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G values of the losses of typical functional groups in PET films along boron ion tracks
have been determined using FT-IR spectrometry. G value for the loss of aromatic-ring
clearly increases above 270 eV/nm. Those of ester and ethylene increase around the
slightly lower stopping power of 250 eV/nm. The detection thresholds are defined by
determining the original points from which the evolution of etch pit starts along the
latent track, when the chemical etching was progressing starting from the front surface
of each incident ion trajectory. The thresholds for B, C, N, O, Ar and Kr ions have been
determined for other kind of PET sheets. Values of the sensitivity at the thresholds are

fairly higher at heavy ions with smaller atomic number.

Keyword : PET; lon tracks; threshold; G value

*Corresponding author
Phone: +81-78-431-6307
Fax: +81-78-431-6355
e-mail: yamauchi@maritime.kobe-u.ac.jp (Tomoya Yamauchi)



1. Introduction

Poly(ethylene terephthalate), PET, has been recognized as an etched track
detector with relatively high detection thresholds depending on the industrial products
(Bhattacharyya et al., 2016; Drach et al., 1987; Somogyi et al., 1976). Stacked PET
detectors with different kinds of detectors of poly(allyl diglycol carbonate), PADC, and
polyimide (Kapton) have made it possible to identify the nuclear charge of heavy ions
from the intense laser plasma in complex radiation fields (Nishiuchi et al., 2015). In the
nuclear nano pore membranes, PET has been utilized as a base material (Apel, 2001;
Siwy et al., 2003). Sub-nanometer pores in PET produced by UV exposure following
heavy ions irradiation found to have high selectivity for alkali and alkaline earth metal
ions (Wen et al., 2016).

In order to control the response as an etched track detector or the pore size in
membrane materials, fundamental studies on the latent track structure should be
inevitable. Many FT-IR spectral examinations have been performed for ion tracks in
PET by several authors (Biswas et al., 1999; Liu et al., 2000; Steckenreiter et al., 1997,
Zue et al., 2002). In our last study on the tracks in PET, we found the clearly different
dependence of chemical damage parameters, like G values, between He and C ions on
the stopping power around the detection threshold (Yamauchi et al., 2012). In this study,
modified track structure along boron ions (B-10 and B-11) has been examined. Through
comprehensive etching tests, the detection thresholds for heavy ions are also

determined.

2. Experiments and the definition of detection threshold

PET films with a thickness of 2.5 um (Goodfellow, ES301025) were used to
assess the G value. B ion irradiations (B-10 and B-11 ions with 6 MeV/u) were made at
the medium energy irradiation room of Heavy lon Medical Accelerator in CHIBA
(HIMAC), on the stacked 50 films in which the ions stopped completely (Yamauchi et
al., 2012). FT-IR measurements were carried out in vacuum both before and after the
irradiations using FT/IR-6100S (JASCO, Japan), in which the entire system, including
interferometer, photon detector and sample room, can be evacuated.

The etching tests were made for PET sheets with a thickness of 1.0 mm
(SUMITOMO, EPG100), in 6 M KOH solution kept at 50°C. lon irradiations were
carried out at HIMAC, including quasi-relativistic energies for different kinds of ions,



as shown in Fig. 1. The solid circles indicate the etch pit formation. The open ones
signify no etch pit. For the purpose of precise discussions, we have applied the rigorous
definition on the detection thresholds as shown in Fig. 2. The threshold is defined as the
point where the latent track turns to etchable under the normal incidence, which can be
identified as the original point of etch pit evolution during chemical etching in this
figure. The samples were irradiated as stacked, to work themselves as moderators and to
keep the original points under a certain depth from the surface. The etch pits were
observed by a scanning electron microscope (Neo Scope, JCM-5000, JEOL), as well as
an optical microscope. The stopping powers at the thresholds were calculated using
SRIM code (Ziegler, 2004).

3. G values along B ion tracks

Fig. 3 (a). shows the monotonically decreasing behaviors of the relative
absorbance of carbonyl (1718 cm™), A/A,, which is the ratio of the net absorbance
after the irradiation, A, to the original one, A, as a function of B-10 ion fluence for
three different films of the first, the second and the third from the top surfaces. Fig. 3
(b). shows those of aromatic-ring (1504 cm™). Except for the data set of aromatic-ring
in the first film with 268 eV/nm, trends in each figure are similar to each other.
Including the previously reported data for other heavy ions (Yamauchi et al., 2012), the
observed trends are expressed well by the following formula against the ion fluence, F,
A/4,=1-0,-F 1)
where ¢ is an experimental constant in units of cm?. This means the removal cross
section in which considered bonds were lost. The effective track core radius, 7, was
obtained from this (0'1-:7"}2)- When the overlapping of tracks was negligible, the
relative absorbance is equivalent to the survival fraction of considered bonds, N/N,,
that is the ratio of the number density of the considered bond after the irradiation, N, to
that of original one, N, G-values were calculated using the following formula:

ol

G= (ﬁ(), (2)
where (T/_-/dx) is the average stopping power in each film (Mori et al., 2011,
Kusumoto et al., 2016). As shown in Fig. 4 (a), distinct step-like changes are observed
at the stopping power of 250 eV/nm in G values for the loss of carbonyl. We have
observed the similar changes in G values for the losses of ethylene, as well as C-O-C



which composes ester, at the identical stopping power. On the other hand, the step-like
changes for the loss of aromatic-ring are observed at the higher value of 270 eV/nm, as
indicated in Fig. 4 (b). Return to the experimental results, the removal cross section of
carbonyl in the first film is identical to those in the other films (Fig. 3. (a)), but that of
aromatic-ring in the first is clearly small compared to the others (Fig. 3. (b)).

As discussed in the previous work, the effective track core radius increase
rapidly at the step from 0.16 nm to 0.5 nm (Yamauchi et al., 2012). With decreasing B
ions energies, the discontinuous slight damage turned to be significant rapidly above
270 eVInm, covering one repeat unit of PET in track radial direction. Carbonyl,
Aromatic-ring and CH> were clearly damaged only above the same stopping power. We
have proposed a model to describe sudden increase of radiation damage that the
breakings at the two most neighbor esters could be resulted in the significant losses of
these functional groups (‘YYamauchi et al., 2012). Effects of low energy electrons around
ion track have never examined well (Fromm et al., 2015). In order to evaluate structure
of secondary elections, we have started a simulation using a Monte Caro Code of
Geant4-DNA tool kits (Kusumoto et al., 2017).

4. Detection thresholds for each ion

Fig. 5. shows the evolutions of the pit radii, r, of indicating heavy ions as a
function of the thickness of layer removed, /4. The plotted points are the averages over
more than 50 measurements for etch pits. Each solid line were obtained by the
least square fitting. As shown in this figure, the extrapolated fitting lines do not pass
through the origin. The coordinates of the intersections should represent the beginning
of etch pits in PET, where etch pits start their own evolution. From the slope of the
fitted line, B=dr/dh, the reduced etch rate ratio, §, was evaluated using the

following formula (Somogyi, 1980; Yamauchi et al., 1992),
S=(1+£)/(1-F)-1. ©

Fig. 6. indicates the obtained sensitivity at each threshold, as a function of the stopping
power. The sensitivity decreases with increasing ion’s nuclear charge. Similar
dependence was also observed for polyimide (Kapton), including U ions (Yamauchi et
al. 2013&2015). It is difficult to give some identical physical parameters for the
detection threshold, because the sensitivity is clearly different among these ion species.



5. Conclusion

A series of FT-IR studies has been made for B ion irradiated PET films. The
G value for the loss of aromatic-ring increased above 270 eVV/nm. Those of ester and
ethylene increased above 250 eV/nm. Ester is the most radiosensitive part in PET,
aromatic-ring and ethylene should be lost when adjacent two ester on both sides were
destroyed. The detection thresholds for B, C, N, O, Ar and Kr ions have been
determined by etching tests against the different kind of PET sheets. The threshold in
the stopping power increased with increasing the ion’s nuclear charge. The sensitivity at
the thresholds decreased with increasing the ion’s nuclear charge. New approaches
should be started to explain the feature of the detection thresholds in PET, including the
microscopic structure of secondary electrons around latent tracks.
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Figure captions

Fig. 1. Track registration data for PET plotted on the graph of the electronic stopping

power against the normalized ion speed ( 3 =v/c).

Fig. 2. Definition of the detection threshold for track detectors based on the original
point for the etch pit evolution.

Fig. 3. Reduction of the relative absorbance of C=0 bond (a) and aromatic-ring (b) with
the fluence of B-10 ions.

Fig. 4. G values for the losses of C=0 (a) and aromatic-ring (b) as a function of the
stopping power. Open symbols are cited from the previous study (Yamauchi et al.,

2012).

Fig. 5. Etch pit evolution in radii due to chemical etching in 6 M KOH solution kept at
50°C.

Fig. 6. Sensitivity of heavy ions at each detection threshold in PET.
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Fig. 2. Yamauchi et al., Distinct Step-like Changes in G values
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Fig. 3. Yamauchi et al., Distinct Step-like Changes in G values
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Fig. 4.
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Fig. 6.
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