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Abstract: - To measurgadiationdamageof particleswith high enegy andchagein spaceradiosensitie plastics
are used,in which particlesleave damagetracks wherethey pass. Thesetracks are then etched,after which
they have a typical coneshape. The geometricalparameter®f theseconesgive information aboutenegy and
chage of the particles. To measurgheseparametersthe tracksarerecordedn threedimensionswith a confocal
microscopewhich is a specialkind of microscopehatcanmalke threedimensiondmagesof anobject. To reduce
blur in the recordedimagesof the tracks,imagerestorationis used. But with blur removal, therisk is that noise
is amplifed. Threetechniquesthat handlethis problem are compared: the wiener£lter iterative constrained
Tikhonov-Miller andRichardson-Lug The£rsttwo methodsncreasesharpnessf theimage,but also£t noiseas
data. Richardson-Lug is the bestmethod,but hasa very slow cornvergencerate. After theimageis restoredthe

geometricaparametersf the damageconesareextractedfrom theimageby £tting conemodelsto theimage.
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1 Introduction

In this paperamethodis decribedo analyseneary
ionising radiation. This methodwasusedin an ex-
periment,performedat GhentUniversityin collab-
orationwith ESA (EuropeanSpaceAgeng/). The
objective of the experimentis to studythe effect of
radiationin spaceonbiologicalcellsto obtainabet-
terinsightin therisk of prolongedexposureof as-
tronautsto radiationin space.Thefollowing topics
will bediscussed.

We will startwith a discussionof the different
kinds of radiationin spaceto which the astronauts
areexposedduring spaceamissions.

After that, we will explain the principles of a
specialkind of passve detectors,so called Solid
StateNuclearTrackDetectorgssNTD) [5,9,14,15].
Thesedetectorsare in fact piecesof plastic, in
which the particle leaves a damagedrail by break-
ing the polymerechainsasit passeghroughthe
plastic. This damageis not visible with corven-

tional equipmentput canbe enlagedby chemical
etching. Theseetch pits then are visible as small
conesin amicroscope.

To studythe exactthreedimensiondiorm of the
etch pits, a specialkind of microscopewas used,
i.e.,aConfocalScannind_aserMicroscopgCsLM)
[6,10]. This kind of microscopeallows visualising
threedimensionalolumesby imaging thin slices
throughthe specimen.

The next stepis the optimisationof the image
quality by applying decowolution. In this part,
somedifferentalgorithmswill bediscussedavith ad-
vantagesanddisadwantages.

Finally, a cone£tting algorithmwill be applied
to theimagein orderto determinethe geometrical
parameter®f thetrack coneswhich arerelatedto
theenegy andchage of the detectedatrticles.



2 Radiation in space.

In thediscusse@xperimentradiationis notelectro-
magneticradiation, but consistsof heavy ionizing
particles(HzE: particleswith a high atomnumber
(z) anda high enegy (E)).

Radiationin spacd2, 3,11], canbe classifedn
threedifferentcategories,accordingto its origin.

A £rstclassof radiationin spaceis trappedra-
diation. Theseare particlesfrom the solarwind,
trappedin the earthmagneticEeld in de so-called
Van Allen radiationbelts. This kind of radiationis
importantin spacemissionswhich oy in low earth
orbits (LEO). The region wherethe radiationhas
its highestintensityis the SouthAtlantic Anomaly.
Thisis a placeabore the Atlantic Oceanwherethe
radiationbeltscomemuchcloserto the planetsur
facethan anywhereelsedueto a displacemenbf
the earthmagnetiadipole with respecto the planet
surfacem.Astronautsn LEO’s getmostof theirra-
diationexposurewhenthey passthroughthe South
Atlantic Anomaly.

A secondkind of radiation comesfrom Solar
Particle Events(sPe). This SPE’s areviolent erup-
tions on the Sun, which emit large numbersof
particles with extremely high enepgies. These
particlescan reachthe neighborhoodf the Earth
afteracoupleof days.Thesesolarstormscausemo-
mentsof very high radiationintensity Theseerup-
tionsof radiationareextremelydangerousor astro-
nautsandexposureis alwaysto be avoided. Some
eruptionscan causeeven lethal radiationlevels in
theneighborhooaf the earth.

The last classis the GalacticCosmicRadiation
GCR. This is radiationfrom outsidethe solarsys-
tem, causedy for examplea supernea explosion
(thisis anexplosionthatoccurswhena certaintype
of star dies). This kind of radiation consistsof
particleswith very high enegiesandcanalmostnot
be shielded.Fortunaly therateof this kind of radi-
ationis very low.

3 Detectorsand their analysis with

CSLM

The detectorsthat are used, are in fact small
piecesof a radiation sensitve plastic, of which

Figurel: Etchpro£leof atrackin the z-direction.
This pro£leis relatedto the massandthe enepgy of
theincidentparticle.

the polymerestructureis damagedwvhen exposed
to heay ionizing radiation. This exposed de-
tectoris thenputin a etchant(in this caseNaOH).
The undamagedsurface is dissoled at a certain
rate. Along the path of the particlein the plastic,
the polymerechainsare damagedand the broken
polymere ends causedthis way are much more
chemicalyreactie. Thereforethe etchratealong
the particle tracksis much bigger This causesa
coneshapedetch pit for particleswith a high lin-

eareneqgy transferandvery high enegies. Thisis

true for particlesin space. The geometricalpara-
metersaredirectly relatedto chage andenegy of

the particlewhich causedhe damagerack.

4 Imaging the detectors

After theetchingprocessthedetectorareobsered
with aconfocalmicroscopd6,10]. Thisis aspecial
kind of microscopewhichallowsimagingof anob-
ject point by point. This is doneby illuminating
the objectthroughthe objective lens. A diafragm
in front of the detectoreliminatedlight from points
that are not in focus. So a single point is imaged
by this system.A scanningmechanisnthenmeas-
ures point by point slicesat differentdepthsin a
specimen.Moving the focusallows imagingslices
at different depthsin the specimen thus allowing
threedimensionaimaging of an object. From this
recording,quantitatve measurementsanbe done.



Figure 2: Threedimensionatenderingof nuclear
tracksfrom confocalimage. The tracksarecaused
by Li-particles.

In our casewe wantto measurghe exactgeometry
of particle tracks,as seenin £gurel. In our ex-
perimenttheetchprofleswill becone-shaped;o-
orespondingyith particleswith high linear enegy
transfer(in contrastwith thetrackshavnin 1. So
in succeedinglicesthroughtheimage,we cansee
ellipses.

This methodallowed for the £rsttime to visual-
ize nucleartrackswith much betterprecisionand
without damagingthe original detectors. This al-
lows analysingthe detectorsagain in the future.

5 Image optimisation by imageres-
toration

Opticsarealwayslimited [12], andtheimageform-
ation procesis determinedoy diffraction. An illu-
minatedobjectwill form a diffraction patternbe-
causeevery point is a sourceof secundarywaves,
accordingto the Huygensprinciple. This diffrac-
tion patternis proportionalto the fourier spectrum
of the original object. This fourier spectrumcon-
sistsof a centralpeakfor the bc componentvhich
canbefoundin the directionof the optical axis of
theobjective. Thehighertheorderof thediffraction
maxima, the higher the correspondingspatial fre-
guenciesare andthe further away they form from
the optical axis. So thereis a limit to the spatial
frequeng whichis still interceptedy theobjective
lens. This is a limiting factorto the resolutionof
themicroscopelf we consideliimaginga mathem-
atical point with our microscopethe imagewon’t
be a point but a distribution of light in three di-
mensions.This light distribution is calledthe Point
Spread~unction(PsF).

In the obseredimage,pointswhich arecloseto
eachotherwill be imagedas blots which can not
be seperatecrymore. But whenwe know the ex-
actshapeof the psF, certainalgorithmscanrestore
theimagecontentq1,7,8,16-19]. A £rstsetof al-
gorithmsperformsa least-squarétting of the data
to amodelconvolvedwith the PsF:

L(g,f) = [lg—hx*f|?

with g the obsered data, f the model for the
solutionand h the psr. Without additionalterms,
this methodis called the Jannson-%n Cittert al-
gorithm. When an extra penaltyterm and a non-
negativity constraint are added, this method is
called Tikhonov-Miller restoration.The functional

W(g, f) is givenby:
W(g. ) = llg—h=f|2+|Cf|

with A the regularisationparameterand C a high-
passElter, sothe secondermis a measurdor the
enegy of the high frequenciesof animage. The
minimisationcanbedoneby usingconjugategradi-
ents. A variantof this methodis the Carrington
algorithm, which is mathematicallymore robust.
By penalisinghigh frequenciesthesolutionwill be
smooth. The adwantageis that artifactsand noise
will bepenalisedThedisadwantagehoweveris that
sharpedgesarealsopenalised.

The last consideredmethodis the Expectation
Maximisation algorithm,alsoknown in astronomy
asthe Richardson-Lucy algorithm. This methodis
basedon maximisingthe probability p(f | g) (i.e.,
the probability that when an imageqg is obsenred,
that the original imagebeforedegradationwas f )
ismaximal. Thisis calculatedrom p(g| f), i.e.,the
probability thatwhenanobject f is imaged,thatg
will be obsered. Theseprobabilitiesarerelatedby
Bayes'rule:

p(g| f) p(f)
p(g)

The denominatoiis just a normalisationfactorand
is independentf f. Easierto minimisethe neg-
ative logarithm of the expression,.e., minimising

W(g, ).
(g, f)=—Inp(g| f)—Inp(f)=L(g,f)+P(f)

p(flg) =



with L(g, f) thelikelihoodfunctionandP(g, f) the
penaltyfunction. For gaussiamoise,we £nd fol-
lowing expressiorfor L(g, f) = |g— hx f||* which
givesusagnin a leastsquareproblem. But for con-
focalimagesiit is betterto considemoissonnoise,
which givesus anotherexpression.One of the ad-
vantagesn this approachis that no negative solu-
tions can be found in this method, which would
be meaninglesanyway (negative solutionsare al-
lowedby theleastsquaremethod).In fact,thisgen-
eralframavork alsoincludesthepreviousdescribed
methodsby consideringgaussiannoise. But it is
betterto usepoissonnoisein caseof confocalmi-
croscop. In thatcasewe £nd the following func-
tional:

pg| f)=e " f9/qgl
— L(g,f)=f+glIn(f)—In(g!)

This methodgives the bestresultsfor restora-
tion of confocalimages,becausehe imageform-
ation processnherentlyinvolves poissonnoise. It
alsois the bestcriterion whenthe resulthasto be
non-neative (like in images) Whenthislik elihood
functionis minimisedwith respecto f, onecande-
rive the Expectation Maximization algorithm,equi-
valentto the Richardson-Lug algorithmin astro-
nomy Theiterationformulais givenby

h(i —n) ] .

f n) = f(n —_— |

In £gure 3, we give a comparisonof the per
formanceof the differentalgorithms.Hereonecan
seethat the wiener£ltergives some artifacts due
to gibbs-oscillations.The Tikhonov-Miller restor
ation (IcTMm) is alreadybetter but alsointroduces
somearteficts. For example,the edgeof the track
is smooth,ascanbe guessedrom the original im-
age.But afterrestorationtheedgeof thetrackhasa
roughappearancerlhisis dueto £tting of thenoise
in the solution. Then, the bestis the Richardson-
Lucy restoration.Thismethodintroducedeastarte-
facts, but corvergesreally slowly. After 20 itera-
tions,the edgeis far from sharp.It alsotakesmore
time periterationto computeRichardson-Lug thn
the otheralgorithms.
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Figure 3: Comparisonof the different restoration
algorithms

6 Cone £tting to the restored im-
ages

After restoratiorof the confocalimagestherecor
dedimagescanbe analysed.Like wassaidbefore,
the etchpits canbe approximatedy a coneshape.
This approximationdoesnt hold when tracks of
particleswith low enegiesor over-etchedracksare
consideredbut in our casejt canbedone.

In orderto £t a cone,we consideredttting of an
ellipsein eachsectionof theimage[13], [4]. This
procedurealso gives a startingpoint for £tting of
shapedlifferentfrom acone.Fitting of anellipseis
a difEcult mathematicaproblem,sowe did a sim-
pliEcationof the problemby not £tting an ellipse,
but £tting a generalconesection. But whenthere
areenoughdatapointsthatareon anellipse(likein
our case)thesolutionwill beanellipse.

We begin with the generalquadraticequationof
aconesection:

X¥+ay’+bxy+cx+dy+e=0.
We minimizethefollowing expression:
N 2
Ds = zi(XiZ-Fain-i-inXi +cx; +dy; +e)
i=

Thereforewe set the partial derivatives 0Ds/da,
0Ds/db, 0Ds/0c, 0Ds/0d anddDs/0e equalto zero.
This givesus a systemof £ve linear equationsand



£ve unknovns. To solwve this system,the Gauss-
Seidelmethodwith successie overrelaxationwas
used. After the coeEcientsa, b, ¢, d ande arede-
termined,the geometricabarametersf the ellipse
(positionof thecenterlengthof thesemimajorand
the semiminor axes andthe orientationof the el-
lipse) can be calculatedby reductionof the quad-
ratic equation. In £gure 4, examplesare showvn.
First, a setof datapoints with known parameters
wasgeneratedhennoisewasaddedand£nally, the
parametersvere£ttedto the noisydata.

To determingheparametersf thecone we used
the factthatthe semimajoraxesof ellipsesin sub-
sequenslicesaresidesof conformaltriangles.This
givesusarelationbetweerthesemimajoraxisof an
ellipsein acertainsliceandthe numberof theslice
in function of the parameter®f the cone(opening
angleandorientationof the axis of the cone).With
leastsquare£tting, theseparameterganbe calcu-
lated.
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Figure4: Resultsfrom theellipse£tting algorithm




