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Abstract 
To explain the previously observed changes in the bulk etching property of CR-39 
induced by gamma or high-energy electron irradiation, both a mass balance equation for 
the radicals, the active sites by irradiation, and a diffusion equation for the dissolved 
oxygen were applied to calculate the damage distribution in depth. The depth 
distribution of the damage in gamma-irradiated CR-39 was interpreted as a result of the 
exhaust of the dissolved oxygen in the deeper layer. The present calculations and the 
previous experiments imply that latent tracks in CR-39 are also produced through the 
local oxidation process along the ion path. 
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1. Introduction 
 In order to understand the formation mechanism of the latent tracks in 
poly-diethylene-glycol bis (allylcarbonate), that etched nuclear track detector with high 
sensitivity and usually called CR-39, lots of studies have been made on the effect of 
high dose gamma-ray irradiation on the bulk etch rate in alkaline solutions [1-10]. In 
these works the examined ranges of the absorbed dose were controlled to be comparable 
to the local energy deposition in the center of ion tracks [11]. 

The present authors have also studied the effects of gamma and electron beam 
irradiation on CR-39 [12-16]. The bulk etch rate was usually determined from both the 
etching duration and the radius of etched track of high-LET particles like fission 
fragments which indicates the thickness of layer removed [17]. This is an effective 
method as far as the etched track is cylindrical in side view and the bulk etch rate is 
constant. Recently, we have found the “Bottle-like structure” in the etched tracks of 
fission fragment in the gamma-irradiated CR-39 [15]. The etched track had double 
stages in radius, larger near the surface and smaller in the deeper region along the 
common axis of the trajectory, as shown in Fig. 1. The both parts were connected by a 
thin transition layer, so that the etched track looked like an upper part of a wine bottle. 
The parts near the surface with lager radius corresponded to the “body” of the bottle and 
the other part in the deep with smaller radius was equivalent to the “bottle neck”. Such a 
unique etched track was possible when the bulk etch rate increased only in the surface 
region where the “body” was formed. On the other hand, the “neck” was formed in the 
deeper layer. The etching rate in this region was found the same as that for CR-39 
irradiated in vacuum, fully out-gassed. This implies that the concentration of dissolved 
oxygen in the deeper layer reached zero during the irradiation. Therefore the damaged 
region near the surface was inferred to relate to the oxygen fed from the surroundings. 
We have assessed the dose rate dependence of the thickness of the damaged region [16]. 
The thickness decreased with increasing the dose rate. At higher dose rates, the oxygen 
supplied on the surface should be soon consumed in forming the damage and it will 
become more difficult for the oxygen to diffuse toward deeper layers. Consequently, we 
should construct a new model for the damage formation under gamma-irradiation that is 
able to express the depth distribution of the damage. 
 A similar depth dependent damage distribution has been reported and analyzed 
for various polymers [18-20]. It is known as radiation-induced oxidative degradation. 
Referring to these radiochemical studies, we have calculated the dependence of the 



damage concentration upon the depth based on two equations; one is the mass balance 
equation for radicals or active sites produced by irradiation, and the other is the 
diffusion equation for the dissolved oxygen. The experimentally obtained dose rate 
dependence of the thickness of the damaged region in CR-39 was reconstructed well by 
the present calculations.  
 
2. Model of damage formation 
 The radiation-induced damages related to the increase in the bulk etch rate 
should be caused by the breaks of the main chain of CR-39 polymer. In this study, the 
damage was assumed to be formed through the reaction between radiation induced free 
radicals and the oxygen dissolved. At first, the production rate of the radicals, or the 
active sites in the polymer, was hypothesized to be proportional to the dose rate, I. 
Secondly, the radical has some probability to vanish through a natural decay. This 
assumption is based on the track registration study on the well out-gassed CR-39 [21]. 
Finally, the rate of the damage formation was postulated to be in proportion to the 
concentration of the radical, [P•], and the oxygen concentration, C. Therefore, the 
following mass balance equation was derived for the concentration of radicals: 

d P •[ ]
dt

= !I " k
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P •[ ] " k

2
P •[ ]C ,    (1) 

where !  is the specific rate constant for the radical formation, k1 and k2 are the rate 
constant for radical decay and oxidation or fix of the radical, respectively. Under a 
steady-state condition, it becomes as follows: 
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Since the damage density is proportional to [P•]C and the irradiation duration, t, an 
uniform damage distribution in depth would be expected in the region where the oxygen 
exists, provided that k1 is much less than k2C. The observation of the bottle-like etched 
track indicated that the damage distribution should be uniform in the damaged region 
near the surface [15, 16]. So it is possible to reconstruct the damage distribution using 
this model. If the cross-linking is dominant, the second term on the right hand side in Eq. 
(1) is replaced by the square of [P•] multiplied by a constant, and such a uniform 
distribution could not be expected. 
 On the other hand, the following equation was obtained from the mass balance 
of the dissolved oxygen, 
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where D is the diffusion coefficient of oxygen in the CR-39 film and x is the depth.  
 For the boundary conditions on the oxygen concentration at the surface, two 
different cases were examined. The first was “the constant condition” that means the 
concentration in the surface is constant during the irradiation. The second was “the 
surface resistance condition”, in which the rate of transfer of diffusing oxygen through a 
unit area of the surface is proportional to the difference between the actual 
concentration in the surface, Cs, at any time and the equilibrium concentration, Co. The 
equilibrium concentration corresponds to the partial pressure of oxygen in the 
atmosphere. This means that the second boundary condition can be written as 

!D
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= K
3
Co ! Cs( ) ,    (4) 

where K3 is a constant of the proportionality. 
 Consequently, the damage density, Cd, at the irradiation time of t, is obtainable 
using the following relation as: 

C
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If the radical and oxygen concentrations reach steady state in early stage of the 
irradiation, this can be replaced by simple multiplication. 
 There are many parameters required in the present model. From the residual 
gas analysis, the diffusion coefficient and the equilibrium concentration of dissolved 
oxygen in CR-39 have been determined as D=1.0x10-8 cm2/s and Co=9.4x10-9 mole/cm3, 
respectively [22]. Based on the reported G-value for the scission in CR-39 [23], the 
specific rate constant of the radical formation was given as !=1.6x10-9 mole/Gy/cm3. 
A lifetime of the radical has been obtained equal to about 40 min, so we assumed the 
rate constant for radical decay to be equal to K1=1/2400 s-1 [21].  About the other 
parameters of the rate constant for oxidation, K2, and the proportional constant for the 
surface resistant condition, K3, we have made lots of calculations to find appropriate 
values for reconstruction of the observed depth-dependence and the dose rate 
dependence of the bulk etch rate. 
 
3. Results and discussion 

Calculations were performed for a one-dimensional system with a thickness of 



100 µm. The following assumptions have been made in solving the equations 
numerically: (1) the concentration of radicals was postulated to reach the steady-state 
condition quickly, and (2) the change of the diffusion coefficient due to irradiation was 
ignored. The fundamentals and the details of the present numerical calculation were 
similar to those reported earlier [24]. 
 
3.1 Depth dependence 
 The distribution of dissolved oxygen in depth was calculated with a rate 
constant for oxidation of K2=4.5x105 cm3/mole/s and under the boundary condition of 
constant concentration on the surface, Co. In Fig. 2, the calculated results in steady state 
are shown at dose rates of 0.01, 0.05, 0.1, 0.5, 1.0 and 10.0 Gy/s, plotting the relative 
concentration of the oxygen against the depth from the center of CR-39 sheet. The 
oxygen is found to be fully consumed around the center in each calculation.  The 
widths of the oxygen-free regions increase with the dose rate. In other words, the 
thickness of the region, where the oxygen could be supplied, decreases with increasing 
dose rate. In every calculation, the steady states were attained within a several minutes. 
This is in agreement with the experimental results that a fractional gamma irradiation 
hardly affects the total dose dependence of the bulk etch rate [12, 13]. 
 In Fig. 3, the damage density at the absorbed dose of 100 kGy is shown as a 
function of the distance from the center, corresponding to the oxygen distributions given 
in Fig. 2. The curves have semi-plateau near the surface as expected from the previous 
consideration based on the Eq. (2). The oxygen concentration decreases in the deeper 
region as shown in Fig. 2. On the other hand, the concentration of the radical will 
increase with the depth and reach the maximum where no oxygen exists. So, the 
semi-plateau is the result of both effects. Such calculated damage distribution was in 
concordance with the observed results that the bulk etch rate was almost constant in the 
damaged region where the “body” was formed [15, 16]. The thickness of the damaged 
region was determined as the width of the region where the damage density was not 
zero. The results are presented in Fig. 4, plotting as the curve against the dose rate, 
together with the fitting curves that experimentally obtained as broken one [16]. This 
indicates that the calculated thickness is in agreement with the experimental one.  
 
3.2 Dose rate effect 
 To reconstruct the dose rate effect on the bulk etch rate, we must take into 



account the feed of oxygen into CR-39 sheet from the atmosphere. As the first 
approximation, the surface resistance condition was applied. The depth distributions of 
the oxygen and the damage density were calculated with a proportional its constant of 
K3 = 0.11 cm/s. In Fig. 5, the relative oxygen concentration at several dose rates is 
shown against the distance from the center. The concentration in the surface decreases 
with increasing dose rate. The corresponding damage density at the absorbed dose of 
100 kGy is shown in Fig. 6. In general, the damage density decreases with the dose rate. 
The density at the surface varies significantly with the dose rates in the range between 
0.1 and 1 Gy/s. This is concordant with the qualitative observations [13]. 
 The used values for K2 and K3 in the present calculation had been selected 
arbitrarily to reconstruct the dose rate dependence of the thickness of the damaged 
region and the bulk etch rate. So the reliability of these values is dependent on that of 
other parameters of ! , and Co. It is necessary to obtain more reliable values for !  
and Co for the purpose of improving the present model in accuracy. 
 
4. Conclusion 

Mass balance equations for the radicals and the dissolved oxygen have been 
applied to explain the observed damage distribution in gamma-irradiated CR-39 nuclear 
track detector. The damage was assumed to be formed through the reaction between the 
radicals and the oxygen. The production rate of the radical was postulated to be 
proportional to the dose rate, and the oxygen was hypothesized to be provided from the 
surrounding air and consumed in the damage formation. The depth distribution of the 
damage in the gamma-irradiated CR-39 was interpreted as a result of the exhaust of the 
dissolved oxygen in the deeper layer. The damage was formed only near the surface 
region where the oxygen was supplied during the irradiation from air. The dose rate 
effect on the bulk etch rate was also explained by introducing the surface resistant 
boundary condition for the feed of the oxygen from air.  

A similar reaction between the radical and the oxygen is expected to occur also 
in the latent track formation process. The attained parameters for the present work may 
be useful to develop a new track formation model in CR-39, in which the temporal and 
spatial dependence for the track was included. The previous experiments and the present 
calculations on the etching property of gamma-irradiated CR-39 might imply that the 
latent track in CR-39 was also produced through the local radiation induced oxidation 
process along the ion path. 
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Figure Captions 
 
Fig. 1.  Bottle-like etched track and corresponding depth distribution of the damage. 
 
Fig. 2.  Concentration of the dissolved oxygen in steady states calculated under a 
constant boundary condition at the surface. 
 
Fig. 3.  Depth distribution of the damage density in steady states calculated under a 
constant boundary condition at the surface. The total dose is 100 kGy. 
 
Fig. 4.  Dose rate dependence of the thickness of the damaged region. 
 
Fig. 5.  Concentration of the dissolved oxygen in steady states calculated under a 
surface resistant condition at the surface. 
 
Fig. 6.  Depth distribution of the damage density in steady states calculated under a 
surface resistant condition at the surface. 
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Fig. 1.  T. Yamauchi et al. 
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Fig. 2.  T. Yamauchi et al. 
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Fig. 3.  T. Yamauchi et al. 
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Fig. 4.  T. Yamauchi et al. 
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Fig. 5.  T. Yamauchi et al. 
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Fig. 6.  T. Yamauchi et al. 
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