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The monitoring of the alpha irradiation effect on the microstructural deformation of CR39 via the
variation of free volumes has been studied. CR39 samples have been irradiated with alpha particles at
fluencies Φ of 2.6×108, 5.27×108, 7.91×108, 1.3×109, 1.84×109, and 3.6×109 α/cm2. The samples have
been investigated with positron annihilation lifetime spectroscopy and Doppler broadening spectroscopy.
The analysis of positron annihilation spectra has shown a variation of the ortho-positronium component
τ3 and the parameters S andW as a function of the fluence Φ. This variation is related to a change in the
size and number of free volumes, which is created via the evolution of chemical chains. From the values
of τ3, the free volume radius has been estimated using the Tao–Eldrup model. Moreover, theoretical
calculation of the radial dose distribution has been also performed using the Waligorski formulation to
get the track core radius. After an etching of 5 min, the positron annihilation spectroscopy technique was
again used to investigate the microstructural changes in etched samples subjected to alpha radiation.
A clear variation of τ3, S and W parameters, and free volume radius has been noted when compared
to the non-etched samples.
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1. Introduction

Polyallyldiglycol carbonate (C12H18O7), or
CR39, is an amorphous polymer. It is a particular
type of solid-state nuclear track detector (SSNTD),
distinguished by its capacity to record charged
particles as alpha in the form of latent tracks [1, 2].
The heavy charged particles interact with the
chains of CR39 via ionization and/or excitation
of electrons. This interaction occurs within a time
order of 10−18 s [3, 4]. Thereafter, a new chemical
species might be formed attending the stabilization,
where a variety of events such as cross-linking,
chain scission, or radical generation may take
place [5], leading to the formation of nuclear tracks
along the particle trajectories.

The simulation of alpha-induced damages in
CR39 with the SRIM program [6] gives us the range
where the energy will be disposed, which is around
30 µm for Eα = 5 MeV. In addition, it is possible
to calculate linear energy transfer (LET), used for
predicting the structural deformation [5, 7]. How-
ever, using the SRIM program solely is not enough
to simulate the damage distribution, because one
considers only the linear transformation, i.e., the
thing that does not express the ultimate struc-
tural modification. On a different note, the delta
rays theory provides an accurate dose distribution

around the particle’s path, thanks to which the
prediction of the track core radii could be real-
ized [8–10]. Indeed, the energy loss due to primary
electrons will be around the particle’s path for only
a few angstroms. In contrast, the secondary elec-
trons transfer the energy up to a few microns away
from the particle’s path. Therefore, Katz and Ko-
betich [11] have established a model based on the
delta function that restricts the included number
of hits. The hit is the quantum that reflects the
effect of the radiation [12]. The approach mimics
the local dose distribution as a function of radial
distance, enabling the simulation of the track core
radii where the radiation damage dose reaches its
highest value. Lounis-Mokrani et al. [13] show how
the SANS technique has been used to validate this
method experimentally. Latent tracks, birth tracks,
and revealed tracks are the three distinct kinds of
nuclear tracks. Latent tracks, which have diameters
of the order of angstroms, are produced directly
by irradiation on untreated CR39. After a brief
period of etching, birth tracks become visible and
can be seen as tracks that have diameters of only
a few micrometers. After extensive etching, revealed
tracks develop [14, 15]. Hence, the tracks’ dimen-
sions determine the monitoring technique. For ex-
ample, the small angle neutron scattering (SANS)
and small angle X-ray scattering (SAXS) techniques
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provide the radial damage distribution of the la-
tent tracks [13, 16, 17]. The chemical structure
can be studied using the ultraviolet-visible (UV)
technique, where the cross-linking can be quanti-
fied [4, 13, 18]. The quantification of radicals for-
mation and scission of bonds can be analyzed by
means of infrared (IR) and electron spin resonance
(ESR) [4, 13, 19, 20]. The monitoring of the tracks
can also be performed via the monitoring of the
etched tracks, which uses chemical etching, where
the tracks are studied by analyzing the variation
of the different track-etch parameters (length, di-
ameter, track density, track etch rate,. . . ) obtained
from the optical microscopy (OM) against the time
of etching and/or the properties of the penetrat-
ing particles as done in the following works [21–24].
For example, in [13], the authors use 5 to 25 min of
etching towards the visualization of the birth tracks
using the scanning electron microscope (SEM).

Once the positron annihilation spectroscopy
(PAS) technique has been recognized as a nuclear
probe technique [25], it was found that the moni-
toring of the latent tracks can be achieved by pur-
suing the evolution of free volumes [26]. The free
volumes in polymers are generated on redistribu-
tion upon molecular chain packing [27, 28]; such
an effect can be the result of radiation damage.
Knowing that the free volumes could exist in time
ranging between 10−13 and 10−16 s with a dimen-
sion of 1–10 Å, PAS seems to be a unique tool to
probe the growth of free volumes [29, 30]. In the
positron annihilation lifetime spectroscopy (PALS)
method, when a positron interacts with matter,
it could be backscattered from the surface or lose
its energy through a different process of slowing
down for thermalization. The thermalized positrons
get diffused in the medium, where an annihilation
with electrons might occur in bulk or inside the de-
fects [31]. According to the Doppler effect, emitted
photons could therefore slightly change their direc-
tion and broaden to the opposite 180

◦
angle. When

a positron and an electron are in close contact in
areas with low electron densities, they can create
the unstable bound state positronium (Ps). The
creation of Ps happens mostly in porous materi-
als like zeolites or metal-organic frameworks and at
local free volumes between molecules [32, 33]. The
positronium has a size of 1.59A◦ and is character-
ized by a lifetime on a nano-second scale. So, the
non-static appearance of molecular motion may be
tracked in an unprecedented way [32]. The ground
state of Ps consists of two distinct spin arrange-
ments. Spin zero describes the singlet state or para-
positronium (p-Ps). It is created when the spins of
the positron and electron line up in opposition to
one another, producing a total spin of zero. On the
other hand, the ortho-positronium (o-Ps) state is
three triplet spin state with a total spin of one [34].
The creation of Ps is made essentially by the dy-
namics of electron–radical recombination, the affin-
ity of host material for electrons, and the ability of

the environment to block electron–positron attrac-
tion. There exist a number of models concerning
the formation of positronium, for example, the blob
model and the spur model. The model adopted in
our case study is the so-called Ore gap model. The
latter is dependent on the ionization energy of the
medium (I) and the binding energy of Ps (EPs). The
positron kinetic energy E must belong to interval
I > E > I − EPs [35] to exist. The best theoretical
value for o-Ps lifetime in vacuum is 142.08 ns, and
its best experimentally found value is 141.88 ns [36].
The most important detectable annihilated gamma
comes from the pick-off process. The pick-off pro-
cess is the annihilation of the positron forming the
o-Ps by an electron from the host material via two
photons of gamma. Depending on the local elec-
tron density and size of the open volume defects,
the o-Ps lifetime typically varies during that oper-
ation from 1–10 ns [37]. In the literature, Dlubek
et al. [27, 32, 38, 39], Lounis-Mokrani et al. [40],
and Kumar et al. [5, 41–43] did several investiga-
tions concerning the characterization of irradiation-
induced free volume growth in CR39 and other
polymers using the correlation of o-Ps lifetime with
free volume dimensions, and they got an interest-
ing interpretation that allows the CR39 scientific
community to understand better the nature of ra-
diations damages.

In our case, we intend to monitor the latent tracks
induced by alpha particles on CR39 by studying the
variation of the properties of the free volumes us-
ing the correlation of o-Ps lifetime with their di-
mensions and pursuing the electron-positron mo-
mentum distribution by S/W -parameter. Then, the
analysis is repeated after 5 min of an etching oper-
ation. A radial dose distribution calculation using
the Waligorski formula has been done to confirm
the experimental results.

2. Experimental procedure

2.1. Irradiation

The CR-39 used is manufactured by Pershore
Mouldings Ltd. (UK) and has a thickness of 500 µm.
The irradiations have been performed using 239Pu
as a radioactive source of alpha particles (5.1 MeV)
with a collimator of 1 cm, yielding an energy of
4.1 MeV. For practical purposes, six pairs of CR39
have been irradiated for 1, 2, 3, 5, 7, and 14 days to
obtain the following fluencies: 2.6× 108, 5.27× 108,
7.91×108, 1.3×109, 1.84×109, and 3.6×109 α/cm2.

2.2. Positron annihilation spectroscopy
measurements

The PAS measurements were carried out at the
Nuclear Research Centre of Algiers (CRNA) us-
ing two spectrometers. The first was the PALS
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system, which uses a conventional fast–fast coin-
cidence system made by a detecting system com-
posed of two identical cylindrical plastic scintilla-
tors BC418 manufactured by BICRON coupled to
Burle 8850 photomultiplier tubes (PMT) purchased
from ORTEC. The sandwich geometry was assumed
there; two stacked layers of the samples were put on
both sides of the positron-emitting radioactive 22Na
source with activity of 20 µCi deposited on a Kap-
ton sheet of a thickness of 25 µm [44].

The positron lifetime spectra were acquired by
collecting 2 × 106 annihilation events with a time
resolution of 0.270 ± 0.00049 ns. The second spec-
trometer is the DBS, where the detection of Doppler
broadening spectrums of 511 keV photon gamma
annihilation was carried out with HP-Ge (high-
purity germanium) coaxial detector system having
the resolution of 1.6 keV for 1.33 MeV, 60Co.

An operation of chemical etching was conducted
using a KOH (potassium hydroxide) solution for
a duration of 5 min. The samples were immersed in
a thermal bath containing a basic solution to carry
out chemical etching. The solution was continuously
agitated during the etching procedure to guarantee
their homogeneity. The concentration and temper-
ature values were optimized to be C = 6.25 N and
T = 70 ± 2◦C according to [45, 46]. The etching
rate accelerates exponentially as the temperature
and concentration rise. This behavior demonstrates
the sensitivity of the etching process to temperature
and concentration variations, which can greatly af-
fect how quickly material is removed [24, 47]. Af-
ter the etching process, the detectors were prop-
erly cleaned in distilled water and dried to stop the
etching process and remove the components of the
basic solution. The PALS and DBS measurements
have been performed in the same conditions for the
etched samples.

3. Results and discussion

3.1. Doppler broadening spectra (DBS) analysis

Using Doppler broadening spectra, the longitu-
dinal momentum density component can be char-
acterized qualitatively via the measure of the full
width at half maximum (FWHM) of the photon
gamma for the annihilated positrons of 511 keV [37].
Since the positrons are already thermalized, this
will reflect the electron density momentum distri-
bution at the annihilation sites. The characteriza-
tion is well established via the parameters of shape
(S — shape parameter) and wings (W — wing pa-
rameter), which are demonstrated in Fig. 1.

In fact, S is expressed as the ratio of the centered
integrated area, dS, to the full integrated area of
the 511 keV energetic spectrum, dA. The parameter
W , on the other hand, is the ratio of counts in the
off-center fraction, dW , divided by the entire area
of the annihilation spectrum [48, 49]. The fit of the

Fig. 1. Parameters S and W .

Fig. 2. Variation of parameters S and W vs flu-
ence.

DBS spectra is well done using the SP program
from J. Dryzek [50, 51]. The parameters S and W
were calculated with an error of 10−4.

The SP program has an easy implementation
and automatically calculates S and W parameters
by deducting the background. The based algorithm
can fit a Gaussian curve to the spectrum, and the
position for the maximum of the Gaussian curve
matches the 511 keV position. Therefore, the in-
tegration ranges for the parameters S and W are
determined. The S-parameter with values up to 0.5
is sensitive to the annihilation with low momentum
valence and unbound electrons — hence the increase
in the value of S-parameter indicates the annihila-
tion of positrons with those electrons. The low mo-
mentum electrons are present in the defects like free
volumes. When there are more imperfections where
positrons may be localized, the parameter S will be
important. When there are more annihilation events
involving core electrons, the value of W increases.
Momentum core electrons are mainly responsible for
the energy area from 511± 5 keV and above.

Therefore, any changes in the S-parameter as
a function of fluence will be associated with changes
in free volume structure [52]. The values of S —
as shown in Fig. 2 — vary relative to the fluence
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TABLE IPositron annihilation lifetime data for alpha irradiated CR39.

Fluence
[α/cm2]

τ1

[ns]
I1

[%]
τ2

[ns]
I2

[%]
τ3

[ns]
I3

[%]
rh

[Å]
V

[Å3]

FV

[%]
σ

[ns]
0 0.150 17.42± 0.20 0.360 60.98± 0.11 1.802± 0.008 21.60± 0.13 2.668 78.79 3.06 –

2.6× 108 0.148 17.85± 0.20 0.360 59.85± 0.20 1.796± 0.008 22.31± 0.16 2.665 79.11 3.17 0.51

5.27× 108 0.125 17.61± 0.13 0.360 60.11± 0.10 1.809± 0.009 22.28± 0.11 2.668 78.79 3.15 0.10

7.91× 108 0.125 13.12± 0.07 0.342 62.68± 0.07 1.723± 0.009 24.19± 0.06 2.550 63.31 3.01 0.20

1.3× 109 0.125 12.56± 0.10 0.342 65.16± 0.10 1.775± 0.007 22.29± 0.10 2.668 78.79 3.16 0.20

1.84× 109 0.125 13.32± 0.07 0.342 62.20± 0.07 1.784± 0.006 21.90± 0.11 2.650 77.78 3.06 0.20

3.6× 109 0.150 17.26± 0.30 0.360 61.05± 0.30 1.802± 0.007 21.70± 0.15 2.631 76.04 2.97 0.41

of alpha irradiation, reaching a minimum value of
0.46781 at a fluence of 7.91 × 108. Conversely, the
parameter W exhibits an inverse trend in the same
range, reaching a maximum value of 0.0013 for the
same fluence.

The increase in the parameter S signifies that
the size of free volumes increases, which might
be caused by an expansion through and between
molecular chains as a result of the augmentation
of the bond-scission cross-section. In contrast, the
observed decrease may indicate a reduction either
in the number or size of free volumes in the sys-
tem. The reduction of these free volumes is sig-
nificantly influenced by the cross-section of cross-
linking. Since S characterizes the low-density re-
gions, andW characterizes the high-density regions,
the inverse relationship between them confirms the
role of S in capturing changes in low-density regions
while stressing the sensitivity of W to variations in
high-density regions.

3.2. Positron annihilation lifetime spectra
(PALS) analysis

PALS spectra are fitted with the LT 9.2 pro-
gram [53]. The LT 9.2-based code essentially fits the
experimental data to the following function

M(t) =
∑
i

Ii
τi

exp

(
− t

τi

)
, (1)

and M is defined as a linear combination of expo-
nential lifetime components.

From the experiment, we obtain a spectral data

yex(t) =

∞∫
0

dt0 R(t− t0)M(t0). (2)

It is a convolution of the theoretical function (1)
with the resolution function R.

We employed a single 270 ps Gaussian component
as a resolution function when fitting the lifetime
spectra. We have decided to use a two-component
source correction. The first source component, τ1S ,
equivalent to 380 ps, is related to Kapton foil an-
nihilations. The second source component, τNaCl of

2.07 ns, was assumed to be the result of annihi-
lations associated with the NaCl crystallites. The
source contribution to the spectrum was 33.07%.
The ratio of background to signal was 0.27%.

In reality, it has been established that the
positron state that might exist in the network struc-
ture of the CR39 polymer can be p-Ps, free positron,
or o-Ps, as shown in Fig. 3, where a lifetime spec-
trum of unirradiated CR39 is presented. The long-
lived component τ3 has truly generated an impor-
tant interest in structural modifications. The size
of the free volume holes is strongly linked with this
component. Information regarding the concentra-
tion of the free volume is contained in the intensity
of the long-lived component. An understanding of
the distribution of the free volume in the material
could be obtained by knowing the intensity of this
component. Changes in that intensity may reflect
changes in free volume concentration, which in turn
may be related to structural changes such as chain
scission or cross-linking [54].

Following the spectrum fitting, we get the values
of τ1, τ2, and τ3, which correspond to the lifetimes
of p-Ps, free positrons, and o-Ps, with regard to
their intensities, as given in Table I. The lifetime τ3
has a large value as a result of the annihilation of
the positron from the o-Ps state and the electron in
a pick-off process [55, 56].

In fact, τ3 is related to the size of the holes. This
correlation was initially applied to the study of crys-
talline solids and has since been expanded to include
amorphous materials like polymers. The inverse life-
time or annihilation rate of o-Ps in matter can be
expressed as follows

τ−1 = λ = 4πr20c

∫
dr n+(r)n−(r)g(n+, n−),

(3)
where g(n+, n−) is the electron–positron pair-
correlation function calculated at the point in
a homogeneous two-component plasma with the
positron (or o-Ps) density n+ and the electron den-
sity n−. The free volume radius rh could be cal-
culated from the lifetime of o-Ps using the model
of Tao [57] and Eldrup [58]. According to this the-
ory, o-Ps is a single particle without an intrin-
sic property. It is located in a spherical well with
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Fig. 3. Lifetime spectrum of unirradiated CR39.

an infinite potential barrier of radius r0 and a ho-
mogenous electron layer δr between the hole radius
rh and r0 (where r0 = rh + δr). Then, τ(o-Ps) is re-
lated to rh as follows

λo-Ps = 1/τ(o-Ps) =

2 ns−1
[
1− rh

rh+δr
+

1

2π
sin

(
2πrh
rh+δr

)]
. (4)

Here, δr = 0.166 nm [59].

When fitting the recorded o-Ps lifetime values to
(4) for geometrically known elliptic holes, a semiem-
pirical equation is established [60]

λo-Ps = 1/τ(o-Ps) =

2 ns(−1)
[
1− rh

rh+δr
+

1

2π
sin

(
2πrh
rh+δr

)
⊗K

]
,

(5)
where K is an additional function generalized for
the modification of holes structure written like

K =
(
0.400s− 4.16s2 + 2.76s3

) (
l + 0.0018a

)
.

(6)
Here, s is the eccentricity of the ellipsoid, i.e.,
s =

√
a2 − b2/a; a and b are the dimensions of

the semimajor and minor axes, respectively. Fur-
thermore, the formula (4) has been modified to ac-
count for various geometries, such as cuboids and
cylinders [61, 62]. On the other hand, Schmitz and
Müller-Plathe [63] suggested using pair potentials
to calculate the total Ps potential in polymers,
and then using the method of the path integral
Monte Carlo approach to solve the resulting single-
particle Schrödinger equation at limited tempera-
ture. Besides the single-particle approach, the ex-
istence of Ps state has been explored using accu-

rate many-body ab initio techniques [64, 65]. In the
context of the standard model of Tao and Eldrup,
where the free volumes are almost spheres, the vol-
umes of free volumes, V , of matching radius rh are
determined using the following equation V = 4π

3 r
3
h.

Table I lists the values of rh, V , and FV , which rep-
resents the fraction of free volumes. The formula
used to determine FV is

FV = C VhI3, (7)
where C = 0.0018 [43].

According to the spectra analysis, the long-lived
component τ3 has a non-exponential character,
which can be assigned to a lifetime distribution, car-
ried on by a distribution of the size and shape of free
volume holes. The continuous lifetime distribution
analysis was made possible using LT 9.2 by incorpo-
rating a dispersion σ in the τ3 value. The dispersions
are mentioned in Table I for the irradiated samples.
The standard deviation made a logarithmic Gaus-
sian distribution of αi(λ) of each i-th channel as
follows [40]

αi(λ)λ dλ =
1

σi
√

2π
exp

[
−
(

ln(λ)−λi0 ln(λ)
)2

2σ2
i

]
,

(8)
where

λ = 1/τ3. (9)
Therefore, the free volume radius distribution,
f(R), could be modeled as demonstrated in Fig. 4
using the following formula [66]

f(R) = 2∆R

[
cos

(
2πR

R+∆R

)
− 1

]
α(λ)

(R+∆R)
2 .

(10)
Figure 5 displays the τ3 and rh variations against

alpha particle fluencies.
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Fig. 4. Free volume radius distribution.

Fig. 5. Variation of τ3 and free volume radius, rh,
vs fluence.

One notes a decrease between the unirradiated
sample and the third fluence value, from 1.8025 ±
9.4 × 10−3 to 1.7231 ± 9.4 × 10−3 ns, followed by
an increase to the fourth fluence value, where τ3
assumes the value of 1.7772 ± 9.4 × 10−3 ns af-
ter which it stabilizes. The decrease or increase of
the long-lived component is almost always corre-
lated with the change in free volume radius and
their concentration in the network structure [37].
The profile variation of the free volume radius has
the same behavior as that of τ3. There is a decrease
between the unirradiated sample and the third flu-
ence value, from 2.668 to 2.550 Å, and then there
is an increase to the fourth fluence value, where the
radius gets the value of 2.668 Å. Moreover, the in-
tensity of the long-lived component increases from
21.6 to 24.19% in the same range of free volume
radius decrease. The alpha particle effects could be
expressed as a function of τ3 or the free volume ra-
dius. When the probability of overlapping between
induced radicals is predominant, the cross-linking
yield will increase. Therefore, the long-lived com-
ponent τ3 can be decreased. In the case when the
damaged regions are spatially separated as a result
of the randomly distributed deposited energy, we
note an increase in the free volume radius, which
can be attributed to the higher probability of bond
scission [5].

3.3. Theoretical calculation

From the SRIM simulation, we can see the depth
of alpha particles inside CR39. This gives us a range
of around 22 µm for Eα = 4.1 MeV, where the Bragg
curve peak found for it at 0.9 MeV provides the
maximal value of electronic loss energy, as demon-
strated in Fig. 6.

The radial distribution of alpha doses around
their trajectory was obtained with Waligorski calcu-
lation [67, 68]. The the variation of the dose distri-
bution according to such fluence was well displayed
in Fig. 7.

This distribution is the result of approaching the
doses deposited inside the cylinder around the par-
ticle’s trajectory forming the track core. During the
simulation, the value of the radii was changed from
1 to 10 nm for each fluence. We concluded that the
dose distribution reaches its outermost radial limit,
called the track core radii, at 5 nm.

The track core contains broken chemical bonds,
which leads to the formation of free volumes. More-
over, it may include chain ends and new chemical
entities resulting from cross-linking or bond scis-
sion. According to the performed simulation, the

Fig. 6. Bragg curve and alpha energy vs range.

Fig. 7. Radial dose distribution vs radial distance.
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Fig. 8. Variation of τ3 vs fluence for etched and
no-etched samples.

Fig. 9. Variation of free volume-radius vs fluence
for etched and no-etched samples.

TABLE II

Shown are the fraction of free volumes for irradiated
samples — FV ; the total free volumes radius — rFV ;
the new calculated free volumes fraction — FV

′.

Fluence
[α/cm2]

FV (PAS)
[%]

rFV

[Å]
FV

′ = VFV
VTC

[%]
2.6× 108 3.17 8.44 2.84
5.27× 108 3.15 8.4 2.82
7.91× 108 3.01 7.67 2.35
1.3× 109 3.16 8.43 2.84
1.84× 109 3.06 8.1 2.62
3.6× 109 2.97 7.81 2.43

track core is distributed inside a cylinder with a ra-
dius of r = 5 nm, and its length corresponds to the
range of alpha particles, Rp = 22 µm.

In order to assess how accurate this model is, we
prepare the following calculation. In the context of
the model, we assume that all the free volumes are
contained within a cylinder of radius r and length
l. The length of the cylinder is equal to the range
of alpha particles, Rp. The radius is equivalent to

Fig. 10. Variation of S-parameter vs fluence for
etched and no-etched samples.

Fig. 11. Variation of W -parameter vs fluence for
etched and no-etched samples.

the total free volume radius. The total free volume
radius could be obtained by multiplying the free vol-
ume radius of each sample with its associated free
volume fraction FV . The volume of the cylinder con-
taining all the free volumes, VFV , is calculated as
VFV = π(rhFV )2Rp, and the track core volume is
VTC = π(5)2Rp. Dividing VFV by VTC , we obtain
the quantity FV ′, which agrees by 78–89% with FV .
Table II presents the values of FV , rFV , and FV

′.
Indeed, the obtained FV ′ values have a considerable
level of concurrence with the free volume fractions
obtained using PALS, indicating a reasonable agree-
ment between the radial damages distribution and
the PALS results.

3.4. Effects of etching on the S and W parameters
and the positronium lifetime/free volume radius

Using the PAS technique, we can characterize the
latent tracks via the parameter of free volume radius
or the S-parameter, without an obligated need to re-
veal the latent tracks so that they can somehow be
visualized under the microscope. Alternatively, we
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prepare an experiment where the samples are etched
for 5 min, and then PALS and DBS measurements
are carried out. In Figs. 8, 9, 10, and 11, respec-
tively, the profile variation of τ3, the free volumes
radius, the S-parameter, and theW -parameter have
been shown for both the etched and no etched sam-
ples.

In Fig. 10, a significant increase is marked for
the etched samples. In turn, a slight increase is
noted in Figs. 8 and 9. Regarding the variation of
the W -parameter for the etched samples, we note
an inverse dependency on fluences compared to no-
etched samples.

We relate the difference between S-parameter and
the long-lived component of τ3 to the fact that S is
more sensitive to electron density variation than τ3.
There is clearly a difference in the change in the an-
nihilation parameters of the etched samples, which
demonstrates the sensitivity of PAS in monitoring
birth tracks. The latter result could not ever be seen
with an optical microscope (OM), where an hour
of etching is the minimum time to get the tracks
visualized under OM [22], or even 2 hours, as done
in [69]. We think that the sensitivity of PAS towards
detecting birth tracks might be used to do an ex-
trapolation between the free volume radius and the
track diameter if we take a small step of etching
treatment for a longer time range.

4. Conclusions

The presented study set out to investigate the
effect of alpha particles on CR39 by examining
changes in free volumes within the network struc-
ture. PALS and DBS techniques have been em-
ployed to achieve this. PALS is an effective tool for
studying free volumes in materials by measuring the
spatial features. DBS is an additional method that
offers insightful information on the momentum den-
sity distribution. We conducted theoretical calcula-
tions of the radial dose distribution to verify the
experimental results acquired using PALS. This en-
abled us to validate the PALS measurements. The
study also went a step further by doing the anal-
ysis again after five minutes of etching the CR39
polymer. Important details regarding the structural
modifications in birth tracks following the etching
process were gained by this etching study. The find-
ings were interesting and offered important infor-
mation on how CR39 behaved when exposed to
alpha particles. First, it was found that the be-
havior of the free volume radius closely matched
the S-parameter obtained from DBS. This resem-
blance revealed a strong complementarity between
the two approaches, which aided in the develop-
ment of a more thorough knowledge of the response
of the system to alpha particles. The fraction of
free volume concentration can be estimated using
the Waligorski model. There is an excellent agree-
ment between theoretical calculations and PALS

data. This agreement demonstrated the accuracy
and dependability of the PALS method for analyz-
ing track parameters and served as an important ex-
perimental methodology validation. Another impor-
tant outcome was the demonstration of the capacity
of PALS to precisely record changes in the angstrom
size of latent tracks produced by alpha irradiation.
The sensitivity and potential of PALS as a unique
tool for evaluating radiation damage is highlighted
by its capacity to detect and evaluate such modi-
fication types. The study further expanded on its
analysis to examine changes in angstrom size for
birth tracks after the etching procedure. The find-
ings demonstrated that PALS is also useful in cap-
turing these changes, thus emphasizing its applica-
bility as a dependable method for describing the
development of the birth track.

Finally, the spectrum of free volume radius was
proven to be a useful predicting tool for alpha par-
ticle fluencies using CR39 under identical irradia-
tion conditions. A deeper comprehension of the re-
sponse of the CR39 to alpha particle irradiation was
achieved. This understanding opened up potential
applications for researching the effects of ionizing
radiation and made significant contributions to the
field of alpha particle dosimetry.
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