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Abstract— To measure radiation damage of parti-
cles with high energy and charge in space, radiosen-
sitive plastics are used, in which particles leave
damage tracks where they pass. These tracks are
then etched, after which they have a typical cone
shape. The geometrical parameters of these cones
give information about energy and charge of the
particles. To measure these parameters, the tracks
are recorded in three dimensions with a confocal
microscope, which is a special kind of microscope
that can make threedimensional images of an ob-
ject.

To reduce blur in the recorded images of the
tracks, image restoration is used. But with blur
removal, the risk is that noise is amplified. Three
techniques that handle this problem are compared:
the wienerfilter, iterative constrained Tikhonov-
Miller and Richardson-Lucy. The first two methods
increase sharpness of the image, but also fit noise
as data. Richardson-Lucy is the best method, but
has a very slow convergence rate.

After the image is optimised, the geometrical pa-
rameters of the damage cones will be extracted
from the image by fitting cone models to the image.

This is the first time confocal microscopy and
image restoration are used to study nuclear tracks.
The results will be used in an ESA project to study
radiation effects on biological cells.
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I. INTRODUCTION

In this abstract, a method is decribed to analyse
heavy ionising radiation. This method was used in
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an experiment, performed at Ghent University in col-
laboration with ESA (European Space Agency). The
objective of the experiment is to study the effect of ra-
diation in space on biological cells to obtain a better
insight in the risk of prolonged exposure of astronauts
to radiation in space. The following topics will be dis-
cussed.

We will start with a classification of the different
kinds of radiation in space to which the astronauts
are exposed during space missions.

After that, we will explain the principles of a spe-
cial kind of passive detectors, so called Solid State
Nuclear Track Detectors (SSNTD) [5], [9], [14], [15].
These detectors are in fact pieces of plastic, in which
the particle will leave a damage trail. This damage is
not visible with conventional equipment, but can be
enlarged by chemical etching. These etch pits then
are visible as small cones in a microscope.

To study the exact threedimensional form of the
etch pits, a special kind of microscope was used, i.e., a
Confocal Scanning Laser Microscope (csLm) [6], [10].
This kind of microscope allows visualising threedi-
mensional volumes by imaging thin slices through the
specimen.

The next step is the optimisation of the image qual-
ity by applying deconvolution. In this part, some dif-
ferent algorithms will be discussed with advantages
and disadvantages.

Finally, a cone fitting algorithm will be applied to
the image in order to determine the geometrical pa-
rameters of the track cones, which are related to the
energy and charge of the detected particle.

II. RADIATION IN THE SPACE ENVIRONMENT

In this part of the experiment, radiation is not elec-
tromagnetic radiation, but consists of heavy ionizing
particles (HZE: particles with a high atom number and
a high energy).

Radiation in space [2], [3], [11], can be classified in
three different categories, according to its origin.

A first class of radiation in space is trapped radia-
tion. These are particles from the solar wind, trapped
in the earth magnetic field in de so-called Van Allen



radiation belts. This kind of radiation is important
in space missions which fly in low earth orbits. The
region where the radiation has its highest intensity is
the South Atlantic Anomaly. This is a place above the
Atlantic Ocean where the radiation belts come much
closer to the planet surface than anywhere else due to
a displacement of the earth magnetic dipole with re-
spect to the planet surface. Astronauts in Low Earth
Orbits get most of their radiation exposure when they
pass through the South Atlantic Anomaly..

A second kind of radiation comes from Solar Par-
ticle Events (SPE). This SPE’s are violent eruptions
on the Sun, which can reach the neighborhood of the
Earth after a couple of days. These solar storms cause
moments of very high radiation intensity. These erup-
tions of radiation are extremely dangerous for astro-
nauts and exposure is always to be avoided. Some
eruptions can cause even lethal radiation levels in the
neighborhood of the earth.

The last class is the Galactic Cosmic Radiation
GCR. This is radiation from outside the solar system,
caused by for example a supernova explosion (this is
an explosion that occurs when a certain type of star
dies). This kind of radiation consists of particles with
very high energies and can almost not be shielded.
Fortunaly, the rate of this kind of radiation is very
low.

III. DETECTORS AND THEIR ANALYSIS WITH CSLM

The detectors we use, are in fact small pieces of
a radiation sensitive plastic, of which the polymere
structure is damaged when exposed to heavy ioniz-
ing radiation. This exposed detector is then put in
a etchant (we use NaOH). The undamaged surface is
dissolved at a certain rate. Along the path of the par-
ticle in the plastic, the polymere chains are damaged
and the polymere ends caused this way are much more
chemicaly reactive. Therefore, the etch rate along the
particle tracks is much bigger. This causes a cone
shaped etch pit for particles with a high linear en-
ergy transfer and very high energies. This is true for
particles in space. The geometrical parameters are
directly related to charge and energy of the particle
which caused the damage track.

After the etching process, the detectors are ob-
served with a confocal microscope [6], [10]. This is
a special kind of microscope, which allows imaging of
an object point by point. This is done by illuminating
the object through the objective lens. A diafragm in
front of the detector eliminates light from points which
are not in focus. So a single point is imaged by the

Fig. 1. Threedimensional rendering of nuclear tracks from
confocal image. The tracks are caused by Li-particles.

system. A scanning mechanism then measures point
by point slices at different depths in a specimen. Mov-
ing the focus allows imaging slices at different depths
in the specimen, thus allowing threedimensional imag-
ing of an object. From such a recording, quantitative
measurements can be done. In our case, we want to
measure the exact geometry of particle tracks. These
appear as cones in the image. So in succeeding slices
through the image, we can see ellipses.

This method allowed for the first time to visualize
nuclear tracks with much better precision and without
damaging the original detectors. This allows measur-
ing the specimen again in the future.

IV. IMAGE OPTIMISATION BY IMAGE RESTORATION

Optics are never perfect [12], and the image forma-
tion proces is determined by diffraction. An illumi-
nated object will form a diffraction pattern because
every point will be a source of secundary waves. This
diffraction pattern is proportional to the fourier spec-
trum of the original object. This fourier spectrum
consists of a central peak for the DC component which
can be found in the direction of the optical axis of the
objective. The higher the order of the diffraction max-
ima, the higher the corresponding spatial frequencies
are and the further away they form from the opti-
cal axis. So there is a limit to the spatial frequency
which is still intercepted by the objective lens. This is
a limiting factor to the resolution of the microscope.
If we consider imaging a mathematical point with our
microscope, the image won’t be a point but a distri-
bution of light in three dimensions. This light distri-
bution is called the Point Spread Function (PSF).

In the observed image, points which are close to
each other will be imaged as blots which can not be
seperated anymore. But when we know the exact
shape of the PSF, certain algorithms can restore the
image contents [18], [17], [19], [16], [8], [7], [1]- A first
set of algorithms performs a least-square fitting of the



data to a model convolved with the PSF:

L(g, f) =g — h* fI

with g the observed data, f the model for the solution
and h the pSF. Without additional terms, this method
is called the Jannson-Van Cittert algorithm. When an
extra penalty term and a non-negativity constraint are
added, this method is called Tikhonov-Miller restora-
tion. The functional v is given by:

(g, ) = g — b * fII> + A|CF|?

with A the regularisation parameter and C a high-
pass filter, so the second term is a measure for the
energy of the high frequencies of an image. The min-
imisation can be done by using conjugate gradients.
A variant of this method is the Carrington algorithm,
which is mathematically more robust. By penalising
high frequencies, the solution will be smooth. The ad-
vantage is that artifacts and noise will be penalised.
The disadvantage however is that sharp edges are also
penalised.

The last considered method is the Expectation Mazx-
imisation algorithm, also known in astronomy as the
Richardson-Lucy algorithm. This method is based on
maximising the probability p(f | g) (i-e. the probabil-
ity that when an image g is observed, that the original
image before degradation was f ) is maximal. This
is calculated from p(g | f), i.e. the probability that
when an object f is imaged, that g will be observed.
These probabilities are related by Bayes’ rule:

P9 | f) plf)

p(9)

p(flg)=

The denominator is just a normalisation factor and
is independent of f. But it is much easier to min-
imise the negative logarithm of the expression, i.e.,
minimising .

¢ =—In p(g| f)—In p(f) = L(g, f) + P(f)

with L(g, f) the likelihood function and P(g, f) the
penalty function. For gaussian noise, we find follow-
ing expression for L(g, f) = ||g — h * f||* which gives
us again a least square problem. But for confocal im-
ages, it is better to consider poisson noise, which gives
us another expression. The advantage is that no neg-
ative solutions can be found in this method, which
would be meaningless after all (negative solutions are
allowed by the least square method). In fact, this gen-
eral framework also includes the previous described
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Fig. 2. Comparison of the different restoration algorithms

methods by considering gaussian noise. But it is bet-
ter to use poisson noise in case of confocal microscopy.
In that case, we find the following functional:

pgl f)=et §79/g!
= L(g,f)=f+g In(f) — In(g)

This method gives the best results for restoration
of confocal images, because the image formation pro-
cess inherently involves poisson noise. It also is the
best criterion when the result has to be non-negative
(like in images). When this likelihood function is
minimised with respect to f, one can derive the Fz-
pectation Mazimization algorithm, equivalent to the
Richardson-Lucy algorithm in astronomy. The itera-
tion formula is given by
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In figure 2, we give a comparison of the perfor-
mance of the different algorithms. Here one can see
that the wienerfilter gives some artifacts due to gibbs-
oscillations. The Tikhonov-Miller restoration (ICTM)
is already better, but also introduces some artefacts.
For example, the edge of the track is smooth, as can
be guessed from the original image. But after restora-
tion, the edge of the track has a rough appearance.
This is due to fitting of the noise in the solution.
Then, the best is the Richardson-Lucy restoration.
This method introduces least artefacts, but converges
really slowly. After 20 iterations, the edge is far from
sharp. It also takes more time per iteration to com-
pute Richardson-Lucy then the other algorithms.



V. CONE FITTING TO THE RESTORED IMAGES

After restoration of the confocal images, the
recorded images can be analysed. Like was said be-
fore, the etch pits can be approximated by a cone
shape. This approximation doesn’t hold when tracks
of particles with low energies or over-etched tracks are
considered, but in our case, it can be done.

In order to fit a cone, we considered fitting of an
ellipse in each section of the image [13], [4]. This pro-
cedure also gives a starting point for fitting of shapes
different from a cone. Fitting of an ellipse is a diffi-
cult mathematical problem, so we did a simplification
of the problem by not fitting an ellipse, but fitting
a general cone section. But when there are enough
data points that are on an ellipse (like in our case),
the solution will be an ellipse.

We begin with the general quadratic equation of a
cone section:

2+ay’+bay+cz+dy+e=0.

We minimize the following expression:

N
2
D, = Z (:c? + ay? + baiz; + cx; + dy; + e)
i=1

Therefore we set the partial derivatives 6;3 s 651))5 , 63]2 s
3(;?; and 6(,;2 s equal to zero. This gives us a system of
five linear equations and five unknowns. To solve this
system, the Gauss-Seidel method with successive over-
relaxation was used. After the coefficients a, b, ¢, d
and e are determined, the geometrical parameters of
the ellipse (position of the center, length of the semi
major and the semi minor axes and the orientation
of the ellipse) can be calculated by reduction of the
quadratic equation. In figure 3, examples are shown.
First, a set of data points with known parameters was
generated, then noise was added and finally, the pa-
rameters were fitted to the noisy data.

To determine the parameters of the cone, we used
the fact that the semi major axes of ellipses in sub-
sequent slices are sides of conformal triangles. This
gives us a relation between the semi major axis of an
ellipse in a certain slice and the number of the slice in
function of the parameters of the cone (opening angle
and orientation of the axis of the cone). With least
square fitting, these parameters can be calculated.
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Results from the ellipse fitting algorithm




