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The thermal annealing behavior of alpha and fission fragment tracks, following exposure pre- and post-
annealing, in a high polymer material of poly allyl diglycol carbonate (PADC), a form of CR-39, has been
investigated as a function of temperature and time. Isothermal and isochronal annealing experiments
were carried out on CR-39 polymeric detectors exposed to a 252Cf source. The yields of fission fragment
and surviving alpha tracks were measured as a function of annealing time and temperature, as was the
variation of fission track diameter with annealing time. The bulk and track etch rates were measured
using alpha and fission fragment track diameters and the bulk etch rate was also measured by the weight
loss method. The activation energy of annealing was determined using two different models based on the
experimental results. This paper presents novel information showing that the annealed CR-39 detectors
were demonstrated to be highly sensitive to the fission fragments, but not to alpha particles.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Solid state nuclear track detectors (SSNTDs) have been studied
over the last three decades in a wide range of different areas of sci-
ence and technology, such as nuclear and high energy physics, cos-
mic-ray and astrophysics, material sciences, micro- and
nanotechnology and many other fields [1–5]. These detectors are
affected by many factors, such as temperature [6,7], pressure [8]
and vacuum [9]. Temperature is the most important parameter
affecting SSNTDs. At high temperature, the material used for poly-
meric detectors shows a significant increase in the rate of diffusion,
which may cause significant disorder in the spacing between the
constituent molecules of these detectors. Consequently, the effects
of thermal annealing on nuclear tracks in solids have already been
studied by several research groups [10–15]. An approach to the
track formation mechanism and registration properties of charged
particles in CR-39 SSNTDs, which can be understood, is a result of
this annealing process [10,16–18]. A further consequence of this
process is that heavy-ion tracks are more resistant to annealing
than that those of lighter ions [19].

In the present work, we have studied the thermal annealing ef-
fect on the registration properties of alpha and fission fragments in
a PADC polymeric material at temperatures ranging from 90 to
150 �C for rather long time intervals. For this purpose, several
All rights reserved.

: +218 61 2229617.
. Saad).
Science, Zagazig University,
exposure experiments, with pre- and post-annealing of the CR-39
polymeric detector, were performed.

2. Annealing model

We used two annealing models as reported by Price et al. [7]
and Mark et al. [20], to determine the activation energy of nuclear
tracks in these SSNTDs. These two models of thermal annealing
have been proposed to describe the annealing kinetics of nuclear
tracks as a function of annealing time and temperature. The model
by Price et al. [7] is given as follows:

f½ðS� 1Þi � ðS� 1Þf �=ðS� 1Þig ¼ At�nexpð�Ea=kTÞ ð1Þ

where S = (VT/VB) and subscripts i and f refer to the initial and final
values.

In this work, we also applied the annealing model introduced by
Mark et al. [20] as follows:

ln½�lnD0=D� ¼ lna0 þ ln t � Ea=kT ð2Þ

where D0 and D are fission fragment track diameters at time t = 0
and t, respectively. a0 is the annealing constant and k is the Boltz-
mann constant. Consequently, a plot of ln[�lnD0/D] against 103/T
will produce a straight line of slope Ea/k.

3. Experimental procedure

For the present work, CR-39 detectors, having a thickness of
660 lm, were purchased from Intercast Europe S.P.A. of Parma,
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Fig. 1. The effect of isothermal annealing (exposure pre- and post-annealing) on the track density in a CR-39 plastic detector. The left hand side shows the variation of the
yield of fission fragment tracks as a function of annealing time at three different temperatures; 90, 120 and 150 �C. The right hand side also shows the variation of the survival
of alpha particle tracks as a function of annealing time at the same temperatures.
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Italy. Three sets of detectors were prepared for this experiment,
and all were irradiated with fission fragments and alpha particles
from a 252Cf source. The irradiation was performed in air using
2p geometry. The irradiated detectors were then annealed in a
temperature-controlled oven for different time intervals and at dif-
ferent temperatures. The first set of CR-39 detectors was exposed,
but not annealed, in order to compare it with the results from an-
nealed detectors (for the control experiments). The second set of
detectors was first irradiated with fission fragments and alpha par-
ticles and then annealed in the oven (exposure pre-annealing). The
third set was first annealed in the oven and then irradiated with
fission fragments (exposure post-annealing).

After thermal treatment and irradiation or vice versa, the detec-
tors were then etched in a 6.25 N standard aqueous solution of
NaOH maintained at 70 �C by a water bath, which represents the
most traditional etching conditions for CR-39 SSNTDs. The temper-
ature was kept constant with a maximum uncertainty of ±1 �C. The
etching time was chosen appropriately to ensure that the fission
fragment tracks are reasonable observable using an optical micro-
scope with appropriate magnification, but the alpha tracks have
disappeared.
4. Results and discussion

The effect of annealing (isothermal and isochronal) in dry air on
the a-particle and fission fragment track densities in both cases,
exposure pre- and post-annealing, of the CR-39 plastic detectors
is shown in Figs. 1 and 2. The density for a-particle and fission
fragment tracks registered using annealed detectors has been
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Fig. 2. The effect of isochronal annealing (exposure pre- and post-annealing) on the track density in a CR-39 plastic detector. The left hand side shows the variation of the
yield of fission fragment tracks as a function of annealing temperature after (a) 2 h, (b) 4 h and (c) 6 h, respectively. The right hand side also shows the variation of the survival
of alpha particle tracks as a function of annealing temperature at the same times.
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normalized to an un-annealed one. In both figures, the a-particle
track density exhibits the opposite behavior pattern of fission frag-
ments. This means that the left hand side shows an increase in fis-
sion fragment track density while the right hand side shows a
decrease in a-particle track density, until the a-particle tracks have
more or less disappeared at higher temperatures. In addition, the
fission fragment density in the case of exposure post-annealing is
fairly high compared with exposure pre-annealing, while a-parti-
cles show the opposite effect.

In Fig. 1a (left hand side) the fission fragment track density in-
creased non-linearly with annealing time at a temperature of 90 �C.
Between 0 and 3 h there is a 12 and 25% increase in track density
for exposure pre- and post-annealing, respectively. From 3 to 5 h
there is a small sharp increase of 22 and 28% in track density,
respectively. Beyond 5 h the track density slightly increases until
10 h for exposure post-annealing, while for exposure pre-anneal-
ing the track density slightly increases from 5 to 8 h, remaining
constant thereafter. The right hand side of Fig. 1a shows that the
a-particle track density decreased non-linearly with increased
annealing time. After 1 h annealing, there is a decrease of 2 and
5% in track density for exposure pre- and post-annealing, respec-
tively. From 1 to 5 h there is an insignificant decrease in track den-
sity, but a considerable decrease thereafter. In Fig. 1b, the left hand
side also shows that at 1 h annealing there is a sharp increase of 25
and 40% in fission fragment track density for exposure pre- and
post-annealing, respectively, and an additional increase of 30 and



Table 1
Values of etching and annealing parameters and diameter ratio of un-annealed and annealed fission fragment tracks D0/D, VB, VT, g% = [1- (VB/VT)], S = (VT/VB) and hc or annealing
temperatures and times (exposure pre annealing) of CR-39 polymeric track detector.

Annealing temperature (�C) Annealing time (h) Etching time (h) D0/D VB
a (lm/h) g% VT (lm/h) Sb hc

Unannealed 0 4 – 1.35 47.67 2.58 1.91 31.55
90 1 4 0.996 1.46 47.10 2.76 1.89 31.94

2 4 0.984 1.53 46.88 2.88 1.88 31.10
3 4 0.981 1.68 46.13 3.12 1.86 32.58
4 4 0.972 1.77 45.87 3.27 1.85 32.77
5 4 0.969 1.88 45.66 3.46 1.84 32.91
6 4 0.967 1.93 45.01 3.51 1.82 33.36
7 4 0.962 2.00 44.75 3.62 1.81 33.54
8 4 0.960 2.08 43.48 3.68 1.77 34.42
9 4 0.958 2.86 42.91 5.01 1.75 34.81
10 4 0.954 3.62 41.89 6.23 1.72 35.53

120 1 4 0.957 1.68 35.14 2.59 1.54 40.44
2 4 0.917 2.00 27.54 2.76 1.38 46.44
3 4 0.761 2.44 25.38 3.27 1.34 48.26
4 4 0.674 2.87 16.57 3.44 1.20 56.54
5 4 0.497 3.66 17.38 4.43 1.21 55.71
6 3 0.493 4.53 10.65 5.07 1.12 63.31
7 2.5 0.465 5.35 5.15 5.83 1.09 66.59
8 2.5 0.450 6.21 3.87 6.46 1.04 74.01
9 2.25 0.443 8.43 2.88 8.68 1.03 76.22
10 2.25 0.422 10.45 1.97 10.66 1.02 78.61

150c 1 4 0.547 – – – 1.19 57.09
2 4 0.520 1.14 61.16
3 4 0.510 1.13 61.93
4 4 0.465 1.12 63.32
5 4 0.457 1.10 65.22
6 4 0.453 1.06 70.73
7 4 0.443 1.04 74.36
8 4 0.437 1.03 76.54
9 4 0.434 1.02 78.61
10 4 0.431 1.01 82.79

a Vb was determined by weight loss method.
b S was determined by fission fragments (ff) method.
c For 150 �C: etching time in minutes and Vb and Vt was measured in lm/min.
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60% from 1 to 10 h. It should be noted that, over the whole anneal-
ing time, there is over a 100% increase in track density in the case
of exposure post annealing, but a lesser increase in track density
for pre-annealing exposure. The right hand side of Fig. 1b also
shows that from 0 to 4 h there is a decrease of 10 and 25% in the
a-particle track density for exposure pre- and post-annealing,
respectively. From 4 to 8 h there is a sharp decrease of about 80%
in the track density and beyond 8 h the a-particle tracks com-
pletely disappear up to 10 h. In Fig. 1c the left hand side shows that
at 1 h annealing there is over a 100% increase for exposure post-
annealing, while for exposure pre-annealing there is a far lesser in-
crease in fission fragment track density. Beyond 1 h and up to 10 h
the rate of increase of track density between exposure pre- and
post-annealing is nearly constant. The right hand side of Fig. 1c
shows that from 1 to 10 h no a-particle tracks have registered.
Materials heated at 120 �C beyond 7 h and at 150 �C from 1 h up
to 10 h indirectly show that heat alters the internal morphology
of the polymer, as previously observed [21]. This experimental evi-
dence may be attributed to a probable rearrangement of the poly-
mer chain spacings, consequently changing the registration
properties of the ionizing particles, a-particles and fission frag-
ments, and fast neutrons. Other research groups have also ob-
served the nature of the mechanisms that cause changes in the
track etch parameters due to thermal treatment [22–26].

Fig. 2 shows the effect of isochronal annealing for 2, 4 and 6 h at
90, 120 and 150 �C on the track density of the fission fragments and
a-particles for exposure pre- and post-annealing. Overall, the iso-
chronal annealing process tends to increase the fission fragment
track density and decrease the a-particle track density until they
disappear at higher temperatures. The CR-39 polymer usually will
have suffered serious degradation due to annealing at these tem-
peratures. The surface material of CR-39 then becomes perma-
nently softened, producing an increase in the bulk etch rate,
which results in a decrease in the detection sensitivity and detec-
tion thresholds for both kinds of ionizing particles, as shown in Ta-
bles 1 and 2. It is quite clear that there is a considerable
modification of the CR-39 material induced by the thermal treat-
ment process in respect to the registration properties of heavy ions.
This means that thermally treated CR-39 becomes rather sensitive
to heavily ionizing particles e.g. fission fragments, compared with
particles with lower ionization rate, e.g. a-particles. Photomicro-
graphs of etch pits due to alpha particles and fission fragments
incident on un-annealed and annealed, exposure pre- and post-
annealing, CR-39 samples at 120 �C for annealing duration periods
of 0, 4, 8 and 10 h, respectively, are shown in Figs. 3 and 4.

Tables 1 and 2 show the effect of annealing (exposure pre- and
post-annealing) on the diameter of the fission tracks Dff, the bulk
and track etch rates VB and VT, respectively, the detection efficiency
g% = [1 � (VB/VT)], the sensitivity S, critical angle hc and etching
behavior of the CR-39 polymeric nuclear track detector. The sensi-
tivity S, which in turn involves the bulk etch rate as well as the
track etch rate, decreases as the annealing time increases. The bulk
etch rate was found to have changed due to the annealing process
[27] although this change is relatively small compared to the
change of track etch rate at 90 �C. It is greater at 120 �C, while at
higher temperature, such as 150 �C when etching times are extre-
mely short and measured in minutes, the change in both etch rates
is very small. The measurement of this tiny change in etch rates is
very difficult so we have applied a relationship which does not in-
volve VB but, nevertheless, fits the annealing data well [6].



Table 2
Values of etching and annealing parameters and diameter ratio of un-annealed and annealed fission fragment tracks D0/Dw, VB, VT, g% = [1- (VB/VT)], S = (VT/VB) and hc for
annealing temperatures and times (exposure post annealing) of CR-39 polymeric track detector.

Annealing temperature (�C) Annealing time (h) Etching time (h) D0/D VB
a (lm/h) g% VT (lm/h) Sb hc

Unannealed 0 4 – 1.35 47.67 2.58 1.91 31.55
90 1 4 0.998 1.46 47.29 2.77 1.90 31.81

2 4 0.987 1.53 47.06 2.89 1.89 31.97
3 4 0.985 1.68 46.84 3.16 1.88 32.12
4 4 0.981 1.77 46.53 3.31 1.87 32.33
5 4 0.980 1.88 46.13 3.49 1.86 32.59
6 4 0.977 1.93 44.38 3.47 1.80 33.79
7 4 0.974 2.00 44.44 3.60 1.80 33.75
8 4 0.970 2.08 43.17 3.66 1.76 34.63
9 4 0.966 2.86 42.80 5.00 1.75 34.89
10 4 0.960 3.62 42.17 6.26 1.73 35.33

120 1 4 0.968 1.68 35.14 2.59 1.54 40.44
2 4 0.918 2.00 34.21 3.04 1.52 41.14
3 4 0.766 2.44 29.48 3.46 1.42 44.85
4 4 0.674 2.87 27.53 3.96 1.38 46.45
5 4 0.500 3.66 20.09 4.58 1.25 53.05
6 3 0.497 4.53 10.65 5.07 1.20 63.23
7 2.5 0.469 5.35 9.17 5.89 1.10 65.27
8 2.5 0.458 6.21 4.75 6.52 1.05 75.26
9 2.25 0.446 8.43 3.88 8.77 1.04 73.99
10 2.25 0.426 10.45 2.88 10.76 1.03 76.21

150c 1 4 0.554 – – – 1.20 56.02
2 4 0.522 1.17 58.88
3 4 0.518 1.15 60.12
4 4 0.475 1.14 61.32
5 4 0.462 1.13 60.20
6 4 0.455 1.08 67.53
7 4 0.451 1.04 74.36
8 4 0.444 1.03 76.54
9 4 0.440 1.02 78.61
10 4 0.423 1.01 82.79

a Vb was determined by weight loss method.
b S was determined by fission fragments method.
c For 150 �C: etching time in minutes and VB and Vt was measured in lm/min.

Fig. 3. Photomicrographs of annealed (exposure pre-annealing) of CR-39 detectors at temperature 120 �C for annealing periods of 0, 4, 8 and 10 h.
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Fig. 4. Photomicrographs of un-annealed and annealed (exposure post-annealing) of CR-39 detectors at 120 �C for annealing periods of 0, 4, 8 and 10 h.
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Fig. 6. Annealing results of 252Cf alpha particles and fission fragment tracks in CR-
39 NTDs based on: (a) Price et al. [7], (b) Mark et al. [20].
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We have plotted the mean track diameters of selected, large
tracks of fission fragments along the minor axis in CR-39 SSNTDs
as a function of annealing time at three different temperatures
90, 120 and 150 �C (for exposure pre- and post-annealing), as seen
in Fig. 5. In general, the fission fragment track diameters increase
with increasing annealing time and temperature, while the alpha
track diameters generally show the opposite trend. The rate of in-
crease depends strongly on the annealing temperature. At a tem-
perature of 90 �C, there is a very small increase of track diameter
with annealing time. For an annealing temperature 120 �C, the re-
sults show a different behavior where the variation of fission track
diameter with annealing time has three different rates. As seen in
Fig. 1b, the fission track diameter Dff increases linearly to 6 h. For
an annealing time from 6 to 7 h, the rate of variation becomes fairly
large and for a longer time, the rate becomes just a little greater
than for the first stage. However, at 150 �C, the fission track diam-
eter increases very sharply from 0 h (un-annealed) up to 1 h, but
the rate of variation of Dff is somewhat smaller than that of sample
annealed at 120 �C from 1 h until the end of the annealing time. In
general, the annealing process is assumed to be a diffusion process
in which displaced atoms are restored to their original positions,
influenced by thermal energy. Once a heavy ion enters the detector
material, the first tracks to be annealed are at the end and the etch-
able diameter increases from the beginning of the track. The den-
sity of extended defects is proportional to the energy deposited
and, at the beginning of annealing process, the track tail is an-
nealed where density of extended defects is not very large. As a re-
sult, annealing rate is high and is reduced with annealing time due
to an increase in the density of extended defects in the upward
direction of the damaged trail [6] and references therein. Our re-
sults show that the enhancement of track diameters become faster
at lower annealing times and higher temperatures.

The most crucial parameter of the annealing process is the acti-
vation energy, which is an intrinsic property of the detector mate-
rial. The effect of annealing on the activation energy of the CR-39
detector material has also been investigated. This crucial parame-
ter has been determined based on the two important annealing
models of Price et al. [7] and Mark et al. [20]. We have plotted
ln{[(S � 1)i � (S � 1)f]/(S � 1)i} and ln[�ln D0/D] against 103/T for
annealing times ranging from 1 to 4 h and these can be seen in
Fig. 6. The data at longer annealing time, ranging from 5 to 10 h,
was also plotted, but the scatter was too high, meaning that we
need to apply a model involving two activation energies (high
and low temperatures), and this will be the subject of a separate
study. The values of activation energy, estimated from the slopes
of straight lines fitted to our experimental data, are given in Table 3.
The results show that the Ea values decrease as the annealing time
increases. Thus, we can say that our present study proves that the
activation energies of annealing tracks in CR-39 is rather depen-
dent on the annealing time. This is very consistent with published
annealing data for 93Nb and 238U tracks [16], although these results
show that the activation energy was reduced with annealing time,
while it shows no dependence on annealing time in the case of CR-
39 [28]. This may be because the annealing time intervals were not
Table 3
Values of activation energy Ea at annealing temperatures of 90, 120 and 150 oC
(isochronal annealing) as a function of annealing time, using the annealing track
models of Price et al. [7] and Mark et al. [20].

Annealing time (h) Activation energy (eV)

Price et al. model Mark et al. model

1 0.88 1.10
2 0.80 0.81
3 0.68 0.79
4 0.64 0.74
long enough whereas in the current study, the thermal annealing
was so severe because the annealing times were long, ranging from
1 to 10 h.
5. Conclusions

� Thermal annealing induced significant modifications of the den-
sity and diameter of the alpha particle and fission fragment
tracks in CR-39 plastic detectors.
� The detector material was demonstrated to be very sensitive to

particles with higher ionizing rates, for example fission frag-
ments, and not to ones with lower ionizing rates, such as alpha
particles.
� The concept of a single activation energy provides a satisfactory

explanation of the annealing process of nuclear tracks in a CR-
39 polymeric detector for short annealing times, but for longer
times we need to apply the concept of two activation energies,
for high and low temperatures.
� The current results show that thermal annealing effects in CR-

39 polymeric material play an important role in particle identi-
fication, especially in the high energy and nuclear physics fields.
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