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Abstract

It has been confirmed that the density of carboregeer in poly(allyl diglycol
carbonate) (PADC), which is a well-known polymeniaclear track detector CR-39,
begins decreasing above a critical dose of abouk@® during exposures to Co-60
gamma rays and Ultra Soft X-rays (USXua KAI) with energy 1.49 keV). After
exposure to Co-60 gamma rays at 77 K and room tee (RT), a significant
difference in Electron Spin Resonance (ESR) spdwsabeen observed at both sides of
a critical dose of 60 kGy, where is a thresholdtfer degradation of carbonate ester in
PADC. Namely, the types of free radicals in PADE different from each other below
and above this critical dose. Changes in FT-IR tspeaf carbonate ester in PADC
above critical doses for gamma ray and USX expasshawe also been observed, while
that of ether decreases linearly with increasingodted dose. These results are well
concordant with previous results obtained with 28\Welectron beams. They also
indicate that at least two hits of electrons aredeel to destroy the carbonate ester in
PADC. The layered structure of ion tracks in PADE) be explained thanks to these
experimental results. Also, some clues for the tifleation of created radicals have
been obtained from the results using both ESR Bnd |

Keywords : PADC, gamma ray, Ultra Soft X-ray, carate ester, ESR, FT-IR
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1. Introduction

Poly(allyl diglycol carbonate) (PADC), commonly kmo under the trade
name CR-39, has been recognized as the most sensiliymeric nuclear track detector
(Cartwright et al., 1978). PADC can record trackgmtons (or neutrons from recoil
protons) and heavy ions as etch pits without bamkg noise from electrons, X-rays
and gamma rays even in complex radiation mixeddiéFukuda et al., 2009; Kanasaki
et al., 2016). The fragmentation of ions, sucfh’&sions, can be followed using PADC
thanks to its high charge resolution (Hirano et 2018). We have engaged in Fourier
Transform Infrared (FT-IR) spectrometric studieslatent track structure of protons
and heavy ions (from He to Xe ions) to elucidateopen question “why does PADC
have such excellent features as a nuclear trackcte?” from a point of view of
molecular arrangements (Yamauchi, 2003; Mori et 2011&2013; Kusumoto et al.,
2015&2016a). Other approaches for clarifying theigtire and mechanism of latent
tracks have been conducted (Kodaira et al., 206 et al., 2019). The importance
of the low-energy secondary electrons has beensifbromm et al., 2015; Kusumoto
et al., 2018; Kai et al.,, 2018). Figure 1 illustsata repeat unit of PADC, whose
molecular formula is (GH1g07), and density is 1.31 g/cinPADC is constituted by the
combination of a radiation-sensitive section antess radiation-sensitive one. The
former contains an ether moiety in the center armldarbonate esters in the symmetric
positions, and the latter is “polyethylene-like” twerk formed during the
polymerization. The structure of PADC is a thremesional network consisting of
polyallyl chains (Stejny, 1987). Four methylene dtethylene) groups belong to the
radio-sensitive part of the structure lying betwegmer and carbonate ester moieties in
each unit. Through FT-IR studies, we have estim#teceffective track core radius for
each functional group, in which the considered gsowere damaged (Mori et al.,
2011). Figure 2 shows the three different regiovisgre typical functional groups with
specific vibration bands in PADC are damaged by MI&//u C ion irradiations,
observed by FT-IR analysis. It appears that thearaektent of specific damages
depends upon the type of chemical group analysia first region, close to the ion’s
path, CH groups, carbonate ester and ether furscéoe affected. In a second, wider
one, only carbonate ester and ether functions féeeted. In the third, outer part, only
ether function appears to be damaged. In these ttegions of the latent track in
PADC, mechanisms of damage formation by incomimg iare expected to be different
from each other. Ether is clearly the most sersitind carbonate ester is the second
one. Similar spatial distribution of defects withire latent track were observed in some
polymers such as poly(vinylidene fluoride) (Balanegal., 1995; Bouédec et al., 1999)
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and polybisphenol A carbonate (Yamauchi et al. 0201

In our recent study on the irradiation effect of @ films with 28 MeV
electron beam, which was performed in ambient the, relative density of ether
decreased monotonically with absorbed doses fiuence) in the range from 0 to 200
kGy (Kusumoto et al., 2016b). In comparison to,tkhe carbonate ester was lost only
above a critical dose of 50 kGy. The existence afiical dose indicates a kind of
threshold for the degradation of carbonate estechSa decreasing behavior was
explained by a “two-electron model”, in which tharlwonate ester should be broken
after the breaking of the ether in the same unmil& trends were observed with
low-energy electrons up to 30 eV and UV photon ofvavelength of 222 nm
(Kusumoto et al., 2018&2019a).

In the present study, we have investigated effetisradiation on PADC due
to exposures to gamma rays and X-rays, paying a@asgtention to a critical dose of
about 50 kGy, above which carbonate ester begingetmease. We examine the
irradiation effects of PADC films with Co-60 gammeays at absorbed doses up to 150
kGy, using FT-IR method, as well as Electron Speséhance (ESR) spectrometry.
Some ESR studies were carried out for PADC aftemmga irradiations
(Khazal&Habubi, 1990; Ranjbar et al., 1997), butlyowith much lower doses.
Darraud-Taupiac et al., also made an ESR studyA8fPwith gamma rays, as well as
ion beams, investigating a dose region ranging feoto 150 kGy (Darraud-Taupiac et
al., 1995). However, it was difficult to avoid thedical recombination during exposures
due to the off-line measurements. Other ESR studére also performed by Bohlke et
al. using proton and He ion beams under vacuum |kBohet al., 2005;
Bohlke&Hermsdorf, 2008). Unfortunately, the radgabenerated could not be
identified in any of these studies. In the preserd, ESR was applied to detect the free
radicals induced in PADC films by gamma rays, av@gdnost chemical reactions (e.g.,
radio-oxidation) by performing the experiments parfied at 77 K using liquid
nitrogen. Gamma ray exposures were also followeEBR measurements at room
temperature (RT). FT-IR studies for Ultra Soft XrrdJSX: photon energy < 2 keV)
were also conducted to understand roles playedwyehergy electrons compared to
that produced by gamma ray.

2. Experiments

Thin PADC films were prepared by chemical etching<iOH solution (6 M,
7001) from BARYOTRAK sheets (Fukuvi Chemical Industry CLtd., Japan) with a
nominal thickness of 10Qm, which were made from monomer of purity highearth
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99% (Yamauchi et al., 1999). Detailed thinning @ex is described elsewhere
(Yamauchi et al., 2008). We used thin PADC filmshwthicknesses of less tharugh

to obtain unsaturated IR spectra (absorbance m@yding carbonate ester, which has
the strongest IR absorption, as indicated in paneis (c) to (f) of Fig. 3. Additionally,
films of a thickness of about 30m were used to efficiently detect free radicalsrfed
during gamma ray exposures.

Gamma ray exposures were carried out in ambienatait7 K (using liquid
nitrogen) and RT using the intense Co-60 sourcebbBiRall”, an equipment of The
Institute of Scientific and Industrial Research,akes University, Japan. The source
activity was 147.1 TBqg on October 1st, 2017. Thanexed absorbed dose ranged from
30 to 150 kGy, with a constant rate of 1.6 Gy/sribyigamma ray exposures, PMMA
sheets of a thickness of 2 mm were installed imtfiaf PADC films to achieve the
electron equilibrium condition. We also performe8XJexposures in ambient air at RT
at the Laboratoire Chrono-Environnment (UMR CNR31®2of the Université de
Bourgogne-Franche-Comté, France. The USX framliKe of Al (1.49 keV) was used
in the present study. The beam profile was guaeante be uniform on at least a
diameter of 3 mm (Ounoughi et al., 2013). The medasorbed dose rate in PADC films
was 1.0 Gy/s. The examined dose range was up t&kG80The derivation process of
the mean absorbed dose rate in a medium is preselswhere (Fullford et al., 1999;
Groetz et al., 2014). In the energy region of U8¥ photoelectric effect is the main
interaction. The molecular chains of PADC mainlyhsist of C atoms. The peak of
binding energy of C K-shell to the atom is 0.28 k@dWus, as an approximation, we
calculated the stopping power of photoelectron21(keV) to be 13.3 eV/nm using the
stopping power and range tables for electron, ESTBd®ger et al., 2005).

To detect free radicals after gamma exposuresraleSpin Resonance, ESR,
spectroscopy was carried out at both 77 K and Rmgu3ES-RE2X (JEOL, Japan)
(Resolution: 21T, Range of magnetic field: 275~375 mT). Sincedhemical reactions
at 77 K after the gamma ray exposures proceed mloher than at RT, we could
detect other radicals, which are likely to be Istble than that at RT, although they
were not necessary the initial ones. For examignegted chemical damages in PADC
after gamma ray exposures, FT-IR measurements alsvecarried out before and after
the exposures with spot of 1 cm in diameter usiAgiIF=6100S (JASCO, Japan)
equipped with a DTGS detector (Resolution: 2*¢ciRange of wavenumber: 500~2000
cm?, Repetitions: 50). In addition, microscopic FT-fReasurements using IRT-5000
(JASCO, Japan), equipped with a MCT detector, \&itfpot area of 50x50m?were
conducted (Resolution: 2 émRange of wavenumber: 500~2000¢rRepetitions: 50).
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The uniform intensity of USX was guaranteed witlbtspf 6 mm in diameter, which is
smaller than that of FT/IR-6100S. Therefore, wepteld the IRT-5000 for investigating
created damages in PADC after exposures to USKidmpresent study, we focused on
the peaks of ether, carbonate ester at 1250 anfl @i for carbonyl (C=0) and
C-0O-C, respectively, and CH groups at 789'aas shown in Fig. 3 (Lounis-Mokrani et
al., 2003). Concerning ether, we can find threekpdeom 1000 to 1200 cth In the
present study, the peak at 1026 crwhich is isolated compared to the others, was
chosen for the analysis.

3. Results and Discussions

The track registration sensitivity of PADC has beensidered to be related to
the oxygen concentration in ambient air rather thanwater and under nitrogen
(Ishigure et al., 1989). In practice, the track isggtion sensitivity of PADC
significantly drops under vacuum (Yamauchi et 4992; Ddrschel et al., 2005).
However, focusing on the latent track structurejcWhs strongly related to the track
registration sensitivity, radiation chemical yiel@ value) for losses of carbonate ester
in PADC irradiated with He and C ions under vacuang well agreement with those in
ambient air (Mori et al.,, 2013). Aside from thisietcreation of OH groups as new
end-chain points after the irradiation under vacusidramatically smaller than that in
ambient air (Kusumoto et al., 2019b). Namely, tlaek registration sensitivity could be
governed by the amount of OH groups after the iatamhs, which are created by
radio-oxidation effects (Fujii et al., 1987; Bohddermsdorf, 2008). Therefore, ESR
spectrometry is carried at 77 K and RT to elucidhge chemical reaction of created
radicals with oxygen. We observe clearly differdB§R signals measured after
exposures to Co-60 gamma rays at 77 K compardtatat RT. Additionally, the ESR
signals depend on absorbed dose (details are destua section 3.1.), so that we
carefully examine the reduction behavior of the atieé density of the
radiation-sensitive moieties in PADC (describedegtion 3.2).

3.1. ESR measurements

Figure 4 shows ESR spectra of PADC exposed to @gaBnma rays with
absorbed doses of 33 (full red line), 67 (dotteacklline) and 100 kGy (chain green
line). Both gamma ray exposures and ESR measuremeant performed at 77 K. In
this case, we can observe signals at 300 and 350Timdse signals are not observed
when exposures and ESR measurements were done g&idrife 5). Indeed, typical
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ESR spectra of hyperfine structure of hydrogencaldiwere observed around 300 and
350 mT by other researchers (e.g., Kiselev et2@03; Nakashima&Yamauchi, 2005;
StiBer&Herrmann, 2013). Note that experimental condgi@f previous studies were
different from the present study (e.g., measurenbemiperature and polymer used).
However, signals assigned to hydrogen radicals wieserved at 77 and 100 K (Sevilla
et al., 1997). Thus, we may guess that the sigaB)0 and 350 mT are assigned to
hydrogen radicals. Generated hydrogen radicald mitit themselves or other radicals
and then hydrogen gas can be released. Hydrogeécalsadre known to have high
reaction rates in aqueous organic materials (tyigid@”* - 10° mol/s) (Neta and Schuler,
1971) and are in consequence characterized by skeoyt lifetimes. In solid state
polymers, lifetimes are thus even shorter. In camspa to this, it is well known that
hydrogen gas is easily released from the polymier slombardment (Rowntree et al.,
1991, Ferry et al., 2016; Kusumoto et al., 2018b)signals at 300 and 350 mT are not
observable at RT.

The clear signals (labeled “a” and “b”) are obgeralready after an exposure
at 33 kGy. At 67 kGy, new signals (labeled “d” di&l) are seen near to 326.5 mT.
Additionally, the signal labeled “b” is shifted #olower magnetic field. This implies
that at higher accumulated dose, one can obseeviotimation of a new radical. Based
on the previously proposed two-electron model, ae postulate that the new signals
can be assigned to the radicals induced by danwagleet carbonate ester. A similar
spectrum is seen for 100 kGy. However, the peaghteit 100 kGy is lower than at 67
kGy. This might indicate the saturation of damagether. Generally, oxygen radicals
exhibit anisotropy signals (Swarts et al., 1988)that way the observed signals might
be assigned to radicals centered on carbon atomADC. Unfortunately, we have no
further evidence for the identification of the ohssl radicals presently.

The ESR spectra measured at RT are more comm@exttiose at 77 K (Figure
5). It is well known that free radicals induced ether and/or carbonate ester groups
immediately re-arrange at RT (Faucitano et al.,219%hiryaeva et al., 2016). The
carbon radicals are easily oxidized into peroxdgicals (Jahan and Durant, 2005; Csige,
1997), which recombine faster than the carbon edsliSuch recombination processes
must be considered to clarify the kinetics of ferttthemical etching. As it will be
observed just after, below a critical dose, we hatygerved the reduction of the density
of ether in PADC, while those of carbonate estat @i groups are almost constant.
This trend indicates that ether is the weakest tnagnePADC network. In our previous
work (Kusumoto et al., 2015), we have demonstrateat ratio of OH groups
formed/ether lost was between 1 and 2. This findmpglied that one damage to ether
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produced formation of one or two OH group. The fation process of OH groups is in
competition with recombination processes in thegioal structure or in the altered
structure. These reactions spread along ion tajec(i.e., secondary electron
trajectories). Consequently, it is now consideredt tOH groups are created at new
chain-end points. To clarify the difference betwe&rhable tracks and un-etchable ones,
the role of OH groups, which is hydrophilic and gms etching velocity along ion
tracks, is crucial.

In the present study, the radical species at B@tHK and RT could not be
identified. However, notable differences in ESRcé@e above and below the critical
dose are observed at both temperatures, so thiR Biudies are carried out to examine
the chemical damage structure at both sides afritieal dose (section 3.2). In addition,
the difference in ESR spectra between 77 K and €&€ms to indicate the influence of
oxygen in ambient air. The radical annihilationgess should be traced by annealing to
clarify the role of oxygen in ambient air in a tuet step.

3.2. FT-IR measurements

After the exposure to Co-60 gamma rays, the clengabsorbance at each
peak are observed (Figure 3). After the exposutl aibsorbed dose of 60 kGy, the
peak height of net absorbance of ether slightlyrelses as shown in Fig. 3 (a).
Conversely, the other peaks of carbonate ester-(C-#&nd C=0) and CH groups as
represented in Fig. 3 (c), (e) and (g) do not desmeln comparison to these spectra at
60 kGy, clear decreases are seen in the all pdtarstize exposure with 300 kGy (Mori
et al., 2009). Similar trends were observed in¢hses of 28 MeV electron and UV
photons (Kusumoto et al., 2016(a)&2019(a)). We salth trends “two-step damage
formation process” as discussed later.

The Beer-Lambert law has been usually appliednalysis of degradation
process on polymer irradiated with ionizing radiat as,
Ag=ecql, 1)
whereA, is absorbance before irradiatiarthe molar extinction coefficient (in fem?,
Co molar density (in M=mol/L) before irradiation aridsample thickness (in cm).
Generally, the changes in absorbance are correspmnithose in the density of
functional groups because the molar extinctionfa@eht and the sample thickness can
be considered as constant before and after exgoskigure 6 (a) and (b) show the
decrease of relative absorbanéds, the ratio of the net absorbance of considered
functional groups after the exposuke,to that of original one4,, of typical functional
groups in PADC exposed to gamma ray and USX, réispéc Here, exposures were
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performed at RT in ambient air. As discussed abdiie, reductions of relative
absorbance are proportional to those of relativesithe N/N, the ratio of the density of
considered functional groups after the exposhrén mol/kg), to that of original one,
No. Concerning obtained results of Co-60 gamma tag,rélative absorbance of ether
drops linearly with absorbed dose. This trend ieglthat the overlapping effect by
electron tracks is negligible (Kusumoto et al., @)1 Conversely, the relative
absorbance of carbonyl, which composes carbonaée, @oes not decrease below a
critical dose of 60 kGy. Seeing the present resioigether with previous one (open
symbols of inset of Fig. 6 (a)) (Mori et al., 2008)monotonic decrease of the relative
absorbance of C=0 is observable above that criioge. The reduction behavior of
C-0O-C, which also composes carbonate ester, isstlidentical to that of carbonyl.
The critical dose for damage to CH groups is clehigiher than that of carbonate ester
under gamma ray exposure. Furthermore, the relabsorbance of ether decreases
slowly above 110 kGy due to the induced modifiaatio PADC. A similar trend is
seen on USX exposures (Figure 6 (b)). In the chEESX, the critical dose of carbonate
ester loss is 50 kGy and the reduction behaviatloér becomes slower above 75 kGy.
The two-step damage formation process impliesttietarbonate ester is often broken
after damage to ether in the same molecule (Kusmurabtal.,, 2018). Ethylene like
molecules are released when carbonate ester isgganfgamauchi et al., 2005). Hence,
we can suggest that detected free radicals at 38 (k€e Fig. 4) could be due to
damages to ether. Those observed at 67 and 100wk@id then be created by the
breaking of carbonate ester.

A similar dependence on the absorbed dose wasrvausavith 28 MeV
electrons irradiation of PADC (Kusumoto et al.,, @81l This phenomenon was
interpreted as the overlapping of electron tragks) a critical dose of 50 kGy, which is
well in agreement with the present gamma ray andX USperiments, within
experimental error. Due to the random motions o¥ kEnergy electrons, we cannot
apply the conventional track overlapping model gsiandom numbers in the present
cases of gamma ray and USX (Yamauchi, 2003). Howvéwus certain that the two-step
damage formation process is related to changeseidamage creation mechanism to
PADC above the critical dose discussed in the se@il.

The decrease of relative absorbance of ether eale$cribed as,

AlAy=1-kD. (2)
whereD is the absorbed dose in units of Gy akjd(8.9+0.3)x10 for Co-60 gamma
rays and (12.8+0.5)x10for USX) an experimental constant in units of Gwhich is



concordant with the slope of the fitted lines igg$si6 (a) and (b). Using we can easily
calculate the G value (in scissions/100 eV) as,

G value = 9.64x16Ngk, )(3
whereNp is 3.65 mol/kg for ether and 7.3 mol/kg for caratmester (Mori et al., 2009).
The molecular weight of PAD@®, is equal to 274 g /mol, namely the reciprocd.&b
mol/kg. As in one PADC unit, there is one etherftsat Ny is for this function is equal
to 3.65 mol/kg. Similarly, as one PADC unit congitwo carbonate ester moieties,
accordingly,No value for this function is twice that of PADC (i.€.3 mol/kg). Figure 7
represents the G values for loss of ether (G (dtsmes)) as a function of the stopping
power. Overall, surprisingly high G values (> 1@ssions/100 eV) have been observed
in the case of PADC. In the past, Yamauchi etvarified derivation processes (e.g.,
analysis procedures, irradiations and so on) @fcéiffe track core radius, which can be
derived from same analysis with the G value, usbigphenol a polycarbonate
(Yamauchi et al., 2010). The results were well eagrent with the others using FT-IR
(Dehaye et al., 2003; Sun et al., 2003a&2003b) @hdr approaches (Petersen&Enge,
1995; Apel et al., 1999). Also, regarding the eifex track core radii derived using
FT-IR method by Mori et al., (Mori et al., 2011hely corresponded to the ones
evaluated by conductimetric method (Oganesyan .et2@D5), AFM and UV-visible
methods (Yamauchi et al.,, 2005b). In other wortls, tigh G values obtained in the
present study express the great radiation-sergitofi PADC already observed. The
solid squares on Fig. 7 indicate the present resldted to Co-60 gamma ray. In the
present case, abscissa coordinates for gamma nags28 MeV electrons are
respectively represented as averdgd in water of gamma rays (0.2 eV/nm) and the
deposited energy per unit distance of 28 MeV ebastrin water (0.03 eV/nm). The
latter was approximated under non-electron equuirbrcondition using well calibrated
cellulose triacetate (CTA) dosimeter and electnorent (Oda et al.,, 1997). The
definitions of the stopping power ah&T are differentLET is local energy deposition
only, so that it does not include Bremsstrahlungeita-rays. In comparison to this, the
stopping power is the total energy deposition bgoming particles. However, we
compare G values to elucidate both of the disadateages along electron tracks and
dense damages along proton and heavy ion trackes.piéviously obtained G value
with gamma rays is smaller than the present onghdrprevious study, the G value for
ether loss was underestimated because data sete a0 kGy, where chemical
structure of PADC was completely modified, weredugklori et al., 2009). On one
hand, the G value obtained with USX is greater tthet of gamma rays. This may
imply that the lower energy of secondary electrgmeduces more efficiently
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irreversible damages in PADC. On the other hanel,Ghvalues related to gamma ray
and USX exposure are greater than those of prokdmsind C ions with energies in the
Bragg peak regime (open circles in Fig. 7). By castt higher G values are observed
for high energy protons and semi-relativistic heauys (C and Fe), as shown in open
diamonds in Fig. 7 (Mori et al., 2012; Kusumotoakt 2016a). The higher G values
indicate that the PADC molecular network is effitlg damaged by dense-secondary
electrons along heavy ion tracks, and is mainly ifremtinot only in the close vicinity of
the ion trajectory, but also at distant locatiok®lj et al., 2012). For example, in the
case of 10 MeV protons, low-energy secondary elasti(e.g. < 40 eV) represent the
major components in the energy spectrum (Fromnh,e2@L5). The inelastic mean free
path of electrons has a minimum value at an enefggbout 40 eV (Seah&Dench,
1979). Then, it increases with energy. Secondaggtrens with higher energies (> 40
eV), which are rare components, mainly could irdemith PADC at distant location
from the ion’s path. Therefore, we should consitierenergy distribution of secondary
electrons at each location to more accurately dsthie damage formation mechanism
in PADC.

Eq. (1) is inapplicable to the carbonate ester@Adyroups in PADC exposed
to gamma ray in the normal manner, because morotdecrease of the relative
absorbance can be observed only above the crdimsé¢ (Fig. 6). Since the relative
absorbance of carbonate ester is constant belowritieal dose, the G values of gamma
ray and USX should be extremely small below thecali dose. Above the critical dose,
the G values with gamma ray and USX were evaluited the slope of fitted lines in
Fig. 6 for carbonate ester. The G values for Idssadbonyl (G (carbonate ester losses)
are summarized in Fig. 8. As with Fig. 7, the pneésesult of gamma ray is plotted as
solid square and previous ones are described as top@gles, as well as 28 MeV
electrons. The G values of gamma ray and USX dalhtirises above the critical doses
(Figure 8). Noteworthy, the trend of C-O-C is ideal to that of carbonyl (Figure 8). In
the case of carbonate ester, it is difficult to pane the G values of Co-60 gamma rays
and USX to those of proton and heavy ions becaweseverlapping of electron tracks is
not negligible above the critical dose. But it igres that radiation-sensitivity of
carbonate ester becomes high when the ether igaifme molecule is broken. In other
words, more than two electrons are mandatory takocarbonate ester in PADC.

The present results obtained using ESR and FTpé&tsometric methods
strongly show that the concept of the number ofted@s (and their energies), which
interact with a molecule, may represent an appatprparameter to the damage
formation process of PADC. We will tackle the cddétion of number of electrons,
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which hit molecules, at critical doses of Co0-60 g@nrays and USX using
MPEXS-DNA, a GPU-based Monte Carlo simulation (Ckast al.,, 2019) and an
improved computer code of Geant4-DNA (Agostinelli a&., 2003; Allison et al.,
2013&2016), and PHITS code (Sato et al., 2018). lmaber of electrons from Co-60
gamma rays and USX will be compared to that expamtally obtained with an energy
of 28 MeV.

4. Conclusions

In the present study, the creation mechanism ehtaracks in PADC, which
was exposed to gamma rays and USX, was investigptedeans of ESR and FT-IR
spectrometry. For gamma rays at RT and 77 K, dffeESR spectra were observed
below and above the critical dose. The presentystiidi not achieve the identification
of free radicals formed during gamma ray exposuxesertheless, the results suggest
that damage formation mechanism is dose-dependénle the relative absorbance (IR
signal) for loss of ether decreased linearly witlsréasing absorbed dose, those of
carbonate ester and CH groups decreased only ainitveal doses of 60 kGy and 50
kGy for gamma rays and USX, respectively, which iaragreement with that found
when using 28 MeV electrons. The dose-dependentaganformation process was
verified from both approaches. Based on our preshoproposed two-electron model,
we summarize that more than two electrons are sapgsto induce damage to
carbonate ester in PADC and number of electronsranting with molecules is a
suitable parameter to describe the damage formptimeess in PADC.
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Figure captions

Fig.1 A repeat unit of PADC.
Fig. 2  Layered structure in PADC after irradiatwith 4.8 MeV/u C ions.

Fig. 3 IR spectra before (dotted red line) artdrgfolid blue line) exposure to Co-60
gamma rays. In the panels (a), (c), (e) and (@, dtolutions of spectra after the
exposure with absorbed dose of 60 kGy is shown.ithdally, the evolutions after the
exposure with 300 kGy are shown in the panels(()),(f) and (h) (Mori et al., 2009).

Fig. 4 ESR spectra measured at 77 K. The fulldetted black and chain green lines
describe the spectra after exposure to Co-60 garaysaat 77 K with absorbed doses of
33 (below the critical dose), 67 (around the caitidose) and 100 kGy (above the
critical dose), respectively.

Fig. 5 ESR spectra measured at RT. The full retichain green lines describe the
spectra after exposure to gamma ray at RT withrakslodoses of 33 (below the critical
dose) and 100 kGy (above the critical dose), raspay.

Fig. 6  The relative absorbance of typical funeéib groups in PADC after the
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exposures to Co-60 gamma rays (a) and USX (b) affR& open symbols in Fig. 2 (a)
indicates the previous results (Mori et al., 200Bhe reduction trend of relative
absorbance after in a wide dose range is reprekantbe inset of Fig. 6(a).

Fig. 7 Summary of G values for losses of ethePADC. The present results of
gamma ray and USX are plotted as solid squares.Gl'kalues of proton, heavy ions
with energies around Bragg Peak are plotted as opeles (Mori et al., 2009) and
those of high energy protons (20, 30 and 70 Me\d) sami-relativistic heavy ions of C
and Fe (> 100 MeV/u) are shown as open diamondsuikoto et al., 2016a; Mori et al.,
2012). The previously obtained G values of gamnyaarad 28 MeV electrons are also
described as open triangles (Mori et al., 2009;Ufusto et al., 2016b).

Fig. 8 Summary of G values for losses of carberedter in PADC. The present
results of Co-60 gamma rays and USX are plottedo#id squares. The G values of
proton, heavy ions with energies around Bragg Realplotted as open circles (Mori et
al., 2009) and those of high energy protons (20ai3® 70 MeV) and semi-relativistic
heavy ions of C and Fe (> 100 MeV/u) are shownmenaliamonds (Kusumoto et al.,
2016a; Mori et al., 2012). The previously obtaiftgdalues of gamma ray and 28 MeV
electrons are also described as open trianglesi(dtoal., 2009; Kusumoto et al.,
2016b).
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Fig. 6 ()
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Fig. 6 (b)
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Fig. 7
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Fig. 8

33

% 102_ LILLLBLILLL LILLULELILLL LILLBLILBLLL LLLLLLULL IIIIIIII_
S C=0 1
%‘ i i
< L 7 -
3 | ¢ o 3 ¢ -
S | 28MeV i W §% e ]
£ electron Gammaray Proton v

g 10'} o} :
o f o
% C He C ]
g | o ©:
S} ]
‘§ i i
3 7\

E 100 IDIIIIII D‘IIIIIII 1 1 11111 L1 111111 1 1 1 1111
L 107 10" 10° 10" 10° 10°
O] Stopping power (eV/nm)



Highlights

A significant different ESR signalsis observed at both sides of a critical dose.

The density of carbonate ester in PADC begins decreasing above a critical dose.
Number of e ectrons and their energies are important for mechanism of latent tracks.
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