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Abstract 

Ion beam analysis (IBA) is an established method to determine the concentration and the distribution of elements 
in art and archaeological objects. However, especially for organic specimens, caution must be taken to avoid harm-
ful effects. In this work, the possible modification of recent calf parchment samples by proton beam irradiation was 
investigated applying fluences (given as deposited charge per unit area) both within and beyond the usual analyti-
cal practice. Attenuated Total Reflection Fourier Transform Infra-red Spectroscopy (FTIR-ATR) and Optical Coherence 
Tomography (OCT) were employed to assess changes, inspected from the surface of the samples. Although both 
techniques are apt to detect alterations of parchment in general, in the case of particles, which deposit the majority of 
their energy below the surface these techniques could not detect changes at low fluences. However, a simple “bath 
test” (short immersion in liquid) proved that disintegration within the material had already happened. After the “bath 
test”, OCT and digital 3D microscopy were used to check the discontinuities in the material, especially for low fluences 
when the visual inspection might have missed them. Unfortunately, simply monitoring organic objects such as parch-
ment during or after ion beam irradiation, non-destructively, is not sufficient to claim absolute harmlessness, as some 
studies in the past did. In line with our former findings using electron microscopy on cross sections, we found that 
2.3 MeV protons with a deposited charge of 0.5 µC/cm2 caused no changes affecting the integrity of parchment but 
2 µC/cm2 apparently did under the applied experimental conditions. To ensure the required analytical signal at a rela-
tively low deposited charge, the detection system must be optimized for efficiency. Nevertheless, since the variability 
of the historic materials and the measurement set-ups are considerable, these values cannot be taken as absolutes, 
but only as guides, both for further IBA studies and for studies conducted in the past.
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Introduction
During the past decades, a lot of efforts have concen-
trated on the scientific study of cultural heritage mate-
rials to expand our knowledge concerning the chemical 
and physical properties of art objects. Regardless of being 
immovable or movable, the aim is to uncover or clarify 

their contextual background, and to safeguard their dura-
bility and accessibility by future generations. To this 
purpose, the uniqueness of heritage artefacts demands 
analytical methods and technologies that do not cause 
any damage to their integrity [1]. As a result, non-inva-
sive techniques have experienced a large development 
over the past years as regards their application in herit-
age science [2]. However, certain analytical techniques, 
which are perceived in principle as non-invasive, given 
that their application requires no sampling, may actu-
ally cause some visible or non-visible, reversible or 
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irreversible changes depending on the type of material 
examined and the experimental parameters [3–7].

Since these problems arise for all intense radiation 
sources (accelerators, synchrotrons, lasers, gamma irra-
diation facilities, etc.) a common approach to monitor, 
understand and mitigate radiation-induced alterations 
was proposed in collaboration with IAEA and also taken 
up by the IPERION CH (Integrated Platform for the 
European Research Infrastructure ON Cultural Heritage) 
and IPERION HS (Integrated Platforms for the European 
Research Infrastructure ON Heritage Science) EU H2020 
projects. Some of the results from these collaborations 
can be found in IPERION JRA papers [1, 8–14]. Dialogue 
with curators, conservators and other concerned profes-
sionals has also been initiated.

Ion beam analysis (IBA) is well-established in the field 
of heritage science encompassing the study of both cul-
tural and natural heritage [15, 16]. It is often described 
as non-invasive and non-destructive, since no sampling 
is needed for most of the applications, and the meas-
ured material is preserved, but this “safe” aspect has its 
limits. Colour changes have been observed affecting the 
appearance of the object or even reflecting weakening of 
the structure of the material that may cause further disin-
tegration. Nevertheless, these changes have been mostly 
observed in non-heritage context where they did not 
cause special grievance. Some of the changes are obvi-
ous immediately after the experiment, some may remain 
hidden but manifest themselves later on through further 
deterioration of the sample. Although there exist numer-
ous studies concerning ion beam effects on various mate-
rials [17], the literature focused on heritage materials is 
far from being extensive [3].

With all the shared issues concerning alterations 
induced by other types of irradiations, some of the 
aspects may be more specific to ion beam analysis, for 
example, assessing changes below the surface layer, 
which might not be observable with the commonly used 
surface techniques. Better understanding how artefacts—
especially the ones containing organic matrices, such as 
parchment—interact with ion beams have crucial impor-
tance for the benefit of heritage science.

Parchment has been used since Antiquity as writing 
and drawing support. Ancient manuscripts, which have 
been preserved until today, are unique testimonies to 
the life of people in earlier times. Parchment is made 
from the dermis of animal skin, such as calf, goat and 
sheep. It has a complex physical and chemical nature 
and is considered sensitive to environmental changes 
or microbiological attack. The analysis must prefer-
ably be non-destructive and non-invasive or, where 
appropriate, based on micro-sampling. The main con-
stituent of parchment is collagen, but it also contains 

significant amount of water (10–15%) [18–20]. Colla-
gen in skin is arranged in a hierarchical structure. Col-
lagen fibres are composed of fibrils, which are made up 
of collagen molecules. The collagen molecule itself is 
composed of individual peptide chains. In skin, the col-
lagen fibres are mainly arranged in a two-dimensional 
felt-like network which provide both a certain degree of 
flexibility and strong resistance [21]. On the molecular 
level, collagen is a trimeric protein formed by associa-
tion of three polypeptide chains. The three strands are 
supercoiled around each other forming a triple helix. A 
ladder of backbone N–H‧‧‧O=C hydrogen bonds links 
adjacent strands. In addition to this interstrand hydro-
gen bonding, hydrogen bonds are also formed through 
a water molecule (HB-network water) between two 
peptide groups on different strands. Water molecules 
also surround the triple helix, and act as cushion or 
spacer. In general, different groups of water molecules 
are present, from strongly bound to relatively free mol-
ecules [22].

Several micro-destructive or non-invasive methods 
can be used to analyse parchment such as the micro hot 
table method [23], NMR and thermal microscopy [24] or 
polarised light microscopy [25].

Organic heritage materials are less frequently analysed 
by IBA than metals, glass, ceramics or minerals, never-
theless studies, mostly applying Proton Induced X-ray 
Emission (PIXE), have been conducted [26–30], which 
raises the question of trade-off between the analytical 
signal (i.e. detection limits for the concentration of ele-
ments) and safety. In a previous work, we have charac-
terized irradiated parchment samples using imaging 
methods on cross-sections [31]. Here, we focus on a non-
invasive analytical approach to preserve the integrity of 
the sample and thereby avoid a possible influence of sam-
ple preparation on the results. The aim of this study was 
to monitor modifications of the samples caused by the 
irradiation during IBA as a function of the applied condi-
tions and to assess, if possible, ‘safe boundaries’ for IBA 
in this model case.

Attenuated Total Reflection Fourier Transform Infra-
red Spectroscopy (ATR-FTIR) and Optical Coherence 
Tomography (OCT) complemented with digital 3D 
microscopy were employed semi-quantitatively to char-
acterize alterations of parchment collagen and, thus, to 
help better comprehend the systemic effect of ion beam 
irradiation on complex organic matrices such as parch-
ment. The results obtained by PIXE during irradiation 
of the samples can be exploited to probe the analytical 
performance of the method in relation with the collected 
charge (fluence). A “bath test” (immersion in liquid) was 
also introduced as a post-irradiation treatment to assess 
the weakening of the irradiated material in a simple way.
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This work aims to draw attention to occasional undesir-
able degrading effects of applied non-destructive analysis 
methods and to show the applicability and limitations of 
potential monitoring methods.

Materials and methods
Parchment samples
The samples originate from fresh parchment prepared 
from calfskin. In order to thin it down and to smoothen 
its surface, first scraping with a glass shard, then polish-
ing with abrasive paper (grit size 600) and squeezing with 
an agate stone had occurred. The parchment had a rela-
tively heterogeneous thickness of 150–370 µm. Pieces of 
approximately 2 × 2  cm2 were cut [31].

Irradiation
The irradiations were conducted using the external 
microprobe installed at the 5 MeV Van de Graaff accel-
erator of the Institute for Nuclear Research (ATOMKI), 
Debrecen, Hungary [32]. A focused proton beam (100 
microns) was extracted through a thin  Si3N4 window 
from the vacuum chamber and scanned over the area 
(approx. 0.1  cm2). The energy of the protons was 2.3 MeV 
at contact with the parchment samples. The applied cur-
rents were 250 pA, 500 pA, and 1 nA while the collected 
charges were 25, 50, 100, 200, 300, 400, 500 and 1000 nC 
on a spot of approx. 3.1 mm × 3.1 mm, corresponding to 
deposited charge in the range of 0.25–10 µC/cm2.

Each irradiated spot was compared to the same, but 
non-irradiated area on the given piece of parchment. 
Each piece of parchment contained 3–4 irradiated spots.

Additional irradiation was performed in the vacuum 
chamber of the same set-up, under approx.  10–6  mbar 
pressure.

Post‑irradiation treatment (“bath test”)
Selected samples were treated with a short (5-min-long) 
immersion either in distilled water or in a 3% hydrogen-
peroxide  (H2O2) solution at room temperature. This is a 
fast, non-standard test allowing the easy investigation of 
the resistance and the integrity of the material after irra-
diation as it enhances the observed effects of irradiation. 
Thus, it enables us to highlight changes in a first approxi-
mation. We refer to this immersion as “bath test”. The 
 H2O2 solution was also applied specifically on the discol-
orations, using a cotton bud, to check the effect of an oxi-
dizing agent on the discoloration.

Applied analytical methods
Particle induced X‑ray emission
Particle induced X-ray emission (PIXE) analysis was per-
formed using a silicon drift X-ray detector (SDD) with 
ultra-thin  Si3N4 window (manufactured by RaySpec, 30 

 mm2 active area, 129 eV FWHM resolution at 5.9 keV). 
The detector was mounted with a permanent magnet 
(1  T magnetic field) which protected the detector from 
scattered protons. The obtained PIXE spectra were eval-
uated with the GUPIXWIN program code [33].

Infra‑red spectroscopy in attenuated total reflection mode
Fourier Transform Infra-red Spectroscopy in Attenuated 
Total Reflectance (FTIR-ATR) mode is a common tech-
nique for the identification of a wide range of inorganic 
and organic materials. It is based on the interaction of 
infra-red radiation with matter. Molecules absorb at fre-
quencies that are characteristic for their composition and 
structure. The obtained FTIR spectrum is showing a cer-
tain number of absorption bands, each corresponding to 
a specific chemical bound and vibrational mode.

The infra-red spectroscopic measurements were car-
ried out subsequent to the irradiations with a diamond 
head Bruker Alpha type Attenuated Total Reflectance 
Fourier Transform Infra-red Spectrometer equipped with 
DLaTGS detector (4   cm−1 resolution, 24 scans recorded 
per each spectrum). Equal force was applied to all sam-
ples during the measurements. The analysing depth was 
around ∼1.66  μm (at 1000   cm−1). Data were collected 
and analysed using Opus 7.5 software. For samples that 
were also subjected to the bath test, the bath test was 
applied after the FTIR-ATR measurements.

Optical coherence tomography
Optical Coherence Tomography (OCT) is a technique 
for depth-resolved non-invasive imaging of weakly scat-
tering objects. It originates from ophthalmology and has 
been successfully used there as a diagnostic tool since 
the 1990s [34]. By using near infra-red light to unravel 
the internal structure of examined objects, OCT per-
mits localization of all the discontinuities and other rapid 
changes of the refractive index of the tested medium.

Optical Coherence Tomography is based on a concept 
of low-coherence interferometry. A narrow beam of light 
is scanned over the object. The depth of penetration is 
determined by absorption properties of the medium 
examined. By parallel transfer of the penetration beam 
to consecutive, adjacent positions, the whole image of 
the cross-section (B-scan) is built up. By repeating of 
such images in parallel, adjacent planes volume data is 
collected. The technique finds many applications in her-
itage science [35–37] especially for imaging sub-surface 
structure of paintings [38] but also historic glass [39] and 
other materials. Since the technique is fast and may be 
used on-site it was also used for monitoring of conserva-
tion treatments [40]. It was also applied for examination 
of parchment [41, 42], but so far only to a limited extent.
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The results (B-scans) are usually presented as cross-
sectional views. In this contribution in a false colour 
scale, where areas from which no signal is detected 
(perfectly transparent or beyond the range of pen-
etration) remain black. Areas which weakly scatter or 
reflect the probing beam are shown in colours from 
blue to green, while those highly scattering or reflecting 
are represented by warm colours (from yellow to red). 
In OCT tomograms usually the vertical scale is elon-
gated for better readability and to reflect the difference 
in axial (higher) and lateral (lower) resolution. In prin-
ciple, OCT as an optical probing technique, delivers all 
vertical distances as optical ones and thus elongated 
within the medium by its refraction index. All tomo-
grams presented herein are corrected for this effect 
with the common refractive index  nR = 1.45 which 
value was matched numerically for the best correc-
tion effects. It is worthwhile to note that possible local 
discrepancies from this common value would result 
in the imaging differences below the resolution of the 
tomogram.

The examination has been made with a prototype 
high resolution portable SdOCT instrument built 
under EU FP7 CHARISMA Programme. Major tech-
nical parameters of the instrument: spectral range of 
the probing light: 770–970 nm, axial resolution: 3.3 μm 
in air and 2.3 μm in the material, axial imaging range: 
1.4  mm, lateral resolution: 12  μm, power of probing 
light at object: no more than 1 mW, distance to the 
object: 43 mm. More details about the construction and 
data processing can be found in [36].

All OCT tomograms are expanded vertically four-fold 
for better readability covering an area of 7 mm × 0.7 mm; 
scale bars represent 200  µm in both directions. In case 
of the samples subjected to immersion in liquid (“bath 
test”), OCT was performed after they had dried.

Digital 3D microscopy
High resolution images were recorded by a Keyence 
VHX-6000 digital 3D microscope. Single 20–200 zoom 
lens was used at different magnifications with reflective 
illumination.

Results and discussion
PIXE detection limits as a function of the collected charge
PIXE showed the presence of Si, P, S, Cl, K, Ca, Ti, Fe and 
Zn, as minor and trace level constituents of the parch-
ment samples. Si, P, S, Cl, K, Ca, Fe and Zn are present in 
skin tissue in general, additional amount of some of these 
(e.g. Si, S, Ca) and the appearance of titanium might be 
due to the making process. Silicon (4000 ppm) could only 
be detected with the highest accumulated charge (10 µC/
cm2, i.e. 1 µC on the irradiated spot), while phosphorus 
(300 ppm) appeared at 1 µC/cm2, i.e. 100 nC on the irra-
diated spot. Sulphur (2000  ppm), chlorine (600  ppm), 
potassium (140  ppm), and calcium (2800  ppm) could 
be seen even at 0.25 µC/cm2, i.e. 25 nC on the irradi-
ated spot while titanium (30  ppm), iron (60  ppm) and 
zinc (20  ppm) could be easily identified from 1 µC/cm2 
charge density, i.e. 100 nC on the irradiated spot. Fig-
ure  1 shows the detection limits as a function of the 
accumulated charge for the applied detector and meas-
urement parameters. For most of the elements, a marked 
decrease could be seen from 0.25 µC/cm2 to 2 µC/cm2, 
then no further considerable decrease was depicted. We 
note that the detection limits are related to the num-
ber of incoming particles, that is to the actual collected 
charge, while the possible modifications are related to the 
fluence (charge per area). The size of the irradiated spot 
was always the same, 0.1  cm2, therefore we indicated the 
collected charge as deposited on a unit area on the x-axis 
of Fig. 1, as well as consistently at the other parts of this 
paper. We also note that the PIXE detector was an SDD 

Fig. 1 PIXE detection limits for the applied X-ray detector optimized for lighter elements. Beam spot size: 0.1  cm2
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detector with 200 nm silicon–nitride window and with a 
4  cm long magnet in front of it to protect the detector 
from scattered protons hitting it, that is, a detector with 
small solid angle, optimized for lighter elements. When 
only heavier elements are of interest (such as metals in 
ink or paint on the parchment), detectors of far more effi-
ciency can be used, and applying detector clusters is also 
possible [43], thus lower detection limits can be reached.

Discolouration occurring in the parchment
After irradiation, a yellowish colour was observed which 
faded rapidly for the lower doses, within minutes, and 
more slowly for the higher doses. The colour disappeared 
when the sample was kept under ambient temperature, 
pressure and humidity. Storage in dark or light conditions 
made no observable differences. However, a 3%  H2O2 
solution bleached it instantly. To test the role of oxygen, 
we irradiated a few test pieces in vacuum and kept the 
samples in the vacuum chamber, in this case the yellow 
colour was still there even after 3  days but disappeared 
when the samples were exposed to the atmospheric con-
ditions. For the applied collected charges (0.25–10 µC/
cm2) the colour change (visible from the surface) was 
mostly reversible and could have been easily missed for 
the lower doses. The reversibility and the role of oxygen 
may point towards the formation of free radicals which 
were neutralized subsequently, similarly to reversible col-
our formation in polymers [44]. Nevertheless, deep in the 
material irreversible colour changes also occurred, as it 
was seen in cross sections [31], possibly caused by dou-
ble bond formations and the extended conjugation sys-
tems. For the highest dose, the yellow colour was found 
to be permanently visible even from the surface, without 
sectioning.

Infra‑red spectroscopy
For collagen the most relevant bands are the amide I, 
II, III, A and B bands. Amide I corresponds to the C=O 
stretching vibration with some contribution from CN 
stretching. Amide II mainly related to NH bending and 
CN stretching, while amide III is a complex band of sev-
eral modes. Amide A is risen from NH stretching vibra-
tion and amide B is coming from a Fermi resonance 
between the first overtone of amide II and NH stretching 
[45, 46].

In this study, we focus on the amide I and II bands, 
which are the most extensively discussed bands in the 
heritage science context (Fig.  2). Table  1 summarizes 
the positions (local maxima) and relative intensities 
obtained for the non-irradiated areas in six samples. Peak 
areas were calculated with simple integration of absorb-
ance values, between 1480 and 1580   cm−1 for amide II, 
and between 1580 and 1700  cm−1 for amide I. We found 

the maximum of the amide I band around 1632   cm−1, 
similarly to Sendrea [47] (1631   cm−1), Boyatzis [48] 
(1629   cm−1), or Derrick [49] (1629–1635   cm−1). The 
maximum of the amide II band was at around 1538  cm−1, 
also in accordance with literature data (Sendrea [47] 
1540  cm−1, Boyatzis [48] 1542  cm−1, Derrick [49] 1540–
1544   cm−1). The variability of the distance of the two 
main amide peaks did not exceed the reproducibility of 
the device (4   cm−1), while the peak area ratios differed 
by less than 2%. More detailed data alongside the cor-
responding data for the irradiated spots are available in 
Additional file 1: Table S1.

The three main natural degradation paths for collagen 
are denaturation, hydrolysis and oxidation, which are all 
irreversible [50]. Denaturation occurs when hydrogen 
bonds holding together the collagen molecule secondary 
structure are broken due to some effects such as addi-
tion of heat or water, or radiation. The weakening of the 
hydrogen bonds can be monitored in the FTIR spectrum 
through the shift of the amide II peak to lower wave num-
bers, thus increasing the separation of the two main char-
acteristic peaks for collagen [49, 51, 52]. On the other 
hand, the amide I peak might shift to higher wave num-
bers since it corresponds to stretching vibration, while 

Fig. 2 FTIR-ATR spectra of a sample irradiated with 2.3 MeV protons, 
applying 250 pA current until the accumulated charge reached 5 
µC/cm2 (red), as well as of a reference, i.e. non-irradiated area on the 
same piece of parchment (blue)

Table 1 Location of amide I and amide II bands and amide I/
amide II peak area ratio in the FTIR spectra of reference areas of 
the parchment pieces

n = 6 Position 
of amide I 
 (cm−1)

Position 
of amide II 
 (cm−1)

Distance 
 (cm−1)

Amide I/
Amide II peak 
area ratio

Mean ± SD 1632 ± 3 1538 ± 3 95 ± 2 1.063 ± 0.007
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amide II is mostly a bending vibration, and it is a general 
characteristic of stretching and bending vibrations that 
hydrogen bonds decrease and increase their frequencies, 
respectively [53].

Figure 3 shows the change in the amide I–amide II dis-
tance relative to the reference value. The corresponding 
numerical data are available in Table S1. The FTIR-ATR 
spectra showed an increase of the distance of the amide 
I and amide II absorbance peaks for the 5 and 10 µC/
cm2 collected charges at all three currents, and also for 
the 3–4 µC/cm2 in case of the lowest (250 pA) current. 
The amide II peak shifted from 1534–1540  cm−1 down to 
1522   cm−1 at most, from a higher wave number associ-
ated with a more ordered structure to a lower one cor-
responding to a more disordered state. These findings are 
similar to that of Cappa et al. [23] who investigated the 
effects of mixed light-thermal ageing on parchment or 
to that of Vyskočilová [54] who applied a xenon lamp to 
leather, another collagen-based material.

According to Derrick, hydrolysis can be observed 
in the FTIR spectra through the amide I/amide II peak 
ratio. The idea is that an increase is caused by the  OH− 
vibrational band, originating from water molecules, over-
lapping with the amide I region. Derrick hypothesizes 
that this is bound water [49]. Mallamace et al., who stud-
ied lysozyme protein, found that bulk water which over-
laps with amide I consists of the non-HB-network water 
molecules, i.e. those that do not directly participate in 
hydrogen bonding between peptide groups, while the 
HB-network water peak is situated between the amide I 
and II peaks [20]. Kudo et  al. studied the adsorption of 
water to collagen, although the region around amide A is 

discussed in more detail in relation with the peak areas of 
different water contributions, free and bound [55]. In our 
case, the amide I/amide II peak area ratio increased by 
approx. 5% in the case of the highest collected charge (10 
µC/cm2), while there is an indication of increase (2–3%) 
in the 2–5 µC/cm2 region, especially for the lowest cur-
rent condition. However, in our case the change in the 
ratio is caused rather by the relative decrease in amide II 
than by the increase of amide I. First, in case of archaeo-
logical parchments or in experimental studies hydrolysis 
is associated by a marked increase in the amide I/amide 
II ratio, in our case we found only a small one, similar to 
the xenon lamp irradiation study mentioned above on 
leather [54] (Fig. 4, the corresponding numerical data are 
available in Additional file1: Table  S1). In case of FTIR 
spectrometry, the absolute intensities of absorbance 
peaks can only be considered with caution as the experi-
mental condition affects these values greatly, so the rela-
tive intensities are used most of the time. Nevertheless, as 
we took reference measurements only a few millimetres 
away from the irradiated spots and only a few minutes 
apart in time, and used the same pressure, we most prob-
ably can consider the absolute values, too, not withhold-
ing the variability inherent in the measurements. Doing 
so, we can state that we could not see any indication for 
the growth of the amide I peak. However, apparently the 
contribution of the amide II peak tends to be somewhat 
smaller for the irradiated samples than for the non-irra-
diated ones. This phenomenon could be caused by the 
structural scission of the amide group, or by the loss of 
the triple helical or secondary structure of the collagen 

Fig. 3 Changes in the distance of amide I and amide II peaks, 
compared to the corresponding reference (non-irradiated) area on 
the same piece of parchment sample

Fig. 4 Changes in the ratio of amide I and amide II peak areas, 
expressed as percentage of the ratio of the amide I and amide II peak 
areas for the corresponding reference (non-irradiated) area on the 
same piece of parchment sample
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component. These chemical or structural changes lead to 
a reduced amount of intermolecular crosslinks [56], and 
thus can also cause the weakening of the material. We 
note that Vyskočilová explains the increase of the amide 
I/amide II peak area ratio observed for acid hydrolysis 
with the decrease of amide II, not with the increase of 
amide I, contrary to Derrick. However, acid hydrolysis 
was not characterized with the shift of the amide II peak 
[54].

Oxidation of the polypeptide chain can result in the 
formation of carbonyl compounds, causing the appear-
ance of a shoulder in the 1700–1750   cm−1 wavenumber 
region of the FTIR spectrum. Nevertheless, we could not 
observe such changes after the proton beam irradiation.

FTIR analysis is an important tool in degradation stud-
ies but the information depth is quite small, less than 2 
microns in our case. However, the deposited energy of 
ion beams can be several times bigger in depth of the 
material than at the surface, so FTIR on the sample sur-
face underestimates the potential harm. Figure  5 shows 
the deposited energy along the path of the particles cal-
culated with the SRIM programme package [57]. At the 
beginning of their path, the 2.3 MeV protons lose approx. 
16  keV/micron, while before stopping they lose up to 
100 keV/micron. When we see some changes on the sur-
face, there is most probably already a damage deep below, 
similarly to irradiated polymers [58]. In our case, we 
found definite changes in the FTIR spectra at high doses, 
such as 5 and 10 µC/cm2, but the situation at lower doses 
was not as univocal. In this study, FTIR was chosen for 
its non-invasiveness. Nevertheless, FTIR microscopy on 
cross-sections would be a valuable tool to track changes 
along the path of protons.

In our case, we can clearly state that reducing the cur-
rent did not lead to lesser changes observed in the FTIR 

spectra. Both the shift and relative decrease in amide II 
could be observed at lower accumulated charges for 250 
pA. Indeed, irradiation with lower currents, thus longer 
in time, may increase the chance for changes mediated by 
oxygen or intermediary agents, as it was observed in case 
of certain polymers [59].

Bath test
The  H2O2 solution was originally used to check the effect 
of an oxidizing agent on the discoloration caused by the 
irradiation. However, a gentle stroke with a cotton bud 
resulted in removing some material from the surface of 
samples irradiated with higher doses, which was obvious 
for painted samples (the effect of paint layer is discussed 
in our previous work [31]). Immersion of the samples in 
the solution eliminated the additional mechanical inter-
ference of stroking. The immersion in liquid resulted 
in clearly visible marks for higher doses, 2 µC/cm2 and 
upwards, as shown in Fig.  6. Furthermore, addition of 
 H2O2 was found to be not necessary, distilled water was 
sufficient to remove some of the irradiated collagen from 
the parchment pieces.

Optical coherence tomography
The OCT technique was employed for a limited set of 
samples (Table  2) to semi-quantitatively examine the 
modification of the samples caused by the irradiation. 
This technique could reveal the properties of the “crater” 
formed in the irradiated parchment samples which suf-
fered the short immersion in water, either with or with-
out  H2O2.

Samples were scanned with OCT to estimate the width 
and depth of the “crater” and examine the scattering 

Fig. 5 The Bragg curve: the energy loss of protons per unit distance 
(blue). The actual energy along the path is represented with the red 
line

Fig. 6 Transmitted-light photograph of a parchment sample which 
underwent a short bath [5 min] in 3%  H2O2 solution. Accumulated 
charge: 2, 3 (upper left and right spots), 4 and 5 (lower left and right 
spots) µC/cm2, current 1 nA). The photo was taken after drying
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properties of the parchment in the irradiated spot. It is 
worthwhile to note that in case of samples not subjected 
to the short immersion in water (W1 in Table 2) neither 
crater formation nor structure alteration were observed 
by OCT. In the case of samples treated with water or 
 H2O2 solution after being irradiated with 2 µC/cm2 and 
upwards, craters were formed with lateral dimension 
somewhat smaller than the irradiated area, between 
1.8 and 2.7 mm, and increasing in size with the applied 
charge, while the depth varied between 72 and 121  µm 
(Fig. 7). For higher fluences, the depth of the crater seems 
to be more related to the penetration depth of protons, 
which is the same for all fluences, approx. 100 microns. 
We see craters about this depth. Meanwhile, the width 
of the crater increases with the deposited charge in all 
but one instance (T1 spot 1 and 2—but here the depth 
is informative). These results are in accordance with the 
SEM cross-section data [31]. Besides the crater forma-
tion, a lowered scattering could be observed in the irradi-
ated spot after the short bath in most cases. A lowered 
scattering indicates more homogeneous, therefore more 
deteriorated collagen structure.

As for the comparison of the high and low current 
conditions (1000 pA vs 250 pA, 2–5 µC/cm2), it must 
be noticed that the low current (i.e. longer irradiation) 
resulted in a more pronounced crater formation after the 
immersion in the hydrogen peroxide solution. This indi-
cates more pronounced changes in the irradiated area, in 
accordance with the FTIR results.

Low irradiation (at 500 pA), below 2 µC/cm2 was less 
harmful to the sample: for 1 µC/cm2 we only found a 
small hole (approx. 200 microns wide and 70 microns 
deep: T2 spot 2 in Table 2; Fig. 8) or a slight indentation 
(T1 spot 2 in Table  2) after the bath test. Nevertheless, 
the altered scattering properties could still be observed. 
The 0.5 µC/cm2 accumulated charge did not cause 
observable alterations.

To summarize, the irradiation with 2 µC/cm2 was too 
intense for avoiding modifications at all three currents 
applied, while 1 µC/cm2 accumulated charge caused 
some changes, not observable with electron microscopy 
but revealed by means of the “bath”, at 500 pA current. 
Unfortunately, low current and low charge conditions 
were not sufficiently and conclusively examined with 

Table 2 Results of the OCT examination of the irradiated spots

a Estimated error = 20 µm
b Estimated error = 10 µm
c No crater observed
d Estimated value, crater almost not detectable

Sample Spot Current (pA) Charge per unit area 
(µC/cm2)

Crater  widtha (µm) Crater  depthb (µm) Treatment 
(5 min 
immersion)

T1 1 500 0.5 n. c.c n. c H2O

2 1 2252  ~  15d

3 2 1861 97

4 3 2362 117

T2 1 500 0.5 n. c n. c 3%  H2O2

2 1 187 74

3 2 2240 76

4 3 2502 72

W1 1 500 0.5 n. c n. c No treatment

2 1 n. c n. c

3 2 n. c n. c

4 3 n. c n. c

W4 1 1000 2 2246 80 3%  H2O2

2 3 2362 94

3 4 2473 80

4 5 2619 74

W6 1 250 2 2392 86 3%  H2O2

2 3 2532 86

3 4 2642 121

4 5 2701 101
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OCT. Conditions below 2 µC/cm2 were investigated only 
at 500 pA applied current. Therefore, digital 3D micros-
copy was additionally used for further investigation.

Digital 3D microscopy
Investigation of the low current (250 pA) condition, after 
a short  H2O2 bath, showed an altered spot at the 1 µC/
cm2 accumulated charge but no signs of damage were 
detected at 0.25 or 0.5 µC/cm2. On the other hand, for 
the high current (1 nA), i.e., shorter measurement, the 1 
µC/cm2 was found to be harmless, the removability of the 
irradiated material did not increase. Figure  9 shows the 
digital 3D image of an area subjected to 10 µC/cm2 accu-
mulated charge (proton fluence) using 1 nA current. The 
observed picture is very similar to deliberate microma-
chining when the material is weakened through radiation 
and then removed, thus creating a patterned structure.

As for the 1 µC/cm2 accumulated charge at 250 pA 
condition, the damaged surface is smaller by 60% and 
the created crater is much shallower but still observable 
(Fig.  10.) We note that the two irradiation conditions 
were applied to two different areas on the same piece of 
parchment.

Combining OCT and digital 3D microscopy results we 
can state that, depending on the current, 1 µC/cm2 might 
or might not create damage, 2 µC/cm2 is undoubtedly 
damaging, and 0.5 µC/cm2 seems to be safe for the test 
material used in our study.

Organic objects are not in the main focus of ion beam 
analysis since this technique is dedicated for elemental 
analysis of inorganic materials, primarily [60]. However, 
when quantitative elemental information, depth profile, 
or information on lighter elements are of interest, IBA 
might be a good choice [26–29]. A simple “bath test”, 

Fig. 7 OCT cross-sectional image of a parchment area subjected to 3 µC/cm2 proton fluence at 500 pA, and immersed in 3%  H2O2 solution for 
5 min (sample T2, spot 4 in Table 2). The image is strongly expanded in a vertical (in depth) direction and shows a window of 7 mm × 0.70 mm size

Fig. 8 OCT cross-sectional image of a parchment area subjected to 1 µC/cm2 proton fluence at 500 pA, and immersed in 3%  H2O2 solution for 
5 min (sample T2, spot 2 in Table 2). The image is strongly expanded in a vertical (in depth) direction and shows a window of 7 mm × 0.70 mm size
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revealing a small hole, showed that some change was 
caused already at 1 µC/cm2, which is not an extraordinar-
ily high dose in ion beam analysis [28]. The changes in 
the structure of parchment caused the weakening of the 
material, resulting in increased removability. When the 
measured objects are relatively large and thick, such as 
a painting, a tiny hole might not jeopardize the integrity 
of the object itself. However, for materials such as parch-
ment or paper, with thickness comparable to the penetra-
tion depth of ions, it is very important to keep the dose 
as small as possible or to consider alternative techniques. 
In this study, we investigated fresh parchment which 
might be more sensitive than other organic objects. On 
the other hand, traditionally prepared paper might be 
even more susceptible to damage. Indeed, Xuan paper 
was found to be deteriorated at 0.4–0.6 µC/cm2 [30]. 
Mechanical properties, water content and hydrothermal 
stability can change during the ageing of parchment [61–
64]. Combining irradiation with artificial ageing [65], 

either exposing irradiated and non-irradiated samples to 
artificial ageing and comparing their behaviour or irradi-
ating artificially aged samples to simulate the behaviour 
of old parchments would be an interesting next step for 
this research.

Of course, it is not just IBA which might cause harm, 
Raman spectroscopy or other laser-based techniques 
and intense X-ray radiation are also able to deposit large 
amount of energy in a small volume [1, 11, 13, 66]. All of 
these techniques should only be used for heritage materi-
als when they are safe enough and the information they 
provide cannot be gathered otherwise.

Conclusions
In this study, we investigated the possible harmful 
effects of ion beam irradiation on parchment. FTIR 
results indicate changes in the secondary structure of 
collagen on the surface of the irradiated parchment 
samples starting from 2 µC/cm2 accumulated charge. 

Fig. 9 Digital 3D image (a) and depth profile (b, c) for a parchment area subjected to 10 µC/cm2 proton fluence at 1 nA, and immersed in 3%  H2O2 
solution for 5 min. The image was taken at the border of the non-irradiated and irradiated areas at one side of the irradiation spot
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However, a special feature of ion beam irradiation is 
that the deposited energy is highest just before stop-
ping in the material, in our case several tens of microns 
below the surface. Inspection of the surface underes-
timates the effects and may miss potential damage for 
which we had an indication using a simple “bath test” 
(immersion in a 3%  H2O2 solution) even at 1 µC/cm2 
accumulated charge, depending on the applied current. 
On the other hand, no such indication emerged for flu-
ences lower than that. However, a relatively low fluence 
necessitates a detection system of high efficiency to 
obtain a meaningful analytical signal. Our aim was not 
to establish absolute safe limits in general or to char-
acterize this specific parchment material exhaustively 
but to point out that caution must be taken when irra-
diating sensitive materials with ions for analytical pur-
poses. A refined approach for the further evaluation of 
the hypothesized modifications in model parchment 

should be performed using artificial ageing of the sam-
ples with controlled parameters in the future, similarly 
to the study performed on paper material utilizing syn-
chrotron radiation [67].
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