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ABSTRACT

Biological damagessuchasmutations,chroniosomalaberrationsetc. area consequenceof biochemicalchanges

mostly in the DNA /1/. With ionizing radiation,thesechemicalchangesaredue to primaryionization events
andsecondaryionization effects causedby the primarily producedelectrons.

Differencesin the biological responseof denselyionizing radiation,like heavychargedparticles,in comparision
to sparselyionizing radiation, suchas X- or ~y-rays,are mainly due to the differencesin the production of
the so called 6-electrons. Therefore, the emissionprocessof electronsi.e. the crosssectionfor the primary
ionization eventas well as the energyandangulardistribution of the emitted electronsshould be understood
in detail.

The 8-electronemissionprocessesoccuringin fastheavyion atom collisions are explained qualitatively. The
different spectralstructuresof electronemissionarisingfrom either the target or the projectile are explained
in termsof simple modelsof the kineticsof momentumtransferinducedby the COULOMBforces.

In collisions of very heavyions with matter, high nuclearCOULOMB forcesare created.Theseforceslead to
a strongpolarization of the electronicstatesof the participatedelectrons.The effects of this polarizationare
discussed.

INTRODUCTION

Fastions penetratingmatterinteractvia COULOMBforcesmainly with thetargetelectrons.Thus the target
atomsare excited andionizedafter the collision. The continuouskinetic energy(Ee) andangulardistribution
(i9~)of the emitted 8-electronsare superimposedby severaldiscretelines. In Figure 1 typical energyspectra
for 6-electronsresulting from heavyion impact on a gastargetare shown/2/. Measurementswere performed
at different angles.The brackets[1] to [5] indicateimportant electronemissionprocessesat different energies.
Theseprocessesare the following:

[1] the continousthreebody 8-electronemissionand

[2] the two body 8-electronemission,
[1] and[2] both result from targetionization;

[3] Auger-electronemissionof the multiply excited target atom;
[4] projectile Auger-electronemission,

[3] and [4] both result from inner shell autoionizationprocessesand

[5] electron lossfrom the projectile.

In thefollowing, thesefive processeswill bediscussedin detail.

.MSR 12:2/3—B
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Fig. 1. Cross section times electron energy for
electronproduction in 30 — MeV ~ + O~

— Collisions at different electron observation

j angles(from /2/).

J/\~f~~250
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Electron Energy [key]

ELECTRON EMISSION PROCESSES

Two and threebody interaction bN1 z
To understandthemostimportant contributions,pro- I
cess[1] and[2], the kinematicof the electronemission
processand the momentumtransfer (i.e. crosssec- —, be1 re

V0 I
tion) have to be considered. In Figure 2, a scheme z •
of the collision processesis presented.It is assumed P 1 + —

that thechargedprojectile hasa straight line trajec- e
tory. Then the two impact parametersbN (projectile-
target nucleus distanceof closestapproach)and b~
(projectile-electrondistanceof closestapproach),and
the electron-targetnucleusdistancevector(~)char- Fig. 2. Schemeof the collision processes.
acterizethe interacting COULOMB forces.

In the first casethe projectile-electronimpactparameterbe is given to be smaller than the projectile-target
nucleusimpact parameterbN. Since the COULOMB forces decreasewith 1/(distance)

2, for be << bN the
ionizing interaction betweenthe targetnucleusand the targetelectroncan be neglected.Thus the ionization

mechanismcan be explainedclassicallyas a two body collision processbetweenthe projectile andthe target
electron(process[2]): the 6-electronsare originatedfrom a so called BINARYENCOUNTER(BE).

In Figure 3a the classicaltrajectoriesare displayedwith the initial and the final momenta~ = m
1~” in

the laboratory-system(LS) indicating the momentumexchangein this classicaltwo body collision process.
Initially, the targetelectronis assumedasquasifreeandmotionless.Accordingly, for the emitted BE-electrons
we obtain a simple Ee-r

9e-relationship:

E~(t9~)= 2m~~cos2t9~. (1)

In this forniular at a fixed projectile velocity only one electronenergycorrespondsto a given emission angle.
However,becauseof theinitial electronmomentumtheBEpeakis broadenedaroundEr(~9~)andits realpeak
maximumis slightly shiftedto lower energies.From Equation(1) the maximumenergy for the BE-electrons
is calculatedat ~ = 00 andthis so called KNOCK — ON COLLISIONcreateselectronswith E~E= 2m~~
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BE SPECTATOR

ZP •~ ç 0——-----..A~
e-

TCEE

bNI
T \ Fig. 3. Classical trajectories

~ ~ ) for the BE(a) andthe TCEE
j ~‘T / (b) processes. The vectors

ZP ‘k I ~ ~ = m~v’1represent the

e T initial andthefinal momentum
I vectors of the colliding parti-

________________________________________________________________________ cles.

Due to a classicaltwo bodycollision wherethemassof theelectron(me) is very smallin comparisonto themass
of theprojectile (mp), the 8-electron is reflectedfrom theprojectile with twice the velocity of the projectile
(~p).Becauseof the cos2 emissioncharacteristicsof Formular(1) the BE peakdisappearsat emissionangles
of 90°.

The biggest contribution to the 6-electron spectra(see Figure 1) is the exponentiallydecreasingcontinuum
(process[1]) with its maximumat 0eV. This correspondsto a very small momentumtransferbetweenthe pro-
jectile nucleusandthe targetelectron. Generally,theyield of theseelectronsexceedstheintensity of all other

contributions in thespectraby ordersof magnitude.They originatefrom the so calledSOFT— COLLISIONS
wherethe distancesof the projectile to the target nucleusand to the targetelectronsare of nearly the same
size (be � bN, see Figure 3b). Consequently,the ionization processhasto be describedby a threebody mo-
mentumexchange,wheretheinitial and thefinal momentaof both, theprojectile andthe target nucleus,have
a stronginfluenceon the 6-electronemission.Within this TWO CENTREELECTRONEMISSION(TCEE)
process,the electron is first ejected from the target atom by the interaction with the projectile. Since the

COULOMB forcesof the projectileand the targetnucleusare of approximatelyequalstrength,the electronis
alsoscatteredby the target nucleus,yielding an angulardistribution,completelydifferent from thosereceived
from BEemission. In contrastto the BE-processwheremainly one energycorrespondsto a definit angle,for
the TCEE-electronsfor eachemissionanglea continousemissionspectrumis obtained.

In Figure 4 the expectedangulardistribution of the
quantity of the BE and the TCEE processis shown

schematically.The BE-electrons,originatedfrom the
classicaltwo body collision process,can only be emit- BE

0 0 I.—
ted between~ = 0 and 90 within the laboratory-
system. Becauseof the Rutherford scattering tra-
jectory of the projectile-electron collision the emis-
sion angle (t9~)dependson the size of the impact

parameter(be). In the LS BE-electronsemitted to a _______________ _________________ TCEE
small i9~result from very close collisons, theso called
KNOCK — ON COLLISION,whereb~is small; colli-

sionsat largerb~yield ~eL~ —* 90°.Sincethe proba- ~0
bility, i.e. the intensity of electronemissionincreases I
with the squareof the impact parameter(b~),the o 90° 1800

largestamountis observedtowards900. e

In the caseof TCEE processes,6-electronsare scat-
teredtwice; once at the projectile and again at the
target nucleus. Therefore, the electronsare emitted Fig. 4. Schematicalpresentation of the angular
to all anglesbetweent9~= 0°and 180°;the angular dependenceof the BE and TCEE pro-
distribution is nearlyisotropic in the LS. cessesin fast light ion atom collisions.
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However, we will seebelow, that for very heavyion atom collisions the angulardistribution of the 6-electrons
from the TCEEcan be very anisotropictoo. Becauseof the polarizationeffects of electronicstatesdue to the
COULOMBforce of the heavy projectile the 6-electronsare emitted strongly in the forward direction /3/.

TargetAuger electronemission

The peakin the energyspectrumof Figure 1 labeled0 — K — AUGER(T) correspondsto autoionizationof
the target (process[3]), the so called AUGERELECTRONEMISSIONPROCESS.Autoionization follows
production of vacanciesin the inner shells of the targetatoms. Thesevacanciesare producedby the incident
projectile via ionization or multiple excitationof the inner shells of the target atom.

In Figure 5 this emissionprocessis shown schematicallyfor a KLL — AUGERelectron; one vacancyin the
K-shell and two electronsin the L-shell participate. While one of the L-shell electronsfalls down into the
groundstateandfills up theY K-shell vacancy,the differenceof the electron binding energiesin both shells is
transmitted to the secondelectron. Hence,this electronis emitted with the energy

EC,AUGER = — EL = EK — 2EL. (2)

According to equation(2) AUGERELECTRONEMISSION leadsto a discrete electron energy in the 6-

electronenergyspectra;the AUGERelectron energyonly dependson the differencein the electron binding
energiesof the target atom. Table 1 showsexcellentexamplesof AUGERelectronenergiesfor few light atoms
up to Neon.

Since the target atom is practically at rest in the laboratory-systemeven after the collision, the discrete
electronenergiesdo not vary with the emission angle~9~the target AUGERelectronis rather isotropic with
respectto r

9~.

ELEMENT K-LL AUGER, E~[eV]

cell AUGER electron Li
Lshell Ne 813

Fig. 5. Schemeof AUGERelectronemission. Tab. 1. AUGER electron energies for the first
row elements.

Projectileelectron emission

The energydistribution of emission process[4] (electronloss from the projectile) can be understoodsimply
from a transformationof the velocity vectorsof the projectile nucleusandits electronsfrom the laboratory-
systemto the centreof mass-system(CMS). In Figure 6 the velocity diagram shows the relevantvectorsof
the projectile (v~p)and theejected projectile electrons(~,7,~ Sincethe projectile mass(mp) is very
large in comparisonto the massof the electron(me) the CMS is locatedin the moving projectile nucleus;its
velocity vector VCMS is identical with Vp in the LS.

In the CMS electronsproducedby the AUGERELECTRON- or the ELECTRONLOSSPROCESSare
emittedwith the velocity ‘i~v~’J~.By back transformationfrom the CMS to the LS, the velocity vector of the
projectile loss electron()is obtainedby summingup iv~’5and the velocity of the CMS (which is equal
to ~p, seeabove):

= v~’~+ (3)

In the CMS the AUGER-and the LOSSelectronenergiesdiffer by someorderof magnitudes.Therefore,their
angulardependencealso differ strongly,as it will beseenbelow.
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ZT

• ~‘T°

Fig. 6. Velocity diagramforthe transformationfrom

e,i thecentreof mass-system(CMS)to thelabo-
e,j ratory system(LS).~ is the velocity in the

LS and the CMSvelocity respectively.
Vp is the projectile velocity, identical with

___________________________________________________ the velocity of the centreof mass-system.

Projectile Auger electrons As it was mentionedabove,AUGER electronsare emitted by autoionization,
following vacanciesin inner shells of ionized or multiply excited atoms. They appearas discretelines in the
6-electron spectra,distributed isotropically in space.In the caseof the moving projectile, in the laboratory-
system the AUGERelectronsare Doppler-shiftedto higher energyvalues. This is due to summingup the
velocity vector of the AUGERelectronsV~JGER and the velocity of the CMS (v~p). For this reasonthe

energyof the PROJECTILEAUGERelectronsbecomesa function of the emissionangle Ee,AUGER(t
9e);the

electron energydecreaseswith increasingemissionangle. As wasseenin Table 1, for inner shell vacanciesthe
correspondingvelocity Ve,AUGER canbeequalor evenlargerthantheprojectile velocity vp . Consequently
such6-electronscan be observedat any,even backward,emissionangles(t9~).

Electron loss from the projectile In the ELECTRONLOSSprocesselectronswith weak binding energy
are ejected from the incident projectile by interaction with the target nucleus. This processis comparable
with theBE (small impact parameter)and TCEEprocess(large impact parameter)explainedabove;but in
the caseof LOSSelectronsthe nucleushasto be consideredin rest andthe electronsas theincident collision
partner.

For very large impact parametersthe small momentum transfer from the target and projectile nucleus to
the projectile electronleads to emissionof electronswith low velocity ((~~)with respectto the projectile
nucleus. With thecondition (I ~ i~oI) and equation(3), thevelocity of the LOSSelectronsin the LS
is calculatedto be equal to the velocity of the projectile: ~ = Vp. In the energyspectrumtheseelectrons
appearas a cusp like peak aroundthe energy:

= ~ (4)

To lowest order the LOSSelectronsmay be consideredto constitute a beamof electronstraveling with the
incident beamin theforward direction (i9~= 00).

In the caseof close collisionsonly the targetnucleusandtheprojectile electronparticipate. Due to thesimple
classicaltwo body collision theincident projectile electronis deviatedat the targetnucleusin all observation
angles(19~).Dependingon theimpactparameterb~,electronsemitted to forward anglesrelateto largerb~,those
frombackwardanglesto smallerbe. The emissonto z9~= 180°correspondsto theKNOCK — ON COLLISION.
Sincethe massratio ~ is very small the velocity of the LOSSelectronsremainsconstant.

On the other hand, the intensity of this 6-electronpeakdecreaseswith increasingemissionangles (i9~)(see

Figure 1). As it was mentionedabove,the probability, i.e. the intensity of electronemissiondependson the
squareof the impactparameter(b~).Therefore,the greatestamount of LOSSelectronemissionin the LS is
observedat large impact parametersrespectivelyat small emissionangles. Its minimum is reachedat very
closecollisions, i.e. at backwardangle t9,= 1800.
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ELECTRON PRODUCTION FROM HEAVY ION ATOM COLLISIONS

For lighter ions the electron emission follows nicely the expectationsoutlined above. For heavyions (e.g.
for Uranium) large deviationsare observed.In Figure7, for 1.4 MeV/u U

33+ on Ar the doubledifferential
6-electron emissioncrosssections,d2~/dE~dfle, are presented;in (a) the energyspectrumfor theemission
angle i.9~ = 30° and in (b) the angular distribution for the electron energy E~=500eVis shown /5/. Of
the collision processes[1] to [5], describedabove,only the two processes[1] and [2] are visible. The direct
ionization of the target electronsis by far predominantall other reactionprocesses,(total ionization cross
section 1O13cm~).The “small” contribution of electron loss (process[5]) and AUGERelectron
emission(process[3] and [4]) are not visible in the energyspectra.In comparisonto light ion atom collision
the BE from heavy ion atom collision is strongly broadened.

I I I

1.4 MeV/u U~onAr
O.~3O0

0 1000 2000 3000 4000

E
5 leVi

I I I I

— ,016 . 1.4 MeV/u U
33’ on Ar -

Ee :500eV
• experiment

—°-n—CTMC

I
Fig. 7. (a) 6-electronenergydependenceat ~ = 30°and

(b) angulardependenceatE~=500eVof doubledifferential crosssectionsfor I .4MeV/uU33+
on Ar (from /5/).

The most surprising result is, however,the extremeanisotropyin the angulardistribution. Due to thestrong
two centre COULOMB force of the projectile andthe target nuclei, the electronemission is strongly forward
directed. Contrary to the observationfor light ion impact, practically no electron is emitted into t9~< 90°.
According to n-BODYCLASSICALTRAJECTORYMONTE CARLOcalculations(n-CTMC)by Olsonet al.
[6], thetarget electronicstatesarestrongly polarizedin the two centrefield and“focussed” by the COULOMB
force into forward direction. Nearly 90% of all emitted electronsappearin a cone around r3~ 600. This
anisotropicelectron emissionwill lead to higher local energydepositionin the targetmaterial than expected
for an isotropic electronemission.This mayhaveanimportant effect on radiationdamageof biological targets
by heavyion impact.
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In Figure 8 the correspondingionization cross section of Argon by Uranium impact as a function of the
projectile energy (Ep) for different final chargestatesof the ionized target atoms, the so called recoil ions,
(q) is shown /7/. Instead of single ionization now multiple ionization dominatesand severalsimultanously
emitted electronsareejected. In morethan 50%of all ionizing collisions multiple ionizationdominatesandthe
ionization crosssection (o~’(q))decreaseswith increasingprojectile energy(Ep) weaker than from the 1/Ep
scaling law. Thus, higher order effectslike polarization can no longerbe neglectedfor heavyprojectiles.

I I

b ~3.
C .5-
0 U £

0.5 ~
U —..~ •6.

o.i .5

‘—~ 0.05 ~10.
0

I I I I I I

1 5 10 50 100 500
Projectile energy E~,(MeV u1)

Fig.8 : Projectile energy E~dependenceof the multiple ionization cross section o~(q)for Ar (the
full symbolsrepresentthe measureddatafor q = 3+, 6+, 10+ and the opencirclesn-CTMC
values).The solidlines indicatesthe1/vp, thedashedlines the 1/Ep dependence,respectively
/7/.

In Figure 9 for 1.4 MeV/u U3~on Ar the differential energyloss crosssection L~5e/2~Ee= Ee (~oe/Ee),

are presented/8/. The fraction ~5e representsthe fractional energyloss transferredinto kinetic energyof
the emitted 6-electrons. For comparison,the correspondingproton dataare shown /9/ (notice: factor 100
differencein absolutscale!). It is visible from thesedata, that at the samevelocity for Uranium ions “hotter”
6-electronsareproduced.In thecaseof protonimpact on Ar most6-electronsareproducedaroundE~ 10eV.
For Uranium 6-electronswith an averagekinetic energyaround 100eVare emitted.

I I

1O~13 U 1.4 tleV/u ~ on Ar
o 1.5 P4eV/u p on Ar (xlQO)

‘~ 10~14
U

I~. ~ 0 UUUIIIU...

10~ . 0 Ooo 0 O~ U.
o 0

0

‘10-16 . 00

5 10 50100 5001000
E. 1eV]

Fig.9 : Differential stoppingpower~S
0/~1E~ as a function of the 6-electronenergyfor protons and

Uranium on Argon. The proton dataare from Reference9.
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In Figure 10 thefractionalenergyloss, ~S
1(q) = L~io1(q). E~(q),is shown. This energyrepresentstheenergy

loss transferredinto pure ionization energyof the targetatoms. E1(q) is the total ionization energyto exciteq

electronsjust to thecontinuumwith zero transationalenergy.The total electronicstoppingpoweris given by
summingup both: AS = AS1 + AS~.Again, the correspondingprotondata from Reference10 (multiplied
with a factor 100) are shownin comparison.It can be seen,that for heavyion impact a hugefraction of AS
is indeedspentin multiple ionization processes.

20, I I I I I I I I I

~16- o
0

0

~12- o

LPU o

~ 8 - ~S1(q)S11q) -

— U 0 1.4 MeV/u U
33• on Ar

• 0 1.5MeV/u p on Ar (xlOO)
0

~ ~ ~‘ ; ‘~‘ : ~ 10 12 14

Fig. 10. Differential q-dependentenergyloss z~Sj(q)and S
1(q) for 1.4 MeV/u U

33~and 1.5 MeV/mi
p on Ar, with S

1(q)= ~S~(q~) (from /8/, circles are proton data from /10/ multiplied by

100). 1C1

For light, fully strippedprojectilesit is known that all differential electronemissioncrosssectionsscalewith
the squareof the nuclearchargeof the projectile (Z~,).Very recently Richard et al. /11/ and Quinteroset

al. /12/ found experimentally,that for t

9~= 0°the BEelectron emissionincreasesfor decreasingprojectile
charge,if no fully stripped ions are considered. The investigationof thosecrosssectionsdependenton the
initial and final projectile charge state indicated that the angular distribution of the electron emissionis
strongly dependenton the screening,i.e. on theprojectile chargestate.This is due to the strongergradient of
the screenedprojectile nuclearCOULOMB force. The experimentalobservationare in goodagreementwith

recent n-CTMC predictionsby Olsonet al. /13/. In contradictoryto the q2-scaling,Olson et al. calculated
for U32+ on Ar at ~ = 0°BE emissioncrosssection more than factor 10 higher than for U92+. This again
shows, that the two centre potential shapeeffects in heavyion atom collisions hasa strong influenceon the
6-electronemission.The emissionpatternin suchcollisions differs strongly from the light ion data. For heavy
ion impact the relative BE contribution decreasesand two centre effects, i.e. three and multiple particle
momentumexchange,dominates.

At presentonly classical n-CTMC or n2-CTMCmodels (Schulz et al. /14/) give a good discription of the
6-electronemissionfeatures.Fully quantummechanical,manyparticle theoriescannotdescribeat presentthe
many particle processes.For radiobiologicalaspects,however,the n-CTMCmnodels should give a su~ciently
precisecalculationof the differential crosssections.
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