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Diglycol Carbonate) Films
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2 Institut Plurisdisciplinaire Hubert Curien (UMR 7178), 67037 Strasbourg Cedex 2,
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To identify the chemical modifications along nuclear tracks in poly(allyl diglycol
carbonate) (PADC), we have made a series of Fourier transform infrared (FT-IR)
measurements for films with a thickness of about 3 um that have been exposed to C, Ne,
Ar, and Fe ions in air. The amount of carbonated ester bonds lost due to the exposure
was estimated from the changes in the absorbance of C=0 and C-O-C bonds with the
heavy ion fluence. The G-value for the breaking of carbonate ester bonds and the
corresponding track core radii were obtained as a function of stopping power. The
calculated radial dose distribution indicated that the core was formed at regions where
the local dose was higher than 10° Gy.
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1. Introduction

Poly(allyl diglycol carbonate)(PADC), which is known under the trade name
CR-39, is a commonly used solid state nuclear track detector (SSNTD) in different
branches of science and technology such as nuclear physics, cosmic rays, dosimetry in
space, neutron dosimetry, radiation biology, and the strengthened safeguard system Y.
About three decades have passed since the discovery of CR-39 plastic as a SSNTD
material 2. There remain some unresolved aspects, however, of the latent track
formation process in this material ®. Only a few studies have been carried out on the
radial size and modified chemical structure of the latent tracks. The effect of dissolved
oxygen on the sensitivity has been noted, but the corresponding chemical process in the
tracks has not beenyet resolved. In addition to the fundamental interest, much more
sensitive SSNTDs which can record protons recoiled by neutrons up to 100 MeV are
needed in the filed of neutron dosimetry, similar to the recently developed fluorescent
nuclear track detector using aluminum oxide ¥. On the other hand, an SSNTD material
with a sufficient threshold and high charge resolution for heavy ions has been also
sought to measure the composition of the heaviest elements in galactic cosmic rays .
Generally speaking, polymers have an advantage in producing detectors with wide areas
of uniform quality. Because PADC is one of the most sensitive polymeric track
detectors, information on the track structure and the track formation process in it will be
helpful for the development of a novel SSNTD with a controllable sensitivity and
detection threshold level.

In the case of an etched track detector, the tracks are characterized by the track
etching rate, which is the penetrating speed of an etching solution along a latent track.
Etch pits, which can be observed under an optical microscope, are formed when the
track etching rate is greater than the bulk etching rate. The latent tracks are expected to
have a certain nano-scale structure in the radial direction ®. The heavily damaged center
region, i.e. track core, should be surrounded by a slightly modified circular transition
area, i.e. track halo or penumbra, which is connected to the original unaffected region.
Several kinds of experimental methods have been briefly summarized in the literature
for latent tracks in polymer materials ®. Among them conductometry has been an
effective and widely applied method to study the nuclear tracks in various kinds of
polymers 9, According to this method, one can determine the radial-track-etch-rate,
which is the penetrating speed of an etching solution in the radial direction around the
track core and halo even for a single track. Since the radial-track-etch-rate can be
expected to reflect the local energy density deposited by a heavy ion, it should be useful
not only to evaluate the track core size but also to examine the damage distribution



around the ion path. The track core may be treated as a central region where the etch
rate is significantly enhanced. In some types of polymer, a reduction in the etch rate was
observed in the halo * . The role of segmented and diffused small molecules which
were produced in the track core in forming the halo was discussed *?. Recently, a
conductmetric study was reported for PADC films . Transmission electron microscope
(TEM) observations on a replica of slightly etched tracks also gave information on the
structure of submicron damage in nuclear tracks ***®. These methods gave us some
important knowledge about tracks but could not provide any information on chemical
modifications caused around the latent tracks. When we consider new SSNTDs, we
need to know the chemical structure of the damage around the nuclear tracks.

For the purpose of understanding the modified chemical structure along heavy
ion tracks in polymer films, Fourier transform infrared (FT-IR) spectrometry is an
available method for both qualitative and quantitative analyses, and many studies have
been performed on various kinds of polymers ***®. Several FT-IR studies have also
been carried out on PADC; however, quantitative analyses have been insufficient **%2.
The authors have studied the loss of ether bonds along carbon ion tracks in 15-pum-thick
PADC films 2. Recently, we succeeded in preparing thinner PADC films with
thicknesses ranging from 1.7 to 5 um, which enabled us to obtain unsaturated infrared
absorption spectra (IR spectra), including carbonate ester bonds 2.

In this study, the prepared PADC films were exposed to accelerated C, Ne, Ar,
and Fe ions, at incident energies around the Bragg peaks in air. The damage density,
qualified by the loss of carbonate ester bonds per unit length of the ion tracks, was
evaluated based on the changes in the relative absorbance of the peaks in FT-IR spectra
with ion fluence. The G-value for the loss of carbonate ester bonds and the
corresponding track core radius were also determined. The radial dose distributions
were calculated to evaluate the locally deposited energy where track cores were formed.

2. Experiments

Figure 1 shows the repeat unit of PADC. It has an ether bond in the center and
two carbonate ester bonds in symmetrical positions. Thin PADC films with a thickness
of about 3 um were prepared by chemical etching from commercially obtained pure
sheets with a nominal thickness of 100 um (BARYOTRAK, Fukuvi Chemical Industry).
After etching in 6 M KOH solution kept at 70 °C, the films were carefully rinsed in
distilled water and then dried in a clean and dark place after the excess water was
removed *?. Heavy ion exposure was carried out in the air utilizing the medium energy
irradiation system of heavy ion medical accelerator in Chiba (HIMAC), NIRS, Japan *>.



The irradiation conditions are shown in Table 1. The electronic stopping power, that is
also called the unrestricted linear energy transfer, is presented as the average value
inside the films as calculated by SRIM code ?®. Overlapping of ion tracks can be
ignored under these fluences. FT-IR measurements were performed for each film
examined both before and after the irradiation using a spectrometer FT/IR-6100S
(JASCO), the entire system of which can be evacuated, including the interferometer,
photon-detector, and sample room, during the measurements. The thickness of each film
was evaluated from the net absorbance of typical bonds based calibration curves 2%,

3. Results and Discussion

Figure 2 shows IR spectra of PADC films with a thickness of 3 um before and
after 147 MeV Fe ion irradiation at a fluence of 1.5x10" ions/cm?. The absorption
bands of carbonate ester bonds at 1745 cm™, C=0, and at 1260 cm™, C-O-C, apparently
decrease in intensity after the exposure. Assignment of absorption bands in the IR
region of PADC has been well summarized in the literature 2. Their values of
absorbance are greater than 1.0, but we have previously confirmed that these are fairly
proportional to the film between 1.7 and 5.0 um thick for un-irradiated films Y Then
we advanced our analysis based on the Lambert-Beer law in this study. The observed
reductions of peak height resulted from the formation of latent tracks. The relative
absorbance, A/Ao, was obtained at all the fluences examined for each ion, where A is the
net absorbance of the considered bands after the irradiation, and A, is that before
irradiation. In this case, the relative absorbance is equal to the survival fraction, N/Nj,
that is the ratio of the number density of the bonds of interest after the irradiation, N, to
that of the original ones, No;

A N
AN &

The results for C=0 bonds are shown in Fig. 3, in which A/A, is plotted against
the fluence, F, for the four ions. From these observations, we were able to derive the
following experimental relation for each ion,

. F, (2)

where F is in the unit ions/cm® and o, is an experimental constant for the i th ion in
units of cm? . This form of equation was expected at fluences where track overlap is
negligible. The constant o; is the effective track core area in where C=0 were lost.

With increasing ion charge, the track core area becomes apparently larger, as shown in
Fig. 3. Concordant results were attained from changes in the absorption of the C-O-C



band in the carbonate ester bonds.

The damage density, taken as the loss of carbonate ester bonds per unit length
of the heavy ion track, was calculated as the product of the number density of the bonds
and the effective track core area . Figure 4 indicates the damage density determined
from the scissions of C=0 and C-O-C bonds for four ions as a function of the average
stopping power in the films. Solids symbols indicate the values evaluated from the C=0
band and the open ones from the C-O-C band; both give the equivalent results. As
indicated in Fig. 4, the damage density increases sharply with an increase in the
stopping power. The G-values for the loss of the carbonate ester bond (loss/100 eV)
were calculated by dividing the stopping power into the damage density. In Fig. 5, the
G-value is plotted against the average stopping power. It is observed that the G-value is
clearly dependent on the stopping power. This is in agreement with a similar trend
previously reported for other polycarbonate films *"*®).

As a first approximation, the geometry of the track core was modeled as a
damaged cylinder with cross sectional area o,, from which we can evaluate the
effective track core radius, r. This means that we hypothesized that all carbonate ester
bonds inside the cylinder were broken. We then derived the effective track core radius,
r,, using the simple relation

= 3
T

Figure 6 shows the effective track core radius plotted against the average stopping
power. The broken curve indicates the results from the ultraviolet (UV) method, in
which the core size was determined from the dependence of UV absorption spectra on
the ion fluence based on the track-overlapping model 2”). Our results from FT-IR spectra
are concordant with the previous ones shown in this figure. In contrast, the core radius
assessed from curves for the evolution of pit-opening during short time etching using an
atomic force microscope (AFM) had slightly larger values in comparison to the spectral
methods 2”. Conductmetric studies and TEM studies on the replica also showed a
relatively large core size compared with those from FT-IR studies in bisphenol A
polycarbonate films ** 12131718 Thjs difference may be important to understand the
early stages of the chemical etching.

According to the radial-dose-distribution theory for ion tracks 22, the local dose
distributions for the four ions were calculated and are presented in Fig. 7. In this
calculation, the ionizing potential was assumed to be | = 70.1 eV. Solid symbols on the
dose distribution curves are for each track core radius obtained in this FT-IR study.
Based on this model, we conclude that the core was formed at regions where the local



dose was higher than approximately 10° Gy. Based on the radial-dose-distribution
theory according to ref. 28, we can understand the observed dependence of G-values on
ion species or stopping power.

4. Closing Remarks

In our previous studies on the tracks of C and Fe ions in PADC, we found the
track core radii for loss of carbonate ester bonds and ether bonds were almost equivalent.
The results indicated that the parts between two carbonate ester bonds in each repeat
unit were segmented into small molecules composed of one or two carbon atoms,
including CO,, formed by breaking the ether bonds and carbonate ester bonds 2% 2%,
Such relatively long segmentation indicated that PADC may be an excellent track
detector material. Etchants need a certain critical size of track core radius to penetrate
along it in track etching. Low-LET radiations and high-energy protons hardly cause
such segmentation because of their low ionization densities (see the local dose
distribution of 1 MeV proton in Fig. 7). Since the length of the PADC monomer is about
2 nm, segmentation must have occurred in several neighboring repeat units in the radial
direction along the heavy ion tracks that were examined in this study.

What is important in forming the etchable tracks in SSNTDs should not be the
simple scission of polymeric chains but multi-scissions forming vacant volumes a few
nanometers in size. In order to enhance the sensitivity of polymeric SSNTD, the number
density of radiosensitive bonds like ether bonds or carbonate ester bonds should be
increased. On the other hand, we might be able to determine the detection threshold by
changing the distance between neighboring radiosensitive bonds, for example, two
carbonate ester bonds connected by a radio-insensitive segment. We are now designing
polymeric SSNTDs that may have greater sensitivity than PADC.
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Figure captions

Fig. 1 Repeat unit of PADC.

Fig. 2 FT-IR spectra of 3 um PADC films before and after exposure to Fe ions.

Fig. 3 Decrease of carbonate ester bonds with heavy ion fluence.

Fig. 4 Loss of carbonate ester bonds per unit length of ion tracks, damage density, as a
function of the average stopping power of the PADC films. The values of solid symbols

were estimated from C=0 and the open ones from C-O-C.

Fig. 5 G-values for the loss of carbonate ester bonds with the average stopping power.
The values of solid symbols were estimated from C=0 and the open ones from C-O-C.

Fig. 6 Effective track core radius for the loss of carbonate ester bonds. The values of
solids symbols were estimated from C=0 and the open ones from C-O-C.

Fig. 7 Radial dose distribution of energy deposited around the path of heavy ions and
protons in PADC. In this calculation the ionizing potential was set at | = 70.1 eV.



Table 1 Conditions of heavy ion irradiation.

lon Incident energy Stopping power Fluence
(MeV) (keV/pm) (ions/cm?)
C-12 25 653 1.5x10% - 4.0x10"
Ne-20 24 1790 3.5x10™ - 6.0x10™
Ar-40 46 3880 1.0x10™ - 3.0x10™
Fe-56 147 5151 8.0x10% - 1.5x10*
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Fig. 1 Repeat unit of PADC.
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Fig. 2 FT-IR spectra of 3 um PADC films before and after exposure to Fe ions.
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