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Radiation damage

Polyvinyl chloride (PVC) is a material that decomposes rapidly when irradiated by charged particles. Here we
use energy spectra of electrons reflected from the PVC films during electron radiation to monitor this process.
This is accomplished by measuring the energy distribution of elastically scattered electrons which depends on
the mass of the scattering atoms. Incoming electrons with energy between 5 and 40 keV are used. Information is
obtained about both the relative amount of Cl, C and H present in the sample. Especially the Cl concentration
decreases quickly during irradiation. At larger energy losses the signature of the band gap is visible in the energy
loss spectrum. The number of excitations within the band gap increases rapidly when the composition of the film
changes. The H intensity is somewhat less affected by the electron beam than the Cl intensity but accurate
determination of the H content is complicated due to the changing background. Medium-energy ion scattering
measurements (using 200 keV protons) and Rutherford backscattering measurements (using 2 MeV He ions)
showed a strong decrease in the measured Cl intensity with ion fluence used. The Cl concentration as a function
of fluence for electrons, protons and He ions can be described in a uniform way by considering the density of

electronic excitations produced under the different irradiation conditions.

1. Introduction

Radiation damage in materials is an extensive field of research. Fast
charged particles penetrating matter will interact with both the target
nuclei and electrons. The energy transferred to the system may result in
breaking of chemical bonds and volatile species may escape. Often
these effects are detrimental, e.g. for studying organic samples in an
electron microscope and sometimes they are utilised on purpose, e.g. in
lithography (Tseng et al., 2003; Watt et al., 2007) and charged-particle
based cancer treatment (Nikjoo et al., 2012).

Changes in sample composition with fluence have been studied
using a wide array of experimental techniques. Using electron beams it
can be observed as changes in the energy loss spectrum (Egerton et al.,
1987; Reimer, 1984; Egerton, 2017, 2019) or changes in energy-dis-
persive x-ray analysis (EDX) (Vesely, 1984). The same is true for ion
beam measurements where, for example, one has to be careful to obtain
the correct composition of a polymer such as polyvinyl chloride (PVC)
by Rutherford backscattering (Rickards et al., 1995), or proton induced
x-ray emission (PIXE) measurements (Rickards and Zironi, 1991). Some
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samples change even under x-ray irradiation as can be observed by XPS
(Takaoka et al., 2002).

Here we explore the possibilities of electron Rutherford back-
scattering (ERBS), in combination with reflection energy loss spectro-
scopy (REELS) to obtain a picture of both the elemental composition
and electronic structure as a function of irradiation fluence, using PVC
as an example. PVC is a widely used polymer and its interaction with
radiation has been extensively studied (Wypich, 2020; Rangel et al.,
2011). ERBS relies on the energy transfer in large-angle elastic scat-
tering of keV electrons from nuclei (recoil effect) and can be used to
observe H as well as C and Cl (Went and Vos, 2008). The same spectra
also contain a signature of the electronic structure, e.g. it shows the
band gap, i.e. the minimum energy loss observed in the spectra de-
velops as a function of fluence (Vos et al., 2016).

One of the earliest application of ERBS was the determination of the
H content in polyethylene and formvar (Chatzidimitriou-Dreismann
et al., 2003; Vos et al., 2005). The H concentration was found to be less
than the known stoichiometry but surprisingly agreed with the strength
of the H signal as observed in deep inelastic neutron scattering,
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resulting in speculation that these deviations were a consequence of
new quantum effects (attosecond quantum entanglement of protons) in
the scattering process (Chatzidimitriou-Dreismann et al., 2003; Vos
et al., 2005). No such deviations were found for gas-phase ERBS studies
of CH,, where the target is continuously replenished (Vos et al., 2008).
Here the results of PVC will be used to revisit these earlier polymer
ERBS results and investigate if it is possible to describe the deviations of
the observed intensities from the expected one in terms of radiation
damage.

2. Experimental procedure

A 130 nm-thick PVC layer was deposited on a Si wafer by spin
coating from a solution of PVC (M, = 80,000 u, supplied by Sigma
Aldrich) in cyclohexanone for the electron beam experiment, while a
20 nm-thick PVC layer was deposited on silicon dioxide SiO5 (100 nm
thick film thermally grown on Si substrates) for the ion beam experi-
ments.

The samples were measured using electron Rutherford back-
scattering in two different scattering geometries. Using a backscattering
geometry (6so = 135°) it was possible to separate the Cl and C signal of
the elastic peak (i.e. that part of the spectrum that corresponds to
scattered electrons that did not generate electronic excitations) for
energies (E,) between 20 and 40 keV due to the mass dependence of the
recoil energies.

The H contribution can not be resolved under these conditions, as it
contributes as a very weak, broad signal at very large energy loss values
(= 38 eV (E, = 20 keV) to = 78 eV (E, = 40 keV)) where it is super-
imposed to a much stronger signal due to elastic scattering from Cl or C
plus additional electronic excitations. The H atoms can be detected by
using a lower energy (5-15 keV) and a smaller scattering angle
(Bscat = 45°) as then the H contribution to the elastic peak (recoil loss
from 1.6 to 4.8 eV) coincides to the band gap region for electrons
scattered from C and Cl. Under these conditions it is not possible to
separate the C and Cl contribution to the elastic peak (splitting for these
elements is only 0.27 eV at 15 keV at this scattering angle).

In some cases a sub-monolayer of Au was evaporated on the PVC
samples. At high energies and 135° scattering angle the Au contribution
can be separated from the other elements present. This aided in de-
termining the zero point of the energy scale accurately. With this
knowledge it was possible to decompose the elastic peak in a con-
tribution of Cl and Si from the substrate, as the contribution of the
substrate became substantial after the majority of the Cl had been de-
pleted from the sample.

After irradiation the beam spot area could be clearly identified
under an optical microscope and it was found to have an area of
0.025 mm? Beam currents were between 5 and 10 nA for the
20-40 keV (b5t = 135°) measurement and between 10 and 100 pA for
the 5-15 keV measurement at By, = 45°.

The inelastic mean free path (IMFP) at 40 keV in PVC is expected to
be close to 68 nm as derived from the (relativistic) TPP formula
(Shinotsuka et al., 2016). For the incident beam along the surface
normal the minimum length inside the PVC film for an electron scat-
tering from the interface is then (1 + 1/cos45) X 130 = 314 nm i.e. 4.5
times the mean free path, which means that the signal from below the
interface is attenuated by e~*° i.e a factor of 90.

As we will see, after irradiation the film composition changes. If
chlorine and/or hydrogen escapes the mass of the film will decrease.
The final state after prolonged irradiation is most likely a carbon
(graphite) film. Based on the initial number of carbon atoms present
and the density of graphite this film would only be 28 nm thick. The
IMFP of graphite at 40 keV is 37 nm (Shinotsuka et al., 2016). The
effective path length for electrons scattered from the interface is then
only 1.8 times the IMFP and the attenuation of the substrate signal is
only a factor 6.

While we do not expect to fully carbonize our samples in these
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experiments, we can expect the substrate to contribute more to the
elastic peak after prolonged radiation. For measurements at lower en-
ergies (e.g. 20 keV) and more glancing (more surface-sensitive) geo-
metries the contribution of the Si substrate always remains low. The Si
peak partly overlaps the CI peak, but, as we will see, both contributions
can be determined by curve fitting.

Ion scattering experiments were carried out using the Rutherford
Backscattering Spectrometry (RBS) and Medium-Energy Ion Scattering
(MEIS) techniques at the Ion Implantation Laboratory of the Federal
University of Rio Grande do Sul (UFRGS). For the RBS a 2 MeV He?*
was used incident normal to the sample surface. The backscattering ions
were detected by a solid-state detector (energy resolution of 15 keV) at
165°. The sample was kept inside the analysis chamber with a pressure
of ~ 107 mbar.

For the MEIS experiment a 500 kV electrostatic accelerator provided
a H* beam with nominal energy of 200 keV incident along the surface
normal. The detection system consisted of a Toroidal Electrostatic
Analyzer (TEA) that collected the backscattered H* ions. At the exit
plane of the TEA a set of two micro-channel plates coupled to a posi-
tion-sensitive detector allowed the determination of the scattering en-
ergy and angle for each impinging ion (Smeenk et al., 1982; Tromp
et al., 1984). This detection system was centered at 120° (angular
aperture of 24°) with respect to the incident beam. The overall energy
resolution of the system was 800 eV for 200 keV H". The samples were
mounted on a three-axis goniometer, kept inside the analysis chamber
under a pressure of about 10~® mbar. For both the MEIS and RBS ex-
periment the typical beam current was ~ 1 nA.

3. Electron beam results

Measurement of the elastic peak with a composition that approaches
the nominal stoichiometry was only accomplished by adding spectra
obtained from many different spots together. For the spectrum shown in
Fig. 1 the sample was moved every 3 s to a new spot. Using 40 keV,
10 nA current this corresponds to a maximum exposure of 30 nC/spot
(or 0.12 mC/cm?). The peak at slightly more than 2 eV energy loss is
due to electrons scattered from Cl, near 6.5 eV due to C. The elastic
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Fig. 1. The ERBS spectrum at 40 keV as obtained by taking the sum of spectra
from multiple spots with for each spot a total fluence of 0.12 mC/cm? The
intensity ratio of the carbon and Cl peak is within 5% of the expectation based
on a composition of (-CoH3Cl-),,.
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Fig. 2. The ERBS spectrum (dots) of a PVC film on which a 0.013 nm Au layer
was evaporated. The spectra were taken at 40 keV and obtained after a fluence
of 1.2 mC/cm? (top), 5.5 mC/cm? (central panel) and 135 mC/cm? (lower
panel). The full line is based on a fit assuming the presence of Au, Cl, Si and C
atoms. The Cl peak (long, blue dashed line) almost completely disappears after
high fluence irradiation and the Si of the substrate becomes visible (purple,

short dashed line). (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

scattering cross section was obtained from a partial wave analysis
(Salvat, 2003), and the Differential Cross Section (DCS) of Cl is ~ 8times
larger than the DCS of C (DCS values under these conditions are close to
the Rutherford values i.e. are proportional to Z2). Then for the stoi-
chiometry (C;H3Cl,) a value of y = 0.98 + 0.05 is obtained.

After longer exposure to the electron beam there are several changes
to the spectrum. The peak near 2 eV energy loss (the ‘Cl elastic peak’)
decreases strongly in intensity and there is a small shift of this peak to
larger loss values. This small shift is especially evident for the sample on
which a small amount of Au was evaporated (see Fig. 2) which helps to
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Fig. 3. The ERBS spectrum (dots) taken at 20 keV (left panel) and at 40 keV
(right panel) after irradiation with 200 mG/cm? measured in a bulk-sensitive
(perpendicular) and a surface sensitive (rotated 30°) geometry. At 40 keV in the
bulk sensitive geometry the Si substrate is the main contributor to the high-
energy elastic peak. The fact that at 20 keV the high-energy elastic peak hardly
depends on the geometry means that it is due to the remaining Cl atoms.

determine the exact zero point of the energy scale. The interpretation of
this is that with increasing amount of Cl depletion the attenuation of the
Si elastic peak becomes less and Si starts contributing more to the peak
near 2 eV energy loss. As the mean energy loss of electrons scattered
from Si under these conditions is 0.6 eV larger than that of electrons
scattered from Cl the increased visibility of Si causes the apparent shift
of the combined elastic peak to larger loss values. Using peak fitting we
can determine the Si and Cl peak area and from this the CI to C peak
area ratio and hence the CI depletion. For a large fluence the Si con-
tribution dominates the peak, but a small Cl contribution remains re-
quired for a good fit.

This interpretation is supported by rotating the sample to a more
surface sensitive geometry (Fig. 3). Then the Si contribution to the peak
at 2 eV energy loss is always severely attenuated, and only the Cl
contribution remains. For the 20 keV measurement the mean free path
is almost half that at 40 keV, and then the rotation causes only a very
small difference, as at that beam energy the film remains thick enough
to attenuate the Si signal strongly in both geometries.

The Cl peak intensity, as obtained after fitting the 2 eV loss feature
with a Si and a Cl component, was monitored as a function of fluence x
and the obtained curve is shown in Fig. 2. The measurement was done
in 3 different geometries, probing an effective depth that changes by
more than a factor of 2, but a very similar decay of the CI signal was
obtained in all three cases.

As is clear from Fig. 4 the CI concentration did not follow a simple
exponential decay. Indeed, several models for Cl depletion after
charged particle irradiation are discussed in the literature, see e.g.
(Vesely, 1984). In appendix A we show how several simple models lead
to different functional forms for the Cl concentration. One such model
suggests fitting with 2 fractions, each with a different exponential decay
can describe the experimental observations:

Nai(x) =1 — A)ehx 4 Aehx,
Neci(0) €y
Our experimental findings can indeed also be described quite well
(except at very high exposure) using two fractions with a different ex-
ponential decay, see the fit in Fig. 4.
A variation of this model is when one considers as trap sites those C
atoms that have lost a Cl atom. This leads to an expression:

Na(x) _
Nci(0)

e (1 = flax) + Mo (1 = 7). @

Note that this model has only two adjustable parameters as the
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Fig. 4. The number of Cl atoms present for every 2 C atoms (N) as a function
of radiation fluence for 40 keV electrons in 3 different measurement geome-
tries, as sketched, using a film with some gold evaporated on the surface. The
dose-dependence is fitted with 5 models described in the main text (See Table 1,
for values used). The dose in Gray is calculated using the density and stopping
power of pristine PVC. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

ky(detrapping) is obviously equal to k;. This model does not describe the
experimental observation very well.

In a model suggested by Veseley (Vesely, 1984) the decay rate is not
constant but is assumed to reduce with fluence. If k is the initial decay
rate and k, describes the fluence dependence of the decay rate then one
gets a Cl content proportional to:

Ncl (x) _ e*kl (e*kz;z”)x
Nei(0) ' ®

This approach gives a good description up to the highest fluence
used here but only if n is varied from the value of 1.

A related formula, also based on the decrease in decay rate with
fluence, is derived in appendix A. It reads:

NCI (x) - e_ka(x)x
Nci(0) ’ (G0

with f(x) = (1 — exp(—kx))/(kpx). As can be seen in Fig. 4 this
approach describes the observed data quite well.

Finally, in the context of carbon loss in a electron microscope the
following formula was suggested (Dubochet, 1975):

Nei () = e~hx/x"

Nci(0) (5)
It gives the best description of the models with only 2 adjustable
parameters.

We investigated if there were any differences in Cl depletion for a
beam current of 1 nA and 10 nA. We found similar decrease in Cl
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Fig. 5. The spectra obtained for a scattering angle of 45° at the incoming en-
ergies as indicated. After the main elastic peak the low intensity region ex-
tending up to 7.5 eV corresponds to the band gap. The small peak visible at an
energy loss increasing proportional to the incoming beam energy corresponds
to the elastic peak of H (dots). The red line is the calculated spectrum assuming
the nominal atomic composition of PVC. The blue + signs are the spectrum
after a fluence of 0.6 mC/cm? (5 keV), 0.8 mC/cm? (10 keV) and 0.7 mC/cm?
(15 keV) and with the main elastic peak normalised to the same area. The H
area looks more intense as the main peak is less strong due to the severe de-
pletetion in Cl. Moreover, the intensity in the band gap area has increased
strongly, indicating that the sample is not an insulator anymore. The dashed
green line in the 15 keV panel is the expected spectrum for C,Hs, i.e all Cl but
no H removed. The measured H intensity after irradiation is far from this limit.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

intensity scaled with the accumulated charge and no clear influence of
the actual beam current used was found.

In principle it is possible that the small amount of Cl visible after
prolonged irradiation could be due to the halo (i.e. region of low
electron density around the beam, present for most electron beams. It
originates from the interaction between different electrons inside the
beam, changing slightly their direction of propagation.) The halo in-
teracts with a part of the film that has seen a much smaller fluence. To
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test this we moved the sample by half the beam diameter up-down and
left-right and irradiated a square area consisting of 9 spots in this way.
Returning to the central spot there was still a similar amount of Cl
visible after long exposure. Hence the tail in the Cl concentration in
Fig. 4 can not be explained as a halo effect.

Using a geometry with a smaller scattering angle and lower energy
beam it was possible to detect the elastic peak of hydrogen (Fig. 5). Due
to the glancing in and glancing out geometry (angle of the incoming
and outgoing beam with the surface normal is 67.5°) and lower in-
coming energy the contribution of the Si substrate should always be
negligibly small, and changes in the mean free path of the irradiated
PVC layer will affect the C, H and Cl intensity in the same way. As
expected the H peak is very small, compared to the main elastic peak,
due to the Cl and C contributions, not resolved under these conditions.
Fully qualitative analysis is difficult, as the H peak either partially
overlaps with the main elastic peak (at 5 and 10 keV) or overlaps with
the onset of the energy loss part of the spectrum. This onset (corre-
sponding to the band gap) is clearly visible at 7.5 eV below the main
elastic peak. This value is in reasonable agreement with the 8.0 eV
obtained by Tahir and Tougaard for PVC using lower energy REELS
measurements (Tahir and Tougaard, 2012). The spectra were simulated
assuming a linear increase of the inelastic part of the spectrum above
the band gap as described elsewhere (Vos et al., 2015). The calculated
spectrum (red line) resembles the measured result reasonably well
considering the weakness of the H signal and some uncertainty in the
exact shape of the tail of the main elastic peak.

At larger fluence the most striking change is the increase of intensity
in the band gap region. Initially the intensity in the gap is indis-
tinguishable from the intensity at the energy-gain site of the elastic
peak, i.e. completely determined by the dark count rate of the detector.
After a dose close to 0.5 mC/cm? the intensity inside the gap is of the
same order as the height of the H elastic peak.

There is no sign that the intensity of the H elastic peak, expressed as
a fraction of the main elastic peak decreases with time. On the contrary,
there seems a modest increase in this intensity. This does not mean that
the H contents of the film increases. As the Cl content of the film de-
creases, the main elastic peak becomes less strong, and this explains the
apparent increase in strength of the H peak. As a reference we plot in
the lower panel of Fig. 5 also the calculated elastic peak of (C,Hjs),
normalised again to the main elastic peak. Clearly the H intensity is
much too high in this calculation, indicating that either not all Cl has
escaped and/or some H has been removed.

4. Comparison of electron-beam induced Cl depletion with those
observed in MEIS and RBS

Besides using electrons the chlorine content of PVC films can also be
studied with more traditional ion scattering experiments such as MEIS
and RBS. A problem with ion scattering experiments using PVC films on
a substrate (a SiO, overlayer on Si wafer was used here) is that the weak
C signal of the PVC film is superimposed on a much stronger Si signal.
This makes it difficult to determine the ratio of the C and Cl intensity,
and indeed if the intensity of Cl as seen at low fluence is representative
for pristine PVC. Thus, rather than measuring the Cl to C intensity ratio
as a function of fluence, one measures in ion beam experiments the
changes in the number of Cl atoms present per unit area. A comparison
of the ion beam and electron beam result can then be made if one as-
sumes that the number of carbon atoms present in the film does not
change.

The H and He ions used here have more energy than the electrons in
ERBS, but in spite of this, due to their larger mass, the velocity of the
ions is much less. As a consequence the ions have more time to interact
with the target electron system and their stopping is larger. In Fig. 6 we
show an estimate of the electronic stopping (the nuclear stopping is
small under these conditions) for electrons, protons and alpha particles
in PVC as provided by the NIST database (Berger et al., 2017). The
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Fig. 6. The stopping for electrons and protons, as calculated using this fit to the
ELF compared to that given in the PSTAR and ESTAR database and ASTAR data
base from NIST. The dashed line is the calculated stopping for protons and
electrons as discussed in appendix B. The boxes indicates energies used in the
experiments described here.

200 keV protons used in the MEIS experiment have about 84 times
larger stopping than 40 keV electrons, the 2 MeV He ions should have a
stopping about 192 times larger than 40 keV electrons.

There are significant differences between the nature of the elec-
tronic excitations as induced by energetic electrons and ions, especially
when the ions have energies near the stopping power maximum. This is
discussed in appendix B. If one makes, in spite of this, the assumption
that the release of chlorine is determined by the amount of energy
deposited in the electronic excitations in the PVC film, then the same
level of Cl depletion as in the electron case is then expected for a 84
times smaller proton fluence and a 192 times smaller He ion fluence.

This is illustrated in Fig. 7 where the measured Cl intensity is
plotted with the same fit of Eq. (1) except that the fluence is scaled as
the stopping power ratio. This works quite well for RBS but for MEIS the
agreement is only reasonable if one allows for a constant offset which is
attributed to the dark count rate of the channel plates used in the MEIS
detector. This means that the CI depletion is the same when the fluence
is converted to joules deposited per kg material (Gray units), as is done
in the top axis of Figs. 4 and 7.

5. Comparison to literature

The most widely quoted quantity is the initial decay rate of the Cl
contents. Electron-beam induced depletion of chlorine was studied
using the Cl LMM Auger (Auger energy 192 eV, the IMFP for this energy
is approximately 10 A) excited by a 10 keV electron beam by Lea et al.
(2003). They observed a 10% decrease in Cl content near the surface
after 0.07 mC/cm?. As the IMFP is 3 times shorter at 10 keV, compared
to 40 keV, one would expect for 40 keV electrons a 10% decrease at
0.21 mC/cm? We observe this reduction after a slightly larger dose of
0.3 mGC/cm?. Note that our experiment probes a layer that is 25 times
thicker than the Auger experiment.

From the transmission experiment using 20 keV e of Delgado and
Hutchinson (1979) one gets a 10% decrease in intensity of the Cl Ko X-
rays for a dose of 0.4 mC/cm?. Correcting for the projectile mean free
path this would be comparable to a dose of 0.7 mGC/cm? in our ex-
periment, thus their initial decay rate is slower than the one reported
here.
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Fig. 7. The Cl intensity as measured by MEIS (top) and RBS (bottom) together
with the decay curve as determined by ERBS (using Eq. (1)) but scaled for the
horizontal axis according to the ratio of electronic stopping of e and the ion
used. For MEIS a small quantity (0.035) was added corresponding to the dark
count rate of the detector.

Lindberg et al. (1985) used a 200 keV electron beam to measure the
decrease of the Cl X-ray intensity with dose. From their data one get a
10% decrease in Cl concentration for 0.8 mGC/cm?. This would corre-
spond to a dose at 40 keV of 0.26 mGC/cm? in good agreement with our
results.

The measurement described here differ from those done in a
transmission electron microscope due to the presence of a substrate.
Firstly, the substrate is a source of secondary electrons that can pro-
pagate into the PVC film and causes additional chlorine loss. This will
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Fig. 8. The spectrum (top) of 25 keV electrons scattered over 45° as published
in ref (Vos et al., 2005) and the derived H content in polyethylene (-CH-5),,) as
a function of fluence. The H content decreases slowly with increasing fluence
but even for the lowest fluence the H content was significantly below the
nominal stoichiometry.

enhance the Cl loss as a function of fluence. However, the presence of
two surfaces in a transmission experiment, will make it easier for the
chlorine to escape into the vacuum and this could decrease the amount
of CI that gets re-trapped in the film.

From the literature ion irradiation measurements of PVC we men-
tion in particular the work of Rickards et al. (1995), which provides
information about the Cl/C ratio and the H/C ratio. They showed that
the Cl contents decreased by a factor of 3-4 after a fluence of 1 mC/cm?
using 3 MeV H*. As the electron stopping at 40 keV e is 14 times
smaller than 3 MeV protons (see Fig. 6) the corresponding electron
beam dose would be 14 mC/cm?. For this dose which we find a decrease
by a factor of 10 (see Fig. 4), substantially larger. For the H to C ratio
was Rickards et al. found a 20% decrease for the H/C ratio for a fluence
of 1 mC/cm?. The much slower decrease of H in comparison to Cl is in
agreement with our measurements.

6. Comparison to polyethylene

For convenience we reproduce in Fig. 8 (top) a spectrum of poly-
ethylene (PE) and the measurement of its H contents as a function of
fluence (Vos et al., 2005). Clearly (see Fig. 8 (bottom)) the H con-
centration was always lower than expected. The lowest dose used for
the measurement of the Cl concentration in PVC is much lower than for
the measurement of the H concentration in PE. One interpretation of
this figure is that the decay of H is also described by two exponential
decay processes but the fast decay process is very quick (quicker even
that the Cl decay) and hence was completed well before the first
measurement was finished, and that thus a measurement of undamaged
PE did not occur. The Cl measurement in PVC is comparatively easy, as
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Fig. 9. The loss function in the optical limit used to calculate the electron and proton stopping. At low losses the Loss function coincides with the one given
bydielectric function of Tahir and Tougaard (Tahir and Tougaard, 2012), and follows at higher losses the one derived from Henke (Henke et al., 1993).

Table 1
Fitting parameters used for the fits shown in Fig. 4.
k1 ko An,f
Cm?/n Cm?/nC
Eq. (1) 0.56 0.072 A = 0.24
Eq. (2) 0.029 - f = 0.037
Eq. (3) 2.0 1.3 n = 0.23
Eq. (4) 0.36 0.10 -
Eq. (5) 0.68 - n = 051

Table 2

Parameters of the dielectric function used. The first two oscillators
correspond to the ELF as given by Tahir (Tahir and Tougaard, 2012).
The other oscillators were added to follow roughly the ELF as calcu-
lated using the database of Henke (Henke et al., 1993).

Aj ; L
0.343 20 11
0.347 25.8 14.3
1.4e-3 300 95
8e-4 400 500
3e-5 1100 1100

its elastic scattering cross section is much larger than H. We plan to
investigate this further in the future.

7. Conclusion

We described a new method of assessing the change in sample
composition as a function of radiation fluence. X-ray yield based
methods can measure the change in intensity of a component very well,
but it is harder to assess if the (initially) measured intensity corresponds
indeed to the nominal stoichiometry. The present method compares the
elastic peak intensities of C, Cl and H, with energies that differ by only a
few eV, i.e. the assumption that the IMFP of the signal and their de-
tection efficiency are the same is very good. The cross sections, based
on partial wave calculations are well established. Thus it is a critical test
to see if the initial sample composition can be measured successfully.

With some effort (taking the sum of many very short exposure mea-
surements at different spots) this was indeed accomplished.
Measurements in different geometries (and thus probing different
depth) showed similar Cl depletion profiles. Moreover a good agree-
ment was found with Cl depletion based on Cl LMM Auger electrons
(energy ~ 190 eV), a method which is an order of magnitude more
surface sensitive.

Ion beam based measurements should also be able to determine the
absolute stoichiometry. However, the transmission measurement of ref.
(Rickards et al., 1995) using protons at a high energy where their
scattering cross section deviated strongly from Rutherford, and an ab-
solute determination of the stoichiometry at low fluence was not made.
Ion beam measurements using thin films on substrate have to recover
the C intensity which generally will be superimposed on the stronger
substrate signal. In the electron beam experiment the substrate only
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Fig. 10. The contribution to the stopping (i.e. proportional to wIm[—1/¢(w, q)]) integrated over a range of q values, as indicated for both 40 keV e” (left panel) and
200 keV H* (central panel) in PVC. Although both described by Eq. (16) their distribution over momentum is rather different. The right panel shows a simplified
picture how the plasmons (red line) and electron-hole excitations (yellow shaded area) contribute to the loss function. Only the loss function to the right of the dashed
line (from Eq. (17), marked e  and H*) contribute to stopping. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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The H intensity was monitored as well. Its increase in intensity Thomaz: made the PVC film.
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Appendix A. Some simple models

The simplest model is that all Cl atoms escape after the C-Cl bond is broken due to the irradiation. The number of C-Cl bonds that is broken under
irradiation is then proportional to N, the number of Cl atoms present:

dNg
— = kg Ng.
o 1Ncy (6)

This predict an exponential decay.

One can further assume that not all Cl atoms escape immediately from the film after the C-Cl bond is broken but can be trapped at certain sites
present in the film with concentration N;;. The radiation can then subsequently cause the trapped atoms to detrap: The number of Cl atom trapped
somewhere is given by:
dN{

T
WI = fluNey — ke N,

where f is the trapped fraction and k;, is detrapping rate. The solution of Eq. (6) and Eq. (7) for Ng + N& is:

)
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Ng + N = (Ny — a)e kX 4 gehx, (8)
with:
a= fla .

ki —k (C)]

This is a sum of two exponential functions i.e. this model leads to Eq. (1).

As a variation to this model one can assume that the trapping sites are those C atoms from which a Cl atom has been removed previously and after
trapping the C-Cl bond is restored. Before the irradiation the trapping density is thus zero. The rate for trapping at sites formed by the C atoms with a
chlorine missing is given by
dN§,

—= = flg(Ny — Ney) — ki N&,

b fla(No D) 1VCl (10)
where f is trapping fraction in this available sites and k; is detrapping rate, the same from C-Cl bonds. As long as f < 1 there is net reduction in Cl
content.

The solution for Ng; + N£ becomes then

No + N§ = Noe™8*(1 — flyx) +fN0(1 - efklx) an

Finally one could consider that it becomes harder to remove Cl from the polymer if other Cl atoms along the chain are already missing. Eq. (6),
describing a fluence dependent rate k(x) of C-Cl bond breaking becomes then:

dNey _

g = —k(x)Ng. (12)
The solution of this equation is simply given by

Nar(x) = Ny (@)™ Jy K% as)
One could further assume that the change of k (x) with fluence x is at a constant rate (k;) according to:

dk(x) _

o —Iek(x) a4
whose solution is just an exponential function
k(x) = kgexp(—kpx). (15)

Substituting Eq. (15) into Eq. (13) leads to Eq. (4).
Appendix B. Difference and similarities between electron and proton interaction with PVC

Here we want to explore how closely related PVC degradation by electron irradiation (as in the 40 keV ERBS experiment described here) and
proton irradiation (at 100 keV and above, as is used in MEIS and RBS) are. In both cases the energy deposited in the target is dominated by
interactions with the target electrons (electronic stopping) and can be described within the dielectric formalism. Within this formalism the inter-
action is described by a set of collisions separated (on average) by the inelastic mean free path.

Within the dielectric theory the stopping is given by:

dE Emax Bmax 20 d@w  [9max dq -1
4B _ Wi (@, Eo)dw = bl ,
dx '/(; WWp(@, Eo)deo -/0‘ my? '/q‘min q m[ e(w, q)}

(16)

with m the mass of a target electron and v the projectile velocity. The limits of integration are determined by energy and momentum conservation
laws for the collision of the projectile (mass M) and the target electrons. For electrons Ey,,x = E, and

Goin = \ME, — \2M By — ), a”

corresponding to the momentum transfer due to the reduced energy, while there is no change in the projectile propagation direction. For protons
min fOr @ given energy loss is close to \/M,/M, ~ 42 larger than for electrons with the same energy.

For energetic electrons relativistic corrections to q,,;, has to be incorporated as described by e.g. Shinotsuka et al. (Shinotsuka et al., 2015). For
the upper limit it is customary to take for electrons

Gmax = V2MEq + \2M (B, — w), (18)

corresponding to backscattering of the electron, whereas for protons the maximum q value is where one electron absorbs E, energy
(Gmax = V2M.Eo).

In order to calculate any of these value one needs a model for the loss function. Tahir and Tougaard published an estimate of the loss function in
the optical limit (Im[—1/e(w, g = 0)] ) for the low loss region of PVC using two Drude-Lindhard type oscillators (Tahir and Tougaard, 2012).

-1 wlw?
m = j—,
[s(m, O)] Z (0? — w?)? + @ T? 19)

As deeper levels contribute to stopping we extended their model with three more oscillators at larger energy loss, to approximately model the
optical data of Henke (Henke et al., 1993), see Fig. 9. Describing deeper levels with a Generalized Oscillator strength could give slightly better results
(Heredia-Avalos et al., 2005), but for simplicity the whole ELF is described here using a sum of similar oscillators. The parameters are given in
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Table 2. Having fitted the ELF we have to decide how Im[—1/¢(w, q)] changes with g. For this it is best to re-interpret the Drude-Lindhard oscillators
as Mermin oscillators (both coincide at g = 0) and use the g—dependence that is fixed (‘build-in’) for the Mermin model. This means we incorporate
the electron-hole pairs branch of the dielectric function in the calculation and consider not just the plasmon. This improves the stopping calculation
at low projectile energies (Abril et al., 1998). The results for electron and proton stopping are given as a dashed line in Fig. 6 and compare reasonably
well with the Bethe theory results from the ESTAR, PSTAR database.

Assuming that the sample changes in PVC are from electronic stopping, then the naive expectation would be that the rate of change in sample
composition (per nC/cm?) in a proton and an electron beam experiment should relate as their stopping values. In reality it could be more com-
plicated as the nature of the excitation created is different for both projectiles. To illustrate this we calculated the contribution to Eq. (16) for
different ¢ (momentum transfer) slices for a typical ERBS (40 keV e) and MEIS (200 keV H") case, see Fig. 10. Clearly in the electron case low-q
excitations (plasmons) contribute much more to the stopping compared to the proton case. The probability that an excitation leads to the breaking of
a Cl-C bond may well depend on the g value of the excitation. MEIS measurements are possible, in principle, for values somewhat below and above
the stopping power maximum. Plasmon-type excitations become more prevalent for ion energies above the stopping power maximum (80 keV, see
Fig. 6), whereas electron-hole type excitations, generally at larger q values, dominate at lower ion energies. Studying if the rate of Cl loss just scales
as the electronic stopping may establish if the g—value of the excitation affects the Cl loss. If that is the case Cl depletion will be different for
irradiation with protons at low and high energies for the same dose in Gray units.
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