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ABSTRACT

Biological damages such as mutations, chromosomal aberrations etc. are a consequence of biochemical changes
mostly in the DNA /1/. With ionizing radiation, these chemical changes are due to primary ionization events
and secondary ionization effects caused by the primarily produced electrons.

Differences in the biological response of densely ionizing radiation, like heavy charged particles, in comparision
to sparsely ionizing radiation, such as X- or v-rays, are mainly due to the differences in the production of
the so called é-electrons. Therefore, the emission process of electrons i.e. the cross section for the primary
ionization event as well as the energy and angular distribution of the emitted electrons should be understood
in detail.

The é-electron emission processes occuring in fast heavy ion atom collisions are explained qualitatively. The
different spectral structures of electron emission arising from either the target or the projectile are explained
in terms of simple models of the kinetics of momentum transfer induced by the COULOMB forces.

In collisions of very heavy ions with matter, high nuclear COULOMB forces are created. These forces lead to
a strong polarization of the electronic states of the participated electrons. The effects of this polarization are
discussed.

INTRODUCTION

Fast ions penetrating matter interact via COULOMB forces mainly with the target electrons. Thus the target
atoms are excited and ionized after the collision. The continuous kinetic energy (E.) and angular distribution
(9.) of the emitted é-electrons are superimposed by several discrete lines. In Figure 1 typical energy spectra
for é-electrons resulting from heavy ion impact on a gas target are shown /2/. Measurements were performed
at different angles. The brackets [1] to [5] indicate important electron emission processes at different energies.
These processes are the following:

[1] the continous three body é-electron emission and
[2] the two body -electron emission,
[1] and [2] both result from target ionization;

[3] Auger-electron emission of the multiply excited target atom;
[4] projectile Auger-electron emission,
[3] and [4] both result from inner shell autoionization processes and

[5] electron loss from the projectile.

In the following, these five processes will be discussed in detail.
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ELECTRON EMISSION PROCESSES

Two and three body interaction

To understand the most important contributions, pro- l
cess [1] and 2], the kinematic of the electron emission .
process and the momentum transfer (i.e. cross sec- — be le
tion) have to be considered. In Figure 2, a scheme Z, @ Ve
of the collision processes is presented. It is assumed P
that the charged projectile has a straight line trajec-
tory. Then the two impact parameters by (projectile-
target nucleus distance of closest approach) and b,
(projectile-electron distance of closest approach), and
the electron-target nucleus distance vector () char-  Fig. 2. Scheme of the collision processes.
acterize the interacting COULOMB forces.

—
v
o~

In the first case the projectile-electron impact parameter b, is given to be smaller than the projectile-target
nucleus impact parameter by. Since the COULOMB forces decrease with 1/(distance)?, for b, < by the
ionizing interaction between the target nucleus and the target electron can be neglected. Thus the ionization
mechanism can be explained classically as a two body collision process between the projectile and the target
electron (process [2]): the é-electrons are originated from a so called BINARY ENCOUNTER (BE).

In Figure 3a the classical trajectories are displayed with the initial and the final momenta 73;‘! = mj"z?;-‘f in
the laboratory-system (LS) indicating the momentum exchange in this classical two body collision process.
Initially, the target electron is assumed as quasifree and motionless. Accordingly, for the emitted BE-electrons
we obtain a simple E,-J.-relationship:

EfE(19¢) = 2m.% cos?d.. (1)

In this formular at a fixed projectile velocity only one electron energy corresponds to a given emission angle.
However, because of the initial electron momentum the BE peak is broadened around EZZ(+,) and its real peak
maximum is slightly shifted to lower energies. From Equation (1) the maximum energy for the BE-electrons
is calculated at ¥, = 0° and this so called KNOCK — ON COLLISION creates electrons with EP® = 2m 3% .
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Fig. 3. Classical trajectories
for the BE (a) and the TCEE
o (b) processes. The vectors
Ze —T f);'f = mﬁ;’f represent the
initial and the final momentum
vectors of the colliding parti-

cles.

Due to a classical two body collision where the mass of the electron (m,) is very small in comparison to the mass
of the projectile (mp), the §-electron is reflected from the projectile with twice the velocity of the projectile
(Up). Because of the cos? emission characteristics of Formular (1) the BE peak disappears at emission angles
of 90°.

The biggest contribution to the §-electron spectra (see Figure 1) is the exponentially decreasing continuum
(process [1]) with its maximum at 0eV. This corresponds to a very small momentum transfer between the pro-
jectile nucleus and the target electron. Generally, the yield of these electrons exceeds the intensity of all other
contributions in the spectra by orders of magnitude. They originate from the so called SOFT — COLLISIONS
where the distances of the projectile to the target nucleus and to the target electrons are of nearly the same
size (b, > by, see Figure 3b). Consequently, the ionization process has to be described by a three body mo-
mentum exchange, where the initial and the final momenta of both, the projectile and the target nucleus, have
a strong influence on the §-electron emission. Within this TWO CENTRE ELECTRON EMISSION (TCEE)
process, the electron is first ejected from the target atom by the interaction with the projectile. Since the
COULOMB forces of the projectile and the target nucleus are of approximately equal strength, the electron is
also scattered by the target nucleus, yielding an angular distribution, completely different from those received
from BE emission. In contrast to the BE-process where mainly one energy corresponds to a definit angle, for
the TCEE-electrons for each emission angle a continous emission spectrum is obtained.

In Figure 4 the expected angular distribution of the
quantity of the BE and the TCEE process is shown A
schematically. The BE-electrons, originated from the
classical two body collision process, can only be emit-
ted between 9, = 0° and 90° within the laboratory-
system. Because of the Rutherford scattering tra-
jectory of the projectile-electron collision the emis-
sion angle (J.) depends on the size of the impact
parameter (b.). In the LS BE-electrons emitted to
small 9, result from very close collisons, the so called
KNOCK — ON COLLISION, where b, is small; colli-
sions at larger b, yield 92°* — 90°. Since the proba-
bility, i.e. the intensity of electron emission increases }

with the square of the impact parameter (42), the 0 90° 180° 3
largest amount is observed towards 90°. e

BE

TCEE

8e[ ARBITRARY UNITS]

In the case of TCEE processes, §-electrons are scat-

tered twice; once at the projectile and again at the

target nucleus. Therefore, the electrons are emitted Fig. 4. Schematical presentation of the angular
to all angles between 9, = 0° and 180° the angular dependence of the BE and TCEE pro-
distribution is nearly isotropic in the LS. cesses in fast light ion atom collisions.
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However, we will see below, that for very heavy ion atom collisions the angular distribution of the é-electrons
from the TCEE can be very anisotropic too. Because of the polarization effects of electronic states due to the
COULOMB force of the heavy projectile the é-electrons are emitted strongly in the forward direction /3/.

Target Auger electron emission

The peak in the energy spectrum of Figure 1 labeled O — K — AUGER (T) corresponds to autoionization of
the target (process [3]), the so called AUGER ELECTRON EMISSION PROCESS. Autoionization follows
production of vacancies in the inner shells of the target atoms. These vacancies are produced by the incident
projectile via ionization or multiple excitation of the inner shells of the target atom.

In Figure 5 this emission process is shown schematically for a KLL — AUGER electron; one vacancy in the
K-shell and two electrons in the L-shell participate. While one of the L-shell electrons falls down into the
groundstate and fills up the’ K-shell vacancy, the difference of the electron binding energies in both shells is
transmitted to the second electron. Hence, this electron is emitted with the energy

E.sveer = hvg, — EL = Ex —2EL. (2)

According to equation (2) AUGER ELECTRON EMISSION leads to a discrete electron energy in.the é-
electron energy spectra; the AUGER electron energy only depends on the difference in the electron binding
energies of the target atom. Table 1 shows excellent examples of AUGER electron energies for few light atoms
up to Neon.

Since the target atom is practically at rest in the laboratory-system even after the collision, the discrete
electron energies do not vary with the emission angle 9,; the target AUGER electron is rather isotropic with
respect to 9,.

ELEMENT K-LL AUGER, E. [eV]
AUGER electron Li 45
Be 100
B 176
C 266
N 375
0 507
F 654
L shell Ne 813
Fig. 5. Scheme of AUGER electron emission. Tab. 1. AUGER electron energies for the first

row elements.

Projectile electron emission

The energy distribution of emission process [4] (electron loss from the projectile) can be understood simply
from a transformation of the velocity vectors of the projectile nucleus and its electrons from the laboratory-
system to the centre of mass-system (CMS). In Figure 6 the velocity diagram shows the relevant vectors of
the projectile (Fp) and the ejected projectile electrons (327, % ’f_;‘“) Since the projectile mass (mp) is very
large in comparison to the mass of the electron (m.) the CMS is located in the moving projectile nucleus; its
velocity vector vears is identical with vp in the LS.

In the CMS electrons produced by the AUGER ELECTRON- or the ELECTRON LOSS PROCESS are
emitted with the velocity 3°M%. By back transformation from the CMS to the LS, the velocity vector of the
projectile loss electron (vLs) is obtained by summing up ,chs and the velocity of the CMS (which is equal
to Tp, see above):

Ve; = 95 + vp (3)

In the CMS the AUGER- and the LOSS electron energies differ by some order of magnitudes. Therefore, their
angular dependence also differ strongly, as it will be seen below.



8-Electron Emission )11

Zp
Fig. 6. Velocity diagram for the transformation from
Ve ] the centre of mass-system (CMS) to the labo-

ratory system (LS). 9% is the velocity in the
LS and 3M° the CMS velocity respectively.
9p is the projectile velocity, identical with
the velocity of the centre of mass-system.

Projectile Auger electrons As it was mentioned above, AUGER electrons are emitted by autoionization,
following vacancies in inner shells of ionized or multiply excited atoms. They appear as discrete lines in the
b-electron spectra, distributed isotropically in space. In the case of the moving projectile, in the laboratory-
system the AUGER electrons are Doppler-shifted to higher energy values. This is due to summing up the
velocity vector of the AUGER electrons 335z, and the velocity of the CMS (vp). For this reason the
energy of the PROJECTILE AUGER electrons becomes a function of the emission angle E. suggr(¥.); the
electron energy decreases with increasing emission angle. As was seen in Table 1, for inner shell vacancies the
corresponding velocity | 3¢4%; g | can be equal or even larger than the projectile velocity | 7p |. Consequently
such §-electrons can be observed at any, even backward, emission angles (4,).

Electron loss from the projectile In the ELECTRON LOSS process electrons with weak binding energy
are ejected from the incident projectile by interaction with the target nucleus. This process is comparable
with the BE (small impact parameter) and TCEE process (large impact parameter) explained above; but in
the case of LOSS electrons the nucleus has to be considered in rest and the electrons as the incident collision
partner.

For very large impact parameters the small momentum transfer from the target and projectile nucleus to
the projectile electron leads to emission of electrons with low velocity (¥5) with respect to the projectile

nucleus. With the condition (| vCM5 |<| ¢ |) and equation (3), the velocity of the LOSS electrons in the LS
is calculated to be equal to the velocity of the projectile: 3Z5,, = #p. In the energy spectrum these electrons
appear as a cusp like peak around the energy:
1,
Ee,lou = ime’vp' (4)
To lowest order the LOSS electrons may be considered to constitute a beam of electrons traveling with the

incident beam in the forward direction (¥, = 0°).

In the case of close collisions only the target nucleus and the projectile electron participate. Due to the simple
classical two body collision the incident projectile electron is deviated at the target nucleus in all observation
angles (3.). Depending on the impact parameter b,, electrons emitted to forward angles relate tolarger b,, those
from backward angles to smaller b.. The emisson to 9, = 180° corresponds to the KNOCK — ON COLLISION.
Since the mass ratio 2% is very small the velocity of the LOSS electrons remains constant.

On the other hand, the intensity of this é-electron peak decreases with increasing emission angles (J.) (see
Figure 1). As it was mentioned above, the probability, i.e. the intensity of electron emission depends on the
square of the impact parameter (b2). Therefore, the greatest amount of LOSS electron emission in the LS is
observed at large impact parameters respectively at small emission angles. Its minimum is reached at very
close collisions, i.e. at backward angle ¥,= 180°.
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ELECTRON PRODUCTION FROM HEAVY ION ATOM COLLISIONS

For lighter ions the electron emission follows nicely the expectations outlined above. For heavy ions (e.g.
for Uranium) large deviations are observed. In Figure 7, for 1.4 MeV /u U%3* on Ar the double differential
§-electron emission cross sections, d?0/dE, - df2., are presented; in (a) the energy spectrum for the emission
angle 9, = 30° and in (b) the angular distribution for the electron energy E.=500eV is shown /5/. Of
the collision processes [1] to [5], described above, only the two processes [1] and [2] are visible. The direct
ionization of the target electrons is by far predominant all other reaction processes, (total ionization cross
section of , 1~ 10~3cm?). The "small” contribution of electron loss (process [5]) and AUGER electron
emission (process [3] and [4]) are not visible in the energy spectra. In comparison to light ion atom collision
the BE from heavy ion atom collision is strongly broadened.

10-17 T T T T T T T T

1.4 MeV/u UP*on Ar
8,=30°

Lo Ll atidl

-
<
3

3l

Lot tiugl

d26/dEdQe [cm2/eV-sr )
(=)

-
<
1
~
S

aa il

102

L L A A 1 L

0 1000 2000 3000 4000

E. levl
T T T T T 1 T T T =T
10-1 1.4 MeViu U on Ar
E. =500eV
® experiment

107} ~0-n-{TMC .

107

d20/dE+dQ,[cm?/eV.sr]

10

10-20

Fig. 7. (a) 6&-electron energy dependence at ¥, = 30° and

(b) angular dependence at E,=500eV of double differential cross sections for 1.4MeV /ulU 33+
on Ar (from /5/).

The most surprising result is, however, the extreme anisotropy in the angular distribution. Due to the strong
two centre COULOMB force of the projectile and the target nuclei, the electron emission is strongly forward
directed. Contrary to the observation for light ion impact, practically no electron is emitted into 9, < 90°.
According to n-BODY CLASSICAL TRAJECTORY MONTE CARLO calculations (n-CTMC) by Olson et al.
[6], the target electronic states are strongly polarized in the two centre field and "focussed” by the COULOMB
force into forward direction. Nearly 90% of all emitted electrons appear in a cone around 9. ~ 60°. This
anisotropic electron emission will lead to higher local energy deposition in the target material than expected
for an isotropic electron emission. This may have an important effect on radiation damage of biological targets
by heavy ion impact.
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In Figure 8 the corresponding ionization cross section of Argon by Uranium impact as a function of the
projectile energy (Ep) for different final charge states of the ionized target atoms, the so called recoil ions,
(q) is shown /7/. Instead of single ionization now multiple ionization dominates and several simultanously
emitted electrons are ejected. In more than 50% of all ionizing collisions multiple ionization dominates and the
ionization cross section (0(g)) decreases with increasing projectile energy (Ep) weaker than from the 1/Ep
scaling law. Thus, higher order effects like polarization can no longer be neglected for heavy projectiles.

T T T L L) T
o oo )
€ sof .
2
2 o .
O ‘
(-]
s of ~
< 0SH 4
3
(%23
3 01 J
L o y
< 0.05- a 10
o
1 L 1 1 L 1
1 S 10 50 100 500

Projectile energy £, (MeV u™')

Fig.8 : Projectile energy E. dependence of the multiple ionization cross section o(q) for Ar (the
full symbols represent the measured data for ¢ = 3+, 6+, 10+ and the open circles n-CTMC
values). The solid lines indicates the 1/vp, the dashed lines the 1/ Ep dependence, respectively

/7/.

In Figure 9 for 1.4 MeV/u U** on Ar the differential energy loss cross section AS./AE, = E. - (Ao./E.),
are presented /8/. The fraction AS, represents the fractional energy loss transferred into kinetic energy of
the emitted é-electrons. For comparison, the corresponding proton data are shown /9/ (notice: factor 100
difference in absolut scale!). It is visible from these data, that at the same velocity for Uranium ions "hotter”
b-electrons are produced. In the case of proton impact on Ar most é-electrons are produced around E, ~ 10eV.
For Uranium é-electrons with an average kinetic energy around 100eV are emitted.

T T L T T T T
-
0Bl W 1eMeviu UB*on Ar -
3 0 1.5MeV/u p on Ar (x100) 3
~5 10""E- . 3
& F oe 3
w r o o o8 o] o .\l a, :
| e 3 (o}
°Iu-l 05 o °o o %o ‘e E
" . © © . 3
r o) = ]
I o
V1% 10'“_? %0 3
3
1 L L 4 I L L

1 S 10 S0 100 500 1000
EeleV]

Fig.9: Differential stopping power AS./AE, as a function of the é-electron energy for protons and
Uranium on Argon. The proton data are from Reference 9.
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In Figure 10 the fractional energy loss, ASi(q) = Ao(q)- Ef(q), is shown. This energy represents the energy
loss transferred into pure ionization energy of the target atoms. Ej(q) is the total ionization energy to excite g
electrons just to the continuum with zero transational energy. The total electronic stopping power is given by
summing up both: AS = AS; + AS,. Again, the corresponding proton data from Reference 10 (multiplied
with a factor 100) are shown in comparison. It can be seen, that for heavy ion impact a huge fraction of AS
is indeed spent in multiple ionization processes.

2c ¥ T L 1 T 1 T 1 T 1 1 1 T 1
161 o .
D
- a -
12} ] 4

00
1

AStlq)|Silqg) 7
L ® |0 14MeViu U on Ar 1
® | O 1,5MeViup on Ar {x100) |

ASi(q) and Sy (q) [emZeV) 109

L o
e .
L B . . . )
ol [ 1 n ] ’ . ] L 1 n 1
0 2 4 6 8 10 12 1%
9
Fig. 10. Differential q-dependent energy loss ASp(q) and Sp(q) for 1.4 MeV/u U*** and 1.5 MeV/u
p on Ar, with Sy(q i ASI g;) (from /8/, circles are proton data from /10/ multiplied by
100).

For light, fully stripped projectiles it is known that all differential electron emission cross sections scale with
the square of the nuclear charge of the projectile (Z%). Very recently Richard et al. /11/ and Quinteros et
al. /12/ found experimentally, that for 9, = 0° the BE electron emission increases for decreasing projectile
charge, if no fully stripped ions are considered. The investigation of those cross sections dependent on the
initial and final projectile charge state indicated that the angular distribution of the electron emission is
strongly dependent on the screening, i.e. on the projectile charge state. This is due to the stronger gradient of
the screened projectile nuclear COULOMB force. The experimental observation are in good agreement with
recent n-CTMC predictions by Olson et al. /13/. In contradictory to the ¢*-scaling, Olson et al. calculated
for U%* on Ar at 9, = 0° BE emission cross section more than factor 10 higher than for U®?*. This again
shows, that the two centre potential shape effects in heavy ion atom collisions has a strong influence on the
b-electron emission. The emission pattern in such collisions differs strongly from the light ion data. For heavy
ion impact the relative BE contribution decreases and two centre effects, i.e. three and multiple particle
momentum exchange, dominates.

At present only classical n-CTMC or n®-CTMC models (Schulz et al. /14/) give a good discription of the
6-electron emission features. Fully quantum mechanical, many particle theories cannot describe at present the
many particle processes. For radiobiological aspects, however, the n-CTMC models should give a sufficiently
precise calculation of the differential cross sections.
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