 cm−1

correspond to C=O and C=C bands respectively. The in-
tensity of the peaks for these bands is reduced after expo-
sure at a laser fluence of 0.25 J cm−2. For higher laser flu-
ences, ranging from 0.5–3.6 J cm−2, these bands have com-
pletely disappeared indicating the destruction of carbonate
ester bonds [27], degradation of CR-39 involving carbonyl
C=C bond breaking and folding of chains [24].

The band at 1451 cm−1 originates from the –C–H– bend-
ing mode. For this band, reduced intensity and broadening
in the peak is observed for two lower laser fluences i.e. 0.25
and 0.5 J cm−2. This is due to breaking or weakening of –C–
H– bonds. When the laser fluence is enhanced to the range of
1.5–3.6 J cm−2, a new peak at 1436 cm−1 appears. This new
band frequency corresponds to the symmetric CO2– stretch-
ing mode. It has already been reported that CO2 molecules
are produced in CR-39 when it is irradiated by high-energy
ionizing radiation [28–30]. The production of CO2 can be
due to the destruction of main chain of CR-39 by irradiation.
This is attributed to the break-up of the content of carbonate
groups in the vicinity of 1737 cm−1, which corresponds to
C=O stretching of –OCOO– groups. This leads to evolution
of carbon dioxide gas that is trapped in the polymer mate-
rial [31]. This trapped CO2 can lead to subsequent crazing
and cracking due to accumulated local stresses [30]. These
stresses are one of the reasons for explosions which form
nano cavities as seen in the surface topography of the irradi-
ated polymer at 1.5 J cm−2 (Fig. 1d).
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The observed band at 1287 cm−1 for the unexposed tar-
get corresponds to the C–O stretching mode. For exposed
CR-39 some additional peaks are identified. A Raman shift
of 4 cm−1 for 0.25 J cm−2 and 7 cm−1 for fluences of 0.5–
3.6 J cm−2 is observed. At a fluence of 0.5 J cm−2 two ad-
ditional peaks are identified at 1314 and 1363 cm−1. With
further increase of the fluence from 1.5 to 3.6 J cm−2, the
intensity of these peaks is enhanced. Peak at 1314 cm−1

corresponds to the C–O stretching mode and is attributed
to oxidation of CR-39 due to its exposure in air. The re-
sults indicate that the damage in CR-39 has been produced
through radiation-induced oxidation [32]. Laser ablation can
break polymer bonds, leaving free radicals that react with
dissolved oxygen [33] in CR-39 to form a permanent latent
track. These radicals can also recombine to form nanobumps
or protrusions, depending on the concentration of oxygen
near the ion’s path. Identification of additional peaks at
higher fluences indicates the enhancement of radiation ef-
fects that lead to the formation of more active chemical
bonds due to the increase in the degree of cross linking.

The characteristic band at 1363 cm−1 can be desig-
nated as the well-known disorder D band of hydrogenated
amorphous carbon [4] due to the increase in the degree of
cross linking. This band is attributed to the formation of a
diamond-like carbon (DLC) layer on the irradiated surface
of CR-39 which is in agreement with the already reported
results on the ion implanted polymide [34] and CR-39 [4].

The relative changes (weakening, broadening, shifting)
and appearance of additional peaks observed in the exposed
CR-39 suggest that the chemical structure of the polymer
is significantly changed after laser irradiation. Thus, Raman
spectroscopy reveals that laser irradiation causes bond disso-
ciation, chain scission, free radical formation, cross linking,
and formation of new bonds in the polymer.

3.3 Z-scan measurements

The chemical and structural changes will surely lead to-
wards the changes in nonlinear or multiphoton absorption
properties of the polymer. The non linear absorption proper-
ties of the pristine and irradiated CR-39 have been investi-
gated by a Z-scan measurement technique.

In addition to two-photon absorption, higher order multi-
photon absorption can play a substantial role. The theoreti-
cal transmission curve given by Bahea [15] has a capacity to
be modified, i.e. taking into account three-photon absorption
(fifth-order nonlinearities) where the absorption coefficient
α can be expressed in terms of the three-photon absorption
coefficient α3 as

α = α0 + α3I
2 (1)

The amplitude of the electric field
√

I as a function of z′
(coordinate inside the sample) is governed by an equation as
follows:

dI

dz′ = −(
α0 + α3I

2)I (2)

After lengthy calculations [14], the normalized transmit-
tance T (z), defined as the quotient of transmitted and in-
cident energy, is obtained as

T (z) =
∞∑

m=0

(−1)m
P0(0)2m

(2m + 1)3/22m!(1 + x2)2m
(3)

Here P0(0) =
√

2α3L
′
effI0(0) and I0(0) is the maximum

on-axis intensity at the focus and x = z
z0

that z is the position
of the sample measured with respect to the beam waist and

z0 is the Rayleigh length and L′
eff = (1−e−2αL)

2α
is the effective

sample length.
Figure 3(a) shows the experimentally obtained data for

unexposed CR-39 and the corresponding fitting curve ob-

Fig. 3 (a) Z-scan measurements for an unexposed CR-39 and the cor-
responding fitting curves obtained from (3), (b) Normalized transmit-
tance/absorption measured by Z-scan technique for ultra short laser
irradiated CR-39 at different fluences along with surface micrographs
pertaining to the respective fluence
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Fig. 4 Three photon absorption coefficient of femtosecond laser irra-
diated CR-39 for different fluences

tained from equation 3 (three-photon absorption). The three-
photon absorption coefficient for this curve is calculated to
be α3 = 1.0 ± 0.3 × 10−24 cm3 W−2.

A comparison of experimentally obtained data and the fit-
ting curve from equation 3 clearly indicates the dominance
of three-photon absorption in the pristine CR-39. It is an es-
tablished fact that the first step in the ablation of polymers
with 800 nm fs-pulses is the excitation of electrons by multi-
photon absorption [35]. A single photon of 800 nm (1.5 eV)
is not sufficient to overcome the band gap (3.6 eV indirect
and 4.2 eV direct) of CR-39 [10]. This is quite reasonable
because the CR-39 band gap is higher than twice the prob-
ing photon energy.

Figure 3(b) shows Z-scan measurements for laser irradi-
ated CR-39 at different laser fluences. It is evident that non-
linear absorption of the polymer increases with increasing
laser fluence. For the fluence of 0.25 J cm−2 no significant
change in the nonlinear absorption is observed. Gradual for-
mation of the bumps (Fig. 1(a–e)) and changes in chemical
structure (Fig. 2) of CR-39 justifies the increase in nonlinear
absorption with the increase in the laser fluence. In addition,
the increase in the three-photon absorption maxima (from
1.8 × 10−23 (cm3 W−2) to 26 × 10−23 (cm3 W−2) with the
laser fluence in Fig. 4 favors a three-photon process. How-
ever, it is not necessarily true for the irradiated polymer that
the entire absorption is only due to the three-photon process
because the polymer undergoes several changes (morpho-
logical and compositional) and modifications of the poly-
merization state as evidenced from AFM images and Raman
measurements. These effects could possibly lead to the for-
mation of absorption centers with changes in band gap ener-
gies or an energy cut off lower than the three-photon energy
and thus to a two-photon absorption. Therefore, the occur-
rence of both two- and three-photon absorption processes is
probable for an irradiated target. However, we have not de-

veloped the equation which could explain the co-existence
of both the absorption processes.

The optical absorption properties of the polymer are gov-
erned by the electronic, vibrational and rotational struc-
ture of the molecules. Our AFM and Raman spectra mea-
surements clearly indicate that incident photons have suf-
ficient energy to cause structural modification which can
bring about significant changes in the absorption proper-
ties of CR-39. Intensive laser fluence causes photochemi-
cal decomposition in which electronically excited states un-
dergo internal conversion to the vibrationally excited ground
state [36]. Consequently, laser-induced photo-fragmentation
changes the binding energies of the neighboring atoms and
their coupling to crystal lattice. Mechanism of enhanced
density of these vibrationally excited molecules causes a sig-
nificant enhancement of the multiphoton absorption coeffi-
cient of the polymer [37].

The structural destruction of polymer increases the elec-
tronic disorder inducing the creation of permitted states in
the forbidden (indirect) band or deformation of the valence
band [10]. Deformation of valence bands can cause optical
modification of the polymer after irradiation because the in-
teractions of light with valence electrons of the material are
responsible for optical properties [38]. Lasers can induce
structural irregularities or defects in the polymer in the form
of stress distributions [39], self-trapped excitons [40], scis-
sion of polymer chains [7], formation of free radicals, new
bonds and local melting in transparent materials. All these
phenomena are responsible for a change in the nonlinear ab-
sorption of the irradiated material.

4 Conclusions

Multiphoton absorption properties of CR-39 are strongly
influenced by surface modifications, structural and chem-
ical changes induced by an ultra short laser irradiation.
Three-photon absorption is found to be dominant process
in pristine CR-39. However, the occurrence of both three-
and two-photon absorption processes is probable for irra-
diated CR-39. The enhanced nonlinear absorption with the
increase in the laser fluence is the cause of gradual growth
of nano bumps, explosions, nano cavities, etc. formed due
to stresses. Bond breaking, cross linking and formation of
new bonds by energy deposited during the ultra short laser
irradiation is also a major cause of significant increase in the
non linear absorption of CR-39.
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