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Biological applications of ion beams have recently become a new important research field using single ion hit
facilities to study individual living cells and their response to the hit of a counted number of ions. One motivation
is the search for a better understanding of the fundamental processes taking place in cells and organs as a result of
irradiation. Another comes from the increasing interest in using high energy protons and heavy ions as a modality
for radiotherapy of deep seated tumours. In the view of treatment efficiency, study of cell culture behaviour
under controlled radiation experiments, and in different chemical environments at single ion hit facilities, is a
first step towards a better understanding of the processes. Tomographic techniques are applicable to situations
where you need information of the inside of an object but do not want to section it into thin slices or cannot do
it. Using focused MeV ion beams for tomography restricts the sample size to the order of 10-100 pum, depending
of the initial energy. On the other hand, the ability to focus at a sub-micrometer level makes ion beams well
suited for analyses of small sized objects as cells, spores, etc. The scanning transmission ion microscopy mode of
tomography gives the mass density and corresponding morphological structure of holes and pores. It can then be
used to correct the results from the other mode, particle induced X-ray emission tomography. Here is discussed a
porosity analysis of bentonite clay that is planned to form an important buffer zone around canisters filled with
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spent nuclear reactor fuel waste deposited 500 m underground in Sweden.

PACS numbers: 07.79.—v, 29.40.Wk, 87.53.—j, 87.53.Ay, 25.40.Cm, 29.30.Ep, 29.30.Kv, 61.43.Gt

1. Background

1.1. Development of irradiation facilities

During the recent years there has been a European
move towards developing high resolution ion beam fa-
cilities to be used in the study of cellular responses to
single ion hits [1, 2]. Those systems utilise the counted,
localised and focused MeV ions to interact with mono-
layer biological experimental systems to induce localised,
quantified damage with the purpose to study the bio-
logical effects originating from the interaction. It has
since more than a decade been a research field in the
borderland between physics and biology [3, 4] and to-
day a considerable number of single ion hit facilities have
been developed worldwide (see e.g. [5, 6]). A single ion
hit facility (SIHF) is a modified nuclear microprobe spe-
cially adopted for the task of shooting single, positioned
ions [7].

Many experiments focus on the effects of low dose irra-
diation: bystander effect, genomic instability and adap-
tive responses [8]. There are several phenomena that

* corresponding author; e-mail: Jan.Pallon@nuclear.lu.se

are not well understood, e.g. the limits for double-strain
breaks, cell-to-cell communication and interactions that
indicate both increased sensitivity versus radiation as
well as increased protection against radiation (adapta-
tive response). This type of experiments can hardly be
done without the use of well controlled ion exposures (lo-
cal energy transfer to the cell, number of ion hits per cell
and localization within the cell).

1.2. Relation to proton therapy

In radiation therapy there is always a delicate balance
between delivering high enough dose to the tumour and
at the same time low enough to minimize the damage to
surrounding tissues. Proton therapy, where high energy
protons are used, has the physical advantage over photon
therapy that the ions deliver most of their energy at the
end of the path (the stopping power is low and constant
up to the end where it increases in the Bragg peak), and
are thus favourable for treating deep lying tumours in the
body. It is not well known how tissue cells that are near
the border of the irradiation volume (the Bragg peak) re-
act as there is a sharp gradient in deposited energy/mass
element going outwards into healthy tissue.

(501)
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2. The single ion hit facility

A SIHF is a combination of an accelerator based mi-
croprobe system and an irradiation chamber that allows
single MeV ions to be extracted through a thin vacuum
window into air, pass a second window to hit single liv-
ing cells kept in a nutrient solution. The cells are grown
in culture and normally attached to this second window.
The passage of each ion is detected and is used to trigger
a fast beam blanking system that sweeps off the beam
and allows each cell to be hit by just one ion. Through
collimation, the particle flux is limited to less than
1000 ions/s. A fast (160 ns) blanking system, triggered
by an ion hit detector will block the beam [9] to pre-
vent unwanted ions to reach the exposure area, see Fig.
1. By (magnetic) steering the beam is then directed to
hit a new cell and thus a precise dose can be given each
cell (1, 2, etc. ions). At least 10 000 cells/hour can be
exposed using this technique. After irradiation, the cell
culture is moved to an incubator where cell vitality is
monitored and followed up in different ways.

Irradiation chamber

cell culture

dish ¢/
HV dish window
off/on vacuum area
| — vacuum Window\‘ )
— I\mnicle detector
— focused ion beam !

A
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Fig. 1. Principle of a system for irradiation of indi-
vidual cells using single ions. The high energy ions are
passing a thin window into atmospheric condition and a
second window to hit the cells staying in culture media.
A particle detector behind the cells serves as a hit indi-
cator. As an alternative (not shown), a pre-cell detector
can be placed in the vacuum area. The hit (after logical
operations) triggers the HV-beam deflector.

The first SIHF at Gray lab and Columbia had colli-
mated beams using capillary exits [10] and a mechanical
stage to move the cells. Typically 2—5 micrometers beam
diameter was achieved and much care needed to reduce
unavoidable slit scattering.

However, it is advantageous to have the STHF based on
focusing as it permits sub-micrometer precision and de-
tailed sub-cellular information. For cellular irradiation
response studies it is essential to know where the ion
track was created in a cell — e.g. crossing the nucleus
or passing the cytoplasm. In addition to the higher pre-
cision, an advantage with a focused beam is that with a
beam scanning device cell selection can be made much
faster than using mechanical scanning; and in addition
with better precision in position. Thus a higher number

of cells can be exposed with a larger accuracy allowing
more investigations to be done in each irradiation exper-
iment.

2.1. Vertical cell dish

If the ion beam is coming upwards (or downwards),
a simple horizontal cell dish arrangement can be used.
Most microprobes using focusing lenses are however con-
structed for a horizontal beam and thus the cell culture
must be positioned vertically. There are no indications
that the cells should fall off, once attached to the cell
dish window they will stay. One complication is to assure
that the cell culture medium surrounds the cells enough
during irradiation to keep them healthy. From physical
reasons, there will always be a thin layer due to capillary
forces covering the cells until evaporation causes a drying
out. This safe time window depends on the actual setup;
temperature, humidity, cell type, etc. and must be found
experimentally.

2.2. Limits to high resolution

While in vacuum there is a full control of beam size and
position, but at the point where the ions pass through
the exit window and enters the atmospheric conditions
their energy and direction becomes a function of the ma-
terial they traverse. In general terms, the ions will suf-
fer energy loss, energy straggling and lateral straggling.
Of those the lateral straggling is the most limiting fac-
tor when it comes to aiming at specific cell structures,
and the spreading increases with the distance from the
first non-vacuum scattering point. Thus to minimise the
beam spot, the cell dish should ideally coincide with the
exit window. In reality there must be a separate exit win-
dow and cell dish window and the task in practice is to
minimise the air gap in between to be typically less than
0.1 mm. To minimise the initial scattering at the exit
window, as thin and strong material as possible should
be chosen. A common material used is SisNy, commer-
cially available with windows having a diameter of about
3 mm and a thickness 100-200 nm.

Designing the STHF for protons is the most demanding
task as heavier ions (alpha-particles, carbon ions, etc.)
scatter less than protons. Also when it comes to pre-cell
hit-detection, see below, protons are the most difficult
case to handle.

Because of energy loss, the ions will have a given range
in matter, and the value of the initial ion energy deter-
mines how thick cell layer and culture medium that can
be traversed. For the case of post-cell hit detection, the
culture medium surrounding the cells must be minimised
to a point where the bombarding ions safely can be de-
tected after the passage of windows, cells and medium.
This is an important limitation for many microprobes
working in the 2-3 MeV range. As an example, a 100 pm
layer needs energies from 2.5 MeV protons and up; a
75 pm layer can be passed from 2 MeV and above; while
50 pm allows 1.7 MeV protons to be used. Thus it is very
important to improve the possibility to hold a thin and
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homogeneous liquid layer in place, e.g. by introducing
microstructures produced by lithography.

2.8. Microscopy, cell recognition and positioning

Experiments with STHF require irradiation of hundreds
or thousands of cells with precisely the same number of
ion traversals through all cells. Cells are grown in cul-
ture media and will attach to the bottom of a dish. Be-
fore irradiation, the location of each cell and its nucleus
must be determined and registered using suitable soft-
ware, and the corresponding coordinates then are used to
precisely deflect the single ions to hit just the selected po-
sition within the cell. To enhance optical contrast, imag-
ing using fluorescence additives to the cells can be used.
Fluorescence imaging can be highly specific, has a good
signal-to-noise ratio and is suitable for routine work and
automatic cell identification. However, there are poten-
tial cell toxicity problems. Non-fluorescence imaging is
non-toxic for the cells, but much more complicated. It re-
lies on techniques like dark-field /phase contrast methods,
contrast generation from optical path differences or inter-
ferometric methods. Advanced imaging and cell finding
software is necessary.

2.4. Pre-cell detection

At irradiation, each single ion needs to be detected to
control the beam deflection system and thus the applied
dose to the cells. The simplest and most straightfor-
ward solution is to use post-cell detection, often semi-
conductor detectors, e.g. Cracow [11], LIPSION [12] and
SNAKE [13]. However, as discussed above, it poses
limitation both in terms of cell layer thickness and mi-
croscopy, and the alternative is pre-cell detection, in the
vacuum region just in front of the exit foil. Setups with
pre-cell detectors, using thin plastic scintillation detec-
tors or secondary electrons detected in e.g. a channel-
tron, are described at CENBG [14], GCI [15], PTB [16].
An exit window of 100 nm SizN4 or thin boron doped dia-
mond films [17] can serve both as window and scintillator
(if covered with thin CsI generates secondary electrons).
Detection efficiency of 99.5% was reported for carbon ions
[18], but the corresponding figure for protons was lower
[19]. Recent results from the Krakéw group [20] indicates
that the SigN,; membrane efficiency for proton registra-
tion was only 10%, while for SisN, covered with CsI the
best result achieved was 61%. Efficiency well above 90%
is vital for the technique.

Another approach has been taken in Lund. Thin (10—
14 pm) silicon E-detectors developed for high energy
physics telescopes have been tested as pre-cell detec-
tor candidates. The best results were obtained using
a 2 x 2 mm? detector, having an acceptable signal to
noise level [21]. Using a new version, 1 x 1 mm? and less
than 9 pm thick detector yielded efficiency values close
to 100% for proton energies up to 2.2 MeV [22], which is
very promising.

The drawback with the E detector is that it causes
more lateral scattering that limits the lateral precision

at irradiation and excludes studies aiming at the most
detailed sub-cellular components. As a conclusion, it is
the biological task that at the end sets the limits to what
type of hit detection that can be used.

3. Responses to radiation

As already mentioned, there is increasing interest in
the role of “non-targeted” effects where cells respond in-
directly to energy deposited by radiations. One such ef-
fect is the occurrence of damage arising from radiation
induced cell signalling both intracellular (i.e. from the
cytoplasm to the nucleus) and inter-cellular (from cell to
cell). The interest in inter-cellular signalling followed on
reports by Nagasawa and Little [23], Deshpande et al.
[24] and Hickman et al. [25]. The implication of these
findings is that damage is occurring in non-irradiated
cells in response to signals from neighbouring irradiated
cells. This phenomenon has been termed the “bystander
effect” and microbeam techniques that allow the selective
irradiation of cells (or even just a single cell) with micron
or submicron targeting capability within a population are
clearly advantageous for this type of study.

The genotoxic effect of charged particle radiation on
living cells is a result of interactions among biological
matter; primary particles traversing the cell, positive
ions and secondary electrons produced along the track
of charged particles and of chemical reactions with free
radicals or other reactive oxygen species created by ra-
diolysis of water in the cell. Those interactions can be
tracked down to a level of a single chromosome or even of
a single DNA strand. The development of SIHF's allows
achieving a better linear energy transfer (LET) defini-
tion, greater range of LET using heavy ion beams, and
higher aiming accuracy.

3.1. Mechanisms of cell death and the bystander effect

In tumour therapy, the desired effects of proton irra-
diation involve cell death. The findings of new biolog-
ical responses to proton-irradiation, such as membrane-
-mediated signalling and the bystander effect have stimu-
lated a wave of new research on mechanisms of cell death.
Bystander effects are defined as secondary effects on cells
not directly hit by the irradiation particles. Thus, our
understanding of the mechanisms of proton irradiation-
-induced cell death has undergone a change from a view
locked into the notion of direct DNA damage and re-
pair to one that encompasses the important intracellular
and intercellular signalling pathways present at the cell
and tissue level (see [26] for a review). According to the
present paradigm, cell death is either accidental, necro-
sis, or programmed, apoptosis and it can be expected
that proton beam irradiation induces both necrosis and
apoptosis. However, many mechanisms exist that aim to
rescue cells after radiation damage, and two of the most
important of these are cell-cycle arrest and DNA-repair.
A major molecular regulator of the response to various
stress factors, including radiation, is the small protein
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p21 [27]. This protein is up regulated in response to
oxidation, UV-radiation, etc., and induce G1 cell-cycle
arrest, DNA-repair and inhibit apoptosis.

We hypothesise that proton irradiation induces pri-
mary oxidative stress by ionisation of solvent and cell
components directly hit by the proton beam, and sec-
ondary oxidative stress by proton-induced cell necrosis.
Oxidative stress is defined as increased tissue oxidation,
due to imbalance between generation of oxidative com-
pounds and detoxification of oxidants/repair of oxidated
tissue (reviewed in [28]). The major mediators of ox-
idative stress are reactive oxygen species (ROS) which
include hydrogen peroxide, superoxide and the hydroxyl
radical. ROS, oxidants, and free radicals react with pro-
teins, DNA and other molecular components to cause
oxidation of human cells and tissues, which can lead to
unwanted modifications of the target molecules, loss of
function and cell death. Necrosis induces oxidative stress
mainly by disruption of the compartmentalisation of ox-
idative processes. The research in the Lund group has ac-
cordingly been focused on detecting ROS effects invoked
by the irradiation using e.g. the fluorescent oxidation-
-sensitive probe H2DCFDA. Typically, following irradia-
tion, signs of oxidation start to develop after three hours.
A large amount of bystander cells become damaged due
to oxidation and a few hours later, the cells start to die.
Presently the studies have a more qualitative character
but we plan to characterise cell death and oxidation tem-
porally and spatially and also investigate the importance
of the medium for the induction of cell death by culturing
non-irradiated cells in the irradiated medium.

3.2. Concluding remarks

In the perspective of coming facilities for proton ther-
apy, experiments at SIHF are useful to build proce-
dures for controlled laboratory cell radiations where cor-
responding results are applicable to future clinical situ-
ations. It allows model experiments to be carried out
where effects are studied on scales from molecular, cel-
lular and thin tissue layers. The SIHF will be an ex-
tremely useful tool for investigating issues related to pro-
ton/alpha particle radiobiology where findings of the role
of oxidants and antioxidants may be used to maximise
the therapeutic effect while minimising unwanted dam-
age. In addition, the studies contribute to fundamental
understanding of radiation induced cell damage mecha-
nisms.

4. Tomography

Today, tomography is used in many research areas and
in industry to perform non-destructive examinations and
gain true three-dimensional information on various ob-
jects. Not only are X-rays used but also photons in gen-
eral and also particle irradiation. The range in object size
stretches from proteins imaged by NMR/MRI to investi-
gations of the inside of the Earth by seismic tomography.

Two-dimensional mapping with ion microprobes was
extended to tomographic imaging by several research

groups [29, 30]. By using the full 3D information small
structures inside samples can be imaged, e.g. cellu-
lar structures or porosity. Tomographic investigations
require very small samples, are time consuming and
have therefore not replaced the standard two-dimensional
mapping that delivers sufficient information in most ap-
plications. For specific questions, however, tomography
can be a source of valuable information, which simpli-
fies the interpretation of data and makes features visible,
which cannot be distinguished in two dimensions.

The principle of computed tomography is combination
of “slicing” and “writing”. An image of the slice can be
made mathematically by irradiating the object in many
different angles and measuring how the radiation is af-
fected by the passage through the object, either in terms
of energy loss or attenuation. Data on transmitted energy
or intensity for a specific angle is called a projection and
represents the line integral of the measured parameter.
By combining a set of projections from typically 180—
360° around the object, a mathematical reconstruction
can be made. By stacking many such reconstructed cross-
-sections on top of each other, a full three-dimensional
image of the object can be done.

4.1. Ton beam tomography

Tons interact differently with matter than X-rays, as
they are both slowed down and scattered when travers-
ing matter. This limits the useful range for MeV ions
to 10-100 pm, depending on the initial energy, ion type
and target material. The ion range limits the dimensions
on the sample that are to be analysed. On the other
hand, the ability to focus the beam to sub-micrometer
size and the very low lateral straggling compared to e.g.
electrons makes high resolution ion beam tomography
very attractive to study microscopic structures like cells,
spores, pores etc [31].

For the case of ion beam tomography, there are two
types developed, scanning transmission ion microscopy
(STIM), tomography based on the mass density, and
PIXE tomography based on the elemental distribution.
The mass density data is useful to image the morphol-
ogy in the sample and reveal internal structures or pores.
Three-dimensional density information can then help to
perform a better mass normalisation for the PIXE to-
mography experiments.

4.2. A feasibility study for porosity characterisation
of bentonite clay

Bentonite clay is planned to be used in the KBS-3
[31, 32] concept for a future nuclear high level waste
repository in Sweden. In the concept the spent nuclear
fuel is encapsulated in a copper canister using friction
stir welding. The copper canister is embedded in com-
pacted bentonite and deposited at 500 m depth in granite
bedrock. The compacted bentonite will act as a buffer
material, giving mechanical support for the copper canis-
ter, reducing water movements and capturing potentially
escaping radio-nuclides.
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Bentonite is a natural clay, which has a high swelling
capacity in water, originating from its high content of
smectite minerals. Smectite minerals, with montmoril-
lonite as the most common, are sheet silicates, which can
intercalate water into their structure by hydrating inter-
layer cations. This causes expansion of the interlayer
distances and an exceptional swelling capacity, which
makes bentonite a suitable buffer material that works
as a sealant and barrier [33]. The hydration process is
reversible, and in a dry atmosphere or during heating,
both water and hydrated cations can leave the structure
of montmorillonite [34].

The final pore size distribution determines the hy-
draulic permeability and governs the possible transport
of colloids through the clay. Heterogeneity in the mate-
rial, compaction and swelling may result in porosity, both
on the nano- and micrometer scale, which may affect the
permeability of the clay and may mediate the transport
of radio-nuclides, cations and corrosion products.

In addition to STIM, PIXE and p—p (hydrogen) anal-
yses performed on thin slices of bentonite, STIM to-
mography was also made to find out if the three-
dimensional mass density structure obtained would be
detailed enough to examine micrometer-sized pore dis-
tributions.

The sample preparation in this case was non-trivial,
the range of protons in bentonite was estimated to be
70 pm. The clay is brittle and the ideal situation would
be to have the clay enclosed in a glass micro-capillary.
However, no such were found commercially available and
in addition to other drawbacks when using a surrounding
glass material, a simpler procedure was chosen. A small
amount of the bentonite clay was dispersed in milliQ wa-
ter and then allowed to dry on a Mylar foil film. After
2448 hours, the Mylar foil could be removed and a thin,
self supporting layer of clay resulted. From this, strips
were cut and mounted on the rotating needle tip used for
tomography.

For a full data set of STIM tomography, the projection
maps must be acquired at equidistant angles covering
0-180°. In the determination of the residual energy, the
average value of a number of transmitted ions was used,
since this is known to be better in resolving small struc-
tures than the median value [35] and can thus better
resolve structures and pores in the bentonite. Typically
40 protons were detected per pixel which was sufficient
for good energy determination, however, data acquisition
at every projection angle turned out to be very time de-
manding.

After data collection, the energy loss was converted
to mass density and a standard filtered backprojection
algorithm [36] was applied to reconstruct the data. An
iso-density surface is shown in Fig. 2a to illustrate the
morphology of the bentonite strip. Here the data were
smoothed and a threshold of 0.6 g/cm? was set as the iso-
-density value to be shown. The internal structure of the
sample can be further investigated in Fig. 2b where 30
reconstructed cross-sections have been stacked and a vol-
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Fig. 2. (a) An iso-density surface is shown to illustrate
the morphology of the bentonite strip. Here the data
were smoothed and a threshold of 0.6 g/cm® was set
as the iso-density value to be shown. (b) The inter-
nal structure of the sample from 30 reconstructed cross-
sections that are stacked and a volume (12 pmx 12 pm X
18 pm) is cut out. Although the number of projections
was fewer than for an ideal reconstruction a clear in-
ternal structure can be discerned with regions of higher
mass density, possibly corresponding to accessory min-
erals, and regions with lower density which might indi-
cate micrometer-sized pores.

ume (12 pumx12 ymx 18 pm) has been cut out. Although
the number of projections was fewer than for an ideal re-
construction, a clear internal structure can be discerned
with regions of higher mass density, possibly correspond-
ing to accessory minerals, and regions with lower density
which might indicate micrometer-sized pores. The mass
density in the pores is not zero as could be expected,
and is an effect of the reconstruction technique, where
data is smeared out in the backprojection process. This
effect is in consistence with simulated reconstructions of
noise-free phantom projection data performed with the
filtered backprojection technique at the ideal number of
projection angles. Small pores, with a size comparable to
the pixel width will not be reconstructed as zero-density
values, but the agreement increases for larger pores. It
must also be emphasised that proper alignment of the ro-
tation axis is crucial for the quality of the reconstructed
image, but it is also very difficult to achieve experimen-
tally.

4.8. Conclusions

STIM tomography was successfully applied to analy-
sis of bentonite strips, and yielded information on the
internal structure and porosity on a micrometer scale.
However, the long beam time needed for data acquisi-
tion makes STIM tomography less suitable for standard
porosity studies. The sample preparation technique must
be further developed to be able to preserve the natural
structure of the clay. Another goal is to repeat the study
having different water content in the clay. In this case,
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however, the p—p coincidence technique applied to thin
bentonite films could be a powerful alternative.
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