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A series of FT-IR spectrometric studies has been performed to understand the latent track 
structure in poly(allyl diglycol carbonate), PADC, which were exposed to proton beams 
with energies of 20, 30 and 70 MeV. These energies are too high to register etchable 
tracks in PADC. Chemical damage parameters, such as damage density, effective track 
core radius and radiation chemical yields, for losses of ether bond, carbonate ester bond 
and CH groups in PADC are evaluated as a function of the stopping power, which were 
compared to the previous results for 5.7 MeV proton and heavy ions, between He and Xe. 
Graphs of the chemical damage parameters are given at the wide stopping powers ranging 
from 1 to 12,000 keV/µm. The decreasing behaviors of the ether and carbonate ester 
bonds are on the almost identical trends with those of the heavy ions. On the contrary to 
this, the reducing behavior of CH groups is similar to that of the gamma rays. Different 
dependence of the chemical damage parameters for the loss of CH groups is found on the 
stopping powers between the both sides of the detection threshold as an etched track 
detector. 
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1. Introduction 
 

 Almost 40 years have been passed since the discovery of Poly(allyl diglycol 
carbonate), PADC, as the most sensitive Etched Track Detector,  (Cartwright et al., 
1978). Because of the excellent track registration property of PADC, it has been 
commonly utilized in various branches of science and technology such as neutron 
dosimetry (Oda et al., 2005), space radiation dosimetry (Doke et al., 1995; Benton et al., 
2002), radon detections (Font, 2009), inertial nuclear fusion experiments (Zylstra et 
al.,2012) and intense laser driven ion acceleration experiments (Fukuda et al., 2009; 
Nishiuchi et al., 2015). While various application fields spread out, there remain some 
unsolved aspects of the latent track structure and its formation processes in PADC, which 
should be so helpful to develop more sensitive track detectors (Yamauchi, 2003). 

In this decade, we have been conducting a series of FT-IR spectrometric studies 
on PADC exposed to gamma rays, protons and heavy ions, in order to understand the 
modified structure along nuclear tracks. Decreasing behaviors of ether and carbonate ester 
bonds in PADC have been examined, evaluating the three chemical damage parameters, 
namely, damage density, which is the number of losses of considered functional groups 
per unit distance of tracks, effective track core radius, in which the considered chemical 
groups are lost, and the radiation chemical yield, G value, for each functional group, as a 
function of the stopping power for protons and heavy ions, as well as gamma rays (Mori 
et al., 2009, 2011, 2012, 2013; Yamauchi et al., 2008a&b). An exceptional feature of 
PADC is that the G values for the losses of these bonds are higher at the lower stopping 
power in each ion. The stopping power cannot be a universal parameter to describe the 
chemical damage parameters, for instance, clearly greater G values were found for semi-
relativistic heavier ions at the same stopping powers (Mori et al., 2012). In our recent 
study, the losing behavior of CH groups, which is sandwiched by the more radio-sensitive 
parts of the ether and carbonate ester bonds, was examined, as well as the formation 
process of OH groups that are the new ending points generated by the irradiation, were 
investigated quantitatively (Kusumoto et al., 2015). The ratio of the amount of OH groups 
to the damage density of ether has been also determined. This kind of studies are 
inevitable for us to develop a new radiation chemical model in PADC, in which the radial 
dose model is mixed with a simple radio-oxidation kinetic to simulate the G values for 
ether and carbonate ester bond scissions (Barillon et al., 2015). As described above, our 
studies have covered a wide range in the stopping power from 10 to 12,000 keV/µm, but 
these are not enough to understand the latent track structure to know what makes it as 
etchable one. We need to obtain the decreasing behaviors of these groups in PADC 



especially for high energy protons what can never produce etchable tracks, as like as 
classical radiation of gamma rays. Such information is useful to invite the radial dose 
theory smoothly to the traditional kinetic model.  

We have investigated not only on PADC but also on Poly(ethylene terephthalate), 
PET and bisphenol A polycarbonate, PC, at the stopping powers between 10 and 12,000 
keV/µm. A clear step was found on the effective track core radius and G value for the 
loss of carbonyl in PET at 300 keV/µm, between He and C ions at the energies below 6 
MeV/n, which corresponds to the detection threshold (Yamauchi et al., 2012). The track 
core size said that the two adjacent C-O bonds between the ethylene groups and ester 
should be broken inside the track in the radial direction when the latent track is etchable. 
On the one hand, the G values for the loss of carbonyl in PC are almost independent on 
the stopping powers (Yamauchi et al., 2010). The G values for the losses of phenyl-ring 
and methyl groups, which arranged between the two carbonate ester bonds, increased 
rapidly around 100 keV/µm. It happened between protons and He ions with the energies 
below 6 MeV/n, which also corresponds to the detection threshold. The breaking of more 
than two neighboring carbonate ester bonds should be key-phenomena producing the 
latent tracks, which were developed by following chemical etching in PC. We must find 
the unique feature of the etchable tracks in PADC from a viewpoint of the chemical 
damage parameters, as like as PET and PC. 

In present study, we extend the examined region of the stopping powers starting 
from 1 keV/µm and determined the chemical damage parameters for loss of ether bonds, 
carbonate ester bonds and CH groups. It makes possible for us to compare the decreasing 
behaviors of these bonds in the both side of the detection threshold. Comparisons are also 
carried out between the results for high energy protons and that for heavy ions previously 
obtained. 

  
2. Experimental 
 

A repeat unit of PADC is given in Fig. 1., which has an ether bond in the center 
and two carbonate ester bonds in symmetrical positions. Each repeat unit combines to 
polyethylene-like polymer chains at both ends. The molecular formula of PADC is 
C12H18O7 and the length of the repeat unit is about 2 nm. In the present study, 
BARYOTRAK with a nominal thickness of 100 µm (Fukuvi Chemical Industry Co., Ltd., 
Japan) were used as starting materials to obtain the sample of PADC films in a size of 2.5 
× 2.5 cm2, which was made from purified monomers. In order to obtain unsaturated IR 
spectra, we have reduced the thickness to below 3 µm by chemical etching in KOH 



solution. The detail of thinning process has been described elsewhere (Yamauchi et al., 
2008b).  

Proton irradiations with energies of 20, 30 and 70 MeV were performed in air 
at the C-8 port of the AVF-930 cyclotron equipped in the National Institute of 
Radiological Sciences, NIRS, Japan (Kanazawa et al., 2010). The flux was determined 
using the ionizing chamber during all exposures. The maximum fluence was 7.1×1013 
ions/cm2. The beam profile was measured by Gafchromic EBT3 films (Ashland Inc.) 
prior to each exposure. Beam profile was plane at least within 4 cm in the center which 
guarantees uniform conditions on the film exposures. In addition to this, the irradiation 
with 83 MeV Ne ions was made in air at the port of the medium energy irradiation room 
of Heavy Ion Medical Accelerator in Chiba, HIMAC, NIRS, Japan. The experimental 
details were given in the previous studies (Mori et al., 2011, 2012). In the followings, the 
datum of the Ne ions was treated as in the same category with the previously reported 
values for heavy ions. 

FT-IR measurements were performed before and after the irradiation using 
FT/IR-6100S (JASCO, Japan), the entire system of which can be evacuated, including 
the interferometer, photon-detector and sample room, during the measurements. This 
made it possible to avoid rigidly the influence of carbon dioxide and water in air.   
 
3. Results and Discussion 
 
4.1. Chemical damage parameters 

FT-IR spectroscopy has an advantage that one can derive quantitative 
information on each chemical bond composing the polymer networks. Therefore it has 
been applied to examine irradiation effects on various kinds of polymers (Balanzat et al., 
1995; Barillon and Yamauchi, 2003; Dehaye et al., 2003). It has an advantage that one 
can derive quantitative information on each chemical bond composes the polymer 
networks. Assignments of absorption peaks in the IR spectra of PADC were given in the 
literatures (Durraud et al., 1993; Gagnadre et al., 1993; Lounis-Mokrani et al., 2003).  

As shown in Fig. 2., the relative absorbance of ether bonds, carbonate ester 
bonds and CH groups decreases linearly with increasing the fluence of 70 MeV protons 
as a function of fluence, F, in a unit of ions/cm2. The relative absorbance, A/A0, is defined 
as the ratio of the net absorbance of the considered bond after the exposure, A, to that of 
the original one, A0. Since the thickness of each film was not altered by the exposure, the 
Beer-Lambert law allows us to assume that the relative absorbance is equal to the survival 
fraction, N/N0, which is the ratio of the number density of the considered chemical bond, 



N, to that of the original, N0. That is, A/A0=N/N0. For all examined energies, simple 
experimental formulas were attained in the form of as the following,  

,10 FAA iσ−=                                                           (1) 

where σi is an experimentally determined constant in a unit of cm2 and F is fluence in 
ions/ cm2. The value of σi corresponds to the slope of each fitting line in Fig. 2., which 
means the removal cross section for each track, under the combinations of kinds of 
functional group, incident ions and the energy. The evaluated removal cross sections are 
summarized with statistical deviations in Table 1, as well as the incident energies and the 
stopping powers. The listed values of the stopping powers are averaged ones in each film 
calculated by SRIM code (Ziegler, 2004). 

Starting with σi, we derived the following three chemical damage parameters, 
damage density, effective track core radius and the radiation chemical yield (G value). 
The damage density, Li, is the amount of loss of considered functional groups per unit 
distance of the track and it was obtained as a product of σi and N0. 

.0NL ii ⋅= σ                                                        (2) 

The effective track core radius, ri, is a radial distance from the ion trajectory in which all 
considered bonds should be lost when the corresponding scissions were occurred in the 
order of the distance from the track center. It was calculated using the following relation: 

.πσ iir =                                                      (3) 

In the present experimental condition, the size of beam spot is adequately larger than the 
radial range of secondary electrons. Then the energy deposition progressed uniformly in 
spatial. These radiations chemical yield was attained as the ratio of the damage density to 
the stopping power, as in the following relation: 

( ),0

dxdE
Nvalue G i

−
=

σ
                                                    (4) 

where ( )dxdE−  is the average stopping power in each PADC film. 
 When the G value was constant for the stopping power, the damage density is 
proportional to the stopping power. Because the effective track core radius is proportional 
to the square root of the damage density, the core radius will be proportional to the square 
root of the stopping power provided that the G value is independent to the stopping power. 
This relation among three chemical damage parameters are useful in the following 
discussion. 
 



4.2. Scissions of ether bonds 
 Fig. 3. shows the damage density for loss of ether bonds as a function of the 
stopping power. The present results for protons with energies of 20, 30 and 70 MeV are 
plotted as solid square symbols, as well as the previously reported values as open symbols 
for 5.7 MeV proton and heavy ions whose incident energies were less than 6 MeV/n (Mori 
et al., 2011). As shown in this figure, the damage density has different dependence on the 
stopping power between the two regions divided at around 800 keV/µm. The first region 
with the relatively lower stopping powers contains the values for the protons, He and C 
ions. It is noteworthy that the present results from high energy protons are on the almost 
identical trend with He and C ions, as well as 5.7 MeV proton. The second region with 
the higher stopping powers consists of values for Ne, Ar, Fe, Kr and Xe ions. Using the 
least square fitting, the following two empirical formulas in the type of power functions 
against the stopping power were derived, which are also illustrated in Fig. 3. The damage 
density was expressed as, 

( ) 67.0390 dxdELether −= ,                                         (5) 

for the first region and as, 

( ) 22.12.11 dxdELether −= ,                                         (6) 

for the second region with the stopping power, where Lether is in a unit of scissions/µm 
and the stopping power is in keV/µm. 
 The effective track core radius for loss of ether bonds as a function of the 
stopping power is shown in Fig. 4. The present results are plotted as solid square symbols 
and the previously reported values are given in open symbols (Mori et al., 2011). The 
present results for high energy protons located well on the extrapolated line from the 
previous results. The segments of fitted lines were attained for each region as, 

( ) 35.019.0 dxdErether −= ,                                         (7) 

for the first region and as, 

( ) 59.004.0 dxdErether −= ,                                         (8) 

for the second region, where rether is in a unit of nm and the stopping power is in keV/µm. 
These formulas were improved from that of the previous study (Mori et al., 2011). In the 
first, we gave the different formulas for each region. Secondary, the datum for 20 MeV 
He ions was added in the first region (Mori et al., 2012), as well as that for the 83 MeV 
Ne ions in the second region. 



 The core radius is about 2 nm at the boundary of 800 keV/µm, which is 
equivalent to the length of the repeat unit. In the previous paper, we pointed out that most 
of the damage in tracks of proton and He ion will be formed within a single repeat unit in 
the radial direction, while the damage of heavy ion tracks such as Kr or Xe ions will cover 
more than two neighboring repeat units (Mori et al., 2011). The observed bending on the 
trends of the damage density and the effective core radius could be related to the radial 
size of the tracks. The damage along proton tracks with high energies should be formed 
within the single repeat units in the radial direction. We discuss this point in the following 
section in detail. 
 
4.3. Scissions of carbonate ester bonds 
 Figs. 5. and 6. show the damage density and effective track core radius, 
respectively, for loss of carbonate ester bonds, respectively, as a function of the stopping 
power. The present results for high energy protons are plotted as solid square symbols, as 
well as the previously reported values for 5.7 MeV proton and indicating heavy ions (Mori 
et al., 2011, 2012). As like as those for the ether bonds, it is obvious that there exist the 
two regions with different dependence on the stopping power for the both parameters, at 
which divided at around 800 keV/µm, for the both chemical damage parameters. The 
present results from high energy protons are on the almost identical trend with He and C 
ions, as well as 5.7 MeV proton, in the both graphs. Using the least square fitting, the 
following empirical formulas in the type of power functions against the stopping power 
were derived, which are also indicated in Figs. 5. and 6. The damage density was 
expressed as, 

( ) 68.0320 dxdEL OC −== ,                                         (9) 

for the first region with the lower stopping power, and as, 

( ) 25.149.8 dxdEL OC −== ,                                        (10) 

for the second region, where LC=O is in a unit of scissions/µm and the stopping power is 
in keV/µm. The fitted lines for the effective track core radius were also attained for each 
region as, 

( ) 35.014.0 dxdEr OC −==                                         (11) 

for the first region and as,  

( ) 60.003.0 dxdEr OC −== ,                                       (12) 



for the second region, where rC=O is in a unit of nm and the stopping power is in keV/µm. 
These formulas were also improved from those in the previous study (Mori et al., 2011). 
 The bending on the trends of damage density and track core radius was 
observed at the same stopping power of 800 keV/µm to those for the ether bonds, 
implying association between the scissions of ether and carbonate ester bonds. The 
damage of the carbonate ester bonds along high energy proton tracks should be also 
formed within the single repeat units. 
 
4.4. Scissions of CH groups 

The damage density for loss of CH groups is shown in Fig. 7., as a function of 
the stopping power. The three square symbols indicate the present results and the previous 
results are indicated with open symbols (Kusumoto et al., 2015). It is obvious that the 
dependence of the present results is fairly different from that of the heavy ions, indicating 
the clear gap between the protons and heavy ions. The data of 5.7 MeV protons locates 
between the two line segments, closer to those of high energy protons. The experimental 
formulas for protons was obtained by the least square fitting, excluding the 5.7 MeV 
proton, as, 

( ) 08.11780 dxdELCH −= ,                                        (13) 

where damage density, LCH, is in scissions/µm and the stopping power is in keV/µm. The 
exponent is so close to one. This means that the radiation chemical yield will be almost 
independent of the stopping power, as discussed in the followings. For heavy ions, it is 
not normal to divide the plots in two different regions, unlike the ether and carbonate ester 
bonds. The following formula was derived for heavy ions between He and Xe ions, like 
as, 

( ) 12.1210 dxdELCH −= ,                                         (14) 

where damage density, LCH, is in scissions/µm and stopping power is in keV/µm. 
Fig. 8. shows the effective track core radius for loss of CH groups as a function 

of the stopping power, indicating the gap between the present results for protons and those 
for other heavy ions, again. The experimental formulas were attained as, 

( ) 47.011.0 dxdErCH −= ,                                            (15) 

for the high energy protons and as,  

( ) 59.003.0 dxdErCH −= .                                         (16) 



for the heavy ions, where the effective track core radius, rCH, is in nm and the stopping 
power is in keV/µm. 
 The detection threshold of PADC as an etched track detector for protons is 2.7 
MeV in the energy and 17 keV/µm in the stopping power (Hassan et al., 2013; Kodaira 
et al., 2013). As indicated as the arrows in Figs. 7. and 8., the detection threshold locates 
within the gap. The observed gap should relate to the different structure of tracks in the 
both sides of the detection threshold. The effective track core radius is 0.3 nm at the gap, 
in which the damage along proton tracks should be within single repeat units. 
  
4.5. Radiation chemical yields 
 Figs. 9. and 10. show radiation chemical yields for losses of ether bond and 
carbonate ester bond, respectively, in PADC as a function of the stopping power. The 
solid square symbols indicate present results for high energy protons and the open 
symbols show those for previous ones (Mori et al., 2009, 2011). As shown in these figures, 
the present data lie on the extrapolated lines from 2.7 MeV proton and He ions, indicating 
greater values at the lower stopping power. Similar dependence on the stopping power 
for other heavy ions with higher energies was reported in the previous study (Mori et al., 
2012). The values for 70 MeV protons are higher than those of gamma ray in the both 
bonds, which is plotted at 0.2 keV/µm as lateral axis adopting the average linear energy 
transfer, LET, of gamma rays from the Co-60 source. This implies that molecule bond 
breaking along proton tracks within the single repeat unit suppress the recombination. 
Each bond breaking due to gamma ray distributes spatially isolated without forming any 
track structure. This view is also supported by the results that the G values in vacuum are 
about half for gamma ray and independent for protons (Mori et al., 2013). 
 Fig. 11. shows the G values for loss of CH groups in PADC for each radiations 
as a function of the stopping power. The values for 20, 30 and 70 MeV protons are 
independent to stopping power, different from those of ether and carbonate ester bonds. 
One can find a clear step between the data of protons and those of heavy ions. As 
discussion in the previous sections, this step corresponds to the detection threshold for 
proton (Hassan et al., 2013), that is 17 keV/µm. Among the three chemical damage 
parameters adopted in the present study, the G value is most suited to point out the clear 
relation between the track damage structure and the threshold for etchable track formation 
in PADC. 
 
4.6. Radial dose distribution around the threshold 
 The radial dose distribution theory has been developed, in which the primary 



ionization was taken into account as well as the effects of secondary electrons, and 
applicable to the polymers as a uniform stopping media (Waligórski et al., 1986). Fig. 12. 
shows dose distribution around the proton trajectories in PADC with energies of 2.7, 5.7, 
20, 30 and 70 MeV. In these calculations, the averaged ionization potential appeared in 
this theory was treated as a controlling parameter to keep the total deposition energy per 
unit distance along track to reproduce concordant results with the stopping power given 
by the SRIM code. The parameter found to be varied between 65 and 120 eV depending 
on the proton energies. The energy deposition will be done within 800 nm in the case of 
2.7 MeV protons, while the maximum distance 300 µm for 70 MeV protons. 
 The plotted points on each curve are effective track core radius for the loss of 
ether bond, which is the most radio-sensitive part. Since the largest core radius is 0.5 nm 
for 2.7 MeV protons, the almost all damage in these proton tracks should be remained 
within the single repeat unit in the radial direction. We must keep in mind the concept of 
absorbed dose cannot be easily applied to such small volume, because the media of PADC 
is never uniform in such scale. The fractions of deposited energy beyond the effective 
track core radius are 93.0, 94.6, 95.0, 96.5 and 96.0 % for 2.7, 5.7, 20, 30 and 70 MeV 
protons, respectively. Most of energy deposition occurred out of the effective track core 
radius. Judging from the high G value for gamma ray, polymeric chains of PADC should 
be effectively destroyed by secondary electrons not only in track core but also in track 
hallo or penumbra region. It is hard to make more discussions simply based on the local 
dose theory and the core radius. 

The experimentally confirmed dependence of the G values for the ether and 
carbonate ester bond on the stopping power indicates that the recombination of broken 
molecular bonds is effectively suppressed, compared to that for gamma ray (see Figs. 9. 
and 10.). On the other hand, the G values for loss of CH groups is almost independent to 
the stopping power and slightly but significantly higher than that of gamma ray (Fig. 11.). 
The damage along proton tracks with higher energy is similar to that caused by gamma 
irradiation but never identical. Further studies should be progressed to find chemical 
damage structure in both sides of the threshold for He and other relatively light ions. 
 
4.7. Dependence of the effective track core radius on the stopping power 
 The dependence of the effective core radii on the stopping power for losses of 
ether bonds, carbonate ester bonds and CH groups are shown in Fig. 13., using the 
obtained experimental formulas expressed as in Eqs. (7), (8), (11), (12), (15) and (16). 
The core radius of the loss of ether is always largest among the three in the examined 
region from 1 to 12,000 keV/µm. This means that the ether is the most radio-sensitive 



part. There are clear bends on the both fitted line segments for the ether and carbonate 
ester bonds at about 800 keV/µm. The corresponding core radius is about 2 nm for the 
loss of ether bonds, which is equivalent to the length of the repeat unit of PADC. The 
region below 800 keV/µm is called as the first region in which the damage area is limited 
in one or two repeat units in the radial direction. The region above 800 keV/µm is called 
as the second region in which two or more than two repeat units are affected in the radial 
direction. The core radius of CH groups is almost straight between He and Xe ions and 
has no bend at the boundary of 800 keV/µm. The values are almost equal to that of the 
carbonate ester bond in the second region but not in the first region. As an exclusive 
feature, the core radius of CH groups has the gap between the high energy protons and 
the heavy ions of He and the heavier ions. The gap exists between the two fitted line 
segments, in which the detection threshold for protons of 17 keV/µm is involved. The 
core radius is 0.3 nm for the loss of CH groups and the corresponding core radii are 0.78 
and 0.42 nm, respectively, for losses of the ether and carbonate ester bonds, respectively. 
This implies that the breaking of molecule bonds are fairly limited within the single repeat 
units below the detection threshold. 
 

5. Closing remarks 
  
 FT-IR spectral studies have been made for PADC film exposed to 20, 30 and 
70 MeV protons, of which energy is significantly higher than the detection threshold. The 
obtained results were compared to those previously attained for 5.7 MeV proton and 
heavy ions between He and Xe. It became possible to discuss the chemical damage 
parameters, namely, damage density, effective track core radius and radiation chemical 
yield, for loss of ether bonds, carbonate ester bonds and CH groups in the wide range of 
the stopping power between 1 and 12,000 keV/µm. The chemical damage parameters of 
the ether and carbonate ester bonds are on the almost identical trends with those of the 
heavy ions. The size of effective track core of the protons for the loss of CH groups is on 
the quiet different trend to that of heavy ions and the G values are similar to that of the 
gamma ray. The graphs of the chemical damage parameters against the stopping power 
were found to be useful to express the feature of latent tracks. 
 We are now conducting the further study to examine the track structure around 
the detection thresholds of protons and He ions in PADC. In addition to this, studies on 
latent tracks of heavy ions with semi-relativistic energy must be systematically conducted. 
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Table 1 Removal cross sections of ether, carbonate ester and CH groups for high energy 

protons and Ne ions 
 

 Proton Ne 

Energy (MeV) 20 30 70 83 

 Stopping power 

(keV/µm) 
3.6 2.5 1.2 1100 

σEther (cm2) (3.22±1.02)×10-15 (2.10±0.15)×10-15 (1.89±0.10)×10-15 (2.14±0.20)×10-13 

σC=O (cm2) (1.58±0.36)×10-15 (0.92±0.25)×10-15 (0.62±0.10)×10-15 (1.16±0.15)×10-13 

σCH (cm2) (1.52±0.87)×10-15 (0.81±0.30)×10-15 (0.44±0.08)×10-15 (1.13±0.09)×10-13 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 



 
Figure Captions 

 
Fig. 1. A repeat unit of PADC. 
 
Fig. 2. Reduction of the relative absorbance of ether bond, carbonate ester bond and CH 
groups in PADC exposed to 70 MeV protons. The slope of each fitted line corresponds 
to the removal cross section. 
 
Fig. 3. Damage density for the loss of ether bond against the stopping power, solid square 
symbols are present work, open symbols are previous ones (Mori et al., 2011, 2012). The 
first region and the second one are separated at the stopping power of 800 keV/µm. 
 
Fig. 4. Effective track core radius for loss of ether bond as a function of the stopping 
power, solid square symbols are present work, open symbols are previous ones (Mori et 
al., 2011, 2012). The effective track core radius is about 2 nm at the boundary of the two 
regions. 
 
Fig. 5. Damage density for the loss of carbonate ester bond against the stopping power, 
solid square symbols are present work, open symbols are previous ones (Mori et al., 2011, 
2012). The first region and the second one are separated at the stopping power of 800 
keV/µm. 
 
Fig. 6. Effective track core radius for loss of carbonate ester bond as a function of the 
stopping power, solid square symbols are present work, open symbols are previous ones 
(Mori et al., 2011, 2012). The effective track core radius is about 1.2 nm at the boundary 
of the two regions. 
 
Fig. 7. Damage density for the loss of CH groups against the stopping power. The 
indicating arrow is the detection threshold of protons. 
 
Fig. 8. Effective track core radius for loss of CH groups as a function of the stopping 
power, solid square symbols are present work, open symbols are previous ones 
(Kusumoto et al., 2015). The indicating arrow is the detection threshold of protons. 
 
Fig. 9. G value for loss of ether bond as a function of the stopping power, solid square 



symbols are present work, open symbols are previous ones (Mori et al., 2011, 2012). The 
broken line is for eye guide. 
 
Fig. 10. G value for loss of carbonate ester bond as a function of the stopping power, solid 
square symbols are present work, open symbols are previous ones (Mori et al., 2011, 
2012). The broken line is for eye guide. 
 
Fig. 11. G value for loss of CH groups as a function of the stopping power. The broken 
line is for eye guide. 
 
Fig. 12. Radial dose distributions around the ion path of 2.7, 5.7, 20, 30 and 70 MeV 
protons in PADC. The ionizing potential is treated as a controlling parameter to reproduce 
the identical stopping power to that from the SRIM code.  
 
Fig. 13. Effective track core radius for losses of ether bond, carbonate ester bond and CH 
groups. The modified structure along the tracks in PADC are divided in the three phases 
for the protons and the heavy ions with energies less than 6 MeV/n. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 
Fig. 1.                                             Kusumoto et al., 2015 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
Fig. 2.                                             Kusumoto et al., 2015 
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Fig. 3.                                            Kusumoto et al., 2015 
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Fig. 4.                                               Kusumoto et al., 2015 
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Fig. 5.                                               Kusumoto et al., 2015 
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Fig. 6.                                               Kusumoto et al., 2015 
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Fig. 7.                                               Kusumoto et al., 2015 
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Fig. 8.                                               Kusumoto et al., 2015 
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Fig. 9.                                              Kusumoto et al., 2015 
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Fig. 10.                                              Kusumoto et al., 2015 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

100

101

102

10-1 100 101 102 103 104

C=O

G
 v

al
ue

 (s
ci

ss
io

ns
/1

00
 e

V
)

γ

Ne
Ar

He

Kr

Proton

C Fe

Xe

2×104

Stopping power (keV/µm)



 
Fig. 11.                                              Kusumoto et al., 2015 
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Fig. 12.                                              Kusumoto et al., 2015 
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Fig. 13.                                              Kusumoto et al., 2015 
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