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Binary peak enhancement and structure in partially stripped
ion—atom collisions
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Abstract. Recent experiments have found both an unexpected enhancement and structure
of the binary peak in the spectrum of electrons ejected in partially stripped ion-atom
collisions. Utilizing the theoretical approach which has been used to elucidate the origin
of this behaviour, a survey of their manifestation is presented over a broad range of nuclear
and ionic charges (C, F, Fe, I and U ions) and impact energies (0.1 to 100 MeV u"). For
forward binary electron emission it is shown that the greatest enhancement occurs for the
lowest prajectile ion charge states {highly screened nuclei). The magnitude of the enhance-
ment maximizes near an energy that is characteristic of each nuclear species and resuits
in a cross section several times larger than that for impact by the fully stripped ion. Those
ions, collision energies and ejection angles for which unusual binary peak structures are
likely to be observable are illustrated. We point aut what consequences these effects have
for modelling energy deposition in the collision of ions with dense targets.

1. Introduction

For impact by bare ions, the binary peak in the spectrum of electrons ejected in
energetic ion-atom collisions has been a thoroughly investigated phenomenon {Rudd
and Jorgensen 1963, Rudd et al 1966, Bonsen and Vriens 1970, Stolterfoht et al 1974,
Toburen and Wilson 1979, Stolterfoht 1978, Toburen et al 1980, Lee et al 1990) and
its formation has in general been thought to be well understood. It has been found,
for example, that at high collision energies the binary peak magnitude for impact by
fuily stripped ions scales as the square of the projectile’s charge. Extension of the
results of these experiments by scaling the cross sections for partially stripped ion
impact by either the square of the projectile nuclear charge (Z) or its ionic charge
{(g), or by some value intermediate between these two extremes (Stolterfoht ef af 1974,
Stolterfoht 1978, Toburen and Wilsor 1979, Toburen et al 1980, 1981) has met with
some success. However, two recent experiments have dramatically illustrated that these
proposed scalings are totally inadequate to explain the behaviour of the binary peak
in partially stripped ion impact, and their results have, in fact, been termed ‘anomalous’.

In the first of these, Kelbch et gl {1989) found that at certain ejection angles, instead
of the usual binary peak, an unexpected double peak structure appeared when a highly
energetic (1.4 MeV u™') partially stripped uranium ion collided with a noble gas. In
the second, Richard er al (1990), investigating the energy distribution of electrons
ejected at 0° in the laboratory frame, observed that the impact of H, or He by the
partially stripped ions of fluorine yielded greater binary peak magnitudes than did the
bare fluorine ion, contrary to the predicted scaling, These anomalies present a
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fundamental challenge to theoretical explanation since, of the entire ejected electron
spectrum in ion-atom collisions, the binary peak may be most readily modelled.

Furthermore, these new findings pose significant practical problems. For example,
the binary peak is often used as a benchmark for the absclute normalization of the
whole ionized electron spectrum since very simple models seemed adequate to predict
its magnitude and position. Also, the binary electrons ejected in the collisions of ions
impinging upon the atoms of a solid or biological material can be the largest source
of damage in such collisions (e.g. Katz 1988). Consequently, models of important
processes such as the radiation damage of human tissue and the effects of ion impact
on semiconductor devices, which require reliable, accurate estimates of the ejected
electron spectrum, could be substantially influenced.

As with many anomalies, the origin of this unexpected behaviour has a quite simple
explanation which was only at first not apparent. The common link between the 0°
enhancement and the non-0° peak structures observed is the fact that the target electrons
are scattered by a partially stripped projectile which presents to them a strongly
non-Coulomb potential, unlike in the case of a bare projectile. The 0° behaviour has
been explained and quantitatively reproduced by Reinhold et al (1990) utilizing the
binary encounter approximation modified for the case of model potential interactions.
In addition, several other authors have made elastic scattering calculations to estimate
the degree of enhancement for fluorine lon impact (Quinteros and Reading 1991,
Shingal et al 1990, Taulbjerg 1990). The non-0° double peak structure has also been
explained utilizing the modified binary encounter approximation of Reinhold er al
(1991b).

Here we illustrate the range of ions and energies over which these effects should
be expected to occur, in order to serve as a guide to experiment and to theory seeking
to predict the magnitude and form of the binary peak for partially stripped ion impact.
We present calculations for a number of species (C, F, Fe, 1, U) spanning the range
of nuclear and ionic charge states (e.g. F**, g =1, 4, 7} and over a wide range of impact
energies {0.1-100 MeV u™'). The survey illustrates the magnitude of the enhancement
at 0° expected for the binary peak when partially stripped ion impact is compared with
bare ion impact. It is shown that the lowest charge states yield the greatest enhance-
ments, which can reach a factor of several hundred per cent. We demonstrate that the
energy at which this maximum enhancement gccurs is similar for all ions of particular
species and roughly follows a simple law. Further, elastic cross sections which indicate
the origin of structures which should be expected in non-0° peaks, at least for the
heavier ions, are presented.

Thus, we attempt to illustrate the nature of the enhancement and oscillatory structure
for this wide range of collision systems. In particular, in section 2 we discuss the origin
and formation of the binary peak and how its nature differs from the rest of the ejected
electron spectrum. Section 3 is devoted to a brief outline of the theoretical method
used and subsequent sections describe our survey of 0° enhancements (section 4) and
non-0° behaviour (section 5). Finally, in section 6 we discuss the ramifications these
results have on the modelling of ion-dense-target interactions.

2. Background

So-called binary electrons arise in very close collisions between a projectile and a
target electron. In these collisions the target core, composed of the nucleus and the
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other electrons, plays only the role of spectator. In fact, energy and momentum
conservation yield the result that in the two-bady collision of a projectile with an
electron at rest, the electron obtains the energy E, given by

E,=2m{u/m)* v’ cos’ 06— U, (n

where m is the mass of the electron, wu the reduced mass of the electron-projectile
system, u the projectile velocity, # the electron ejection angle and U; is the energy
(ionization potential} required to remove the electron from the atom. Since the electrons
of the atom are not initially at rest but rather have a distribution of vector momenta,
the binary electrons produced will have a distribution of ejection energies and angles.
The peak of this distribution in energy will be at energies near, or slightly less than
E,. Shifts from this position are caused by the fact that the ejected electron escapes
the collision region in the two-centre field of the residual target ion and projectile,
affecting its final energy and angle, and by the fact that the electrons are polarized by
the projectile charge prior to the collision. This latter effect can be very significant for
highly-charged ion impact. In general, binary electrons are the most energetic electrons
jonized from the target in ion-atom collisions, They form, therefore, a peak or shoulder
at the high energy end of the spectrum of ejected electrons. Only in some cases for
high-Z ion impact, electrons ejected from the projectile can produce ionized electrons
with energies greater than that of the target binary peak (Olson et al 1990a) due to
the broad Compton profile of the ion.

The entire spectrum, illustrated schematically in figure 1, is composed of a number
of contributions. At the very highest ejection energy is the binary region. For large
impact energies this region is characterized by a peak, but at lower impact energies or
large ejection angles, the binary peak may merge with the rest of the spectrum and
form only a shoulder or may not be observed as a distinguishable feature. For low
ejection energies, the ionized electrons originate from distant, weaker collisions with
the projectile, but in their escape, they interact strongly with the Coulomb fields of
both the residual target ion and projectile. Thus, their distribution is more difficult to
model in any simple way since a wide variety of geometries exists in both coordinate
and momentum space. In general, one finds that the distribution is peaked near zero
ejection energy and then declines as ejection energy increases. However, the decline
is not without feature. For example, centred about an ejection energy corresponding
to an electron velocity equai to projectiie velocity, a cusp-like structure appears resulting
from the focusing of ejected electrons into the continuum of the retreating projectile
ion. Recent works (e.g. Reinhold et al 1987, Stolterfoht er al 1987, Olson et al 1987,
Fainstein et al 1988a, b, Reinhold and Olson 1989, Brauner er al 1989, Reinhold et al
1990) have sought to identify and clarify the various, so-called two-centre effecis, such
as the cusp behaviour, and the saddle point electrons which have velocities about half
that of the projectile. Finally, other features such as Auger peaks may be observed as
well.

On the basis of rather simple ideas one can approximate the expected scaling of
the electronic spectra on the magnitude of the projectile charge. Since the force between
the eleciron and the piojectile is proportional (o Z, in the absence of other consider-
ations, the cross section should scale as Z> This is just the scaling that the Bethe~Born
theory of ionization yields. Departures from this scaling for the low and intermediate
energy portions of the spectrum are well known. Moreover, since in the binary coltisions
the target electron passes very close to the projectile nucleus it might have been expected
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Figure 1. Schematic illustration of the enhancement and escillation of the binary peak in
the doubly differential spectrum of electrons ionized in partially stripped ion impact (broken
curve), compared to the yield of electrons from fully stripped ion impact (full curve). The
arrows indicate the electron cusp (EC), where projectile and electron velocities are equal,
and the binary peak {BP} position predicted by equation (1). The scales represent units
typical for impact by an ion such as Xe''* at 1 MeVu™' and for ejection angles of 0° and
30°.

that the binary peak should scale in this manner. Or, based on the success of various
schemes of assigning effective charges (e.g. Slater’s rules) which approximate the effects
of screening produced by the presence of the other target electrons, the binary peak
should scale by some factor between ¢°, the square of the ionic charge, and Z°.
However, the new experiments show that this is not the case. Figure 1 also attempts
to illustrate that in partially stripped ion impact the magnitude of the binary peak may
exceed that produced by the bare ion, or, perhaps even more surprisingly, it may
display a double peak structure at certain ejection angles.

The binary peak may be treated theoretically by any of the number of successfui
theories of ionization, but perhaps the most simple and illuminating approach is the
impulse, or binary encounter, approximation. This approximation, originally proposed
by Chew (1950) in the case of high energy neutron-deuteron scattering, has been
utilized not only in nuclear physics but also extensively applied in ion-atom collisions,
and is described in a number of texts {e.g. Goldberger and Watson 1964, Coleman
1969, McDowell and Coleman 1970). The essence of this approximation is the assump-
tion that when the time of the collision between the incoming projectile and the target
electron is short compared to the electronic orbital period, effects due to interactions
between the electron and the rest of the atom may be neglected. The only role of the
target nucleus is to determine the momentum distribution of the electron. The scattering
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amplitude thus reduces from a many-body form to that for a two-body collision. Thus,
in this view, the projectile provides an ‘impulse’ to the electron in the ‘binary encounter’.

Regarding ion-atom collisions specifically, the binary encounter approximation
was first introduced by Gryzinski (1959, 1965a,b,¢c) and subsequently applied and
developed by a number of authors, including, notably, Gerjuoy (1966}, Garcia et al
{1968), Vriens (1969) and Bonsen and Vriens (1970). Within this approximation the
ejected electron spectrum is simply given by the convolution of the cross section for
elastic scattering of the target electron by the impinging ion and its momentum
distribution. The binary peak may therefore be considered the quasi-elastic peak. The
limits of integration in this convolution are given by energy and momentum conserva-
tion. The distribution of binary electrons in this approximation, given by the cross
section for ejection into a given energy (dE) and angular {d{}, } range in the laboratory
is

d’c

_de do
dE dQ,

J' d¢ J do. g (1 5 p () 2)

0

where v, and v, are the initial and final electron velocities, p(v.) is the electranic
momentum distribution, and {2 is the solid scattering angle in the projectile frame.
The function vy relates the change in the relative velocity vector which defines the
scattering angle {(cf Reinhold et al 1991a, Bonsen and Vriens 1970).

If we consider the binary electrons produced from collisions of bare ions with a
few-electron target, the result of the convolution of the elastic cross section with the
electronic momentum distribution is that the binary peak is produced with a width
that is proportional to the target momentum distribution or Compton profile. In these
terms the zero degree enhancements of the binary peak observed by Richard et al
(1990} are due to the fact that, for partially stripped ions, the elastic cross sections at
backward angles in the projectile frame are larger for these ions than for the fully
stripped ion, and lead to enhanced binary peaks in the forward direction in the
laboratory frame. Further, if the elastic cross section is not smooth, but has significant
structure or oscillation, the convolution will result in a binary electron distribution
which may reflect these features. Thus, the double peak observed by Kelbch et al
{1989) represents such a case where the elastic cross section has a deep minimum
which survives the convolution.

We demonstrate a wide range of systems in which these heretofore anomalous
features should be observable by presenting calculations of the elastic cross section
for the scattering of an electron from a clothed projectile for a wide range of energies
and ionic species. The magnitude of the enhancement of the binary peak may be found
by simply considering the ratio of the elastic cross section to the Rutherford cross
section, which closely represents the result for fully stripped ions, at the peak energy.
This further has the advantage that the target ion is then not relevant since the
momentum distribution which would distinguish it is not considered, the ratio pertain-
ing only to the enhancement and not the details of the shape or form of the full peak.
Similarly, the unusual structure which the binary peak should be expected to exhibit
may be illustrated by showing in what species and energy range large oscillations of
the elastic cross section can arise. In the section which follows we briefly summarize
the method utilized to calculate the elastic differential cross section, the choice of
model potential interactions and the transformation from projectile to laboratory
frames.
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3. Theoretical method

The calculation of the elastic differential cross section for the scattering of an electron
in a potential is an elementary problem (see e.g. Joachain 1983, Rodberg and Thaler
1967), however a few complications arise. Under consideration is the scattering of an
electron from an ion which is partially stripped. In this case the short range part of
the interaction is non-Coulomb and the large range presents a Coulomb tail. The most
common elementary derivations of the elastic cross section assume either a pure
Coulomb potential or a non-Coulomb potential which is cut off at some small radius.
Therefore, we briefly present here the essential features of the calculation for electron-
partially stripped ion scattering. The radial Schrédinger equation containing the non-
Coulomb interaction is solved numerically out to some large enough distance for each
angular momentum of interest. At this so-called matching radius use is made of the
known form for the phase shifts as a function of the radial wavefunction and its
derivative. This also allows one to judge what angular momenta contribute significantly
by observing the convergence of the phase shifts. The elastic differential cross section
is then obtained from a properly weighted sum of the partial wave contributions to
the amplitude. .

The differential cross section for scattering into some solid angle range, d{}, as a
function of scattering angle is

do/dQ=|f () (3)
where the amplitude is composed of both a Coulomb and non-Coulomb part, i.e.
F(8)=fc(0)+facl(6). (4)

As is well known, the Coulomb phase shifts are given by

oy=arg(I'{i+1i+ia)) {5)
where in this case of electron scattering the Coulomb factor, «, for a bare ion of charge
Z, is

a=-2Z/v (6)

with v the relative velocity. (Atomic units, in which # = m, =1, have been used here

L] R 1.8 1 LY AE_ IR b P e T a [y R -
ana wil pe used tnrougnout.) AISO, readily 1ound 1Is e Loulomo ampiiuac

—a exp(2ioyg)

= ————— —i(a/2)1 in’(8/2))]. 7
<= Tnosni(8/2) exp[—i(a/2) log(sin"(#/2)}] (7)
This immediately yields for the Coulomb scattering cross section
2

A0 16E2sin*(8/2)

which is the well known Rutherford cross section. Thus, for bare ion impact, the binary
encounter approximation gives a result which is the convolution of the Rutherford
cross section, a smoothly varying function, with the target momentum distribution,
and thus yields the shape usually observed.

For an arbitrary potential, there is of course no analytic solution and the Schrédinger
equation must be solved by either approximation techniques or numerically. One may
make a partial wave expansion for the non-Coulomb amplitude as

frelB) =3 T (21+1) (&= 1) P(cos 0) (9)

=0
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where §, is the non-Coulomb phase shift. The radial Schrédinger equation is
4 () + (K +2uV = {1+ 1)/r)u(r) =0 (10)

where u, is the radial wavefunction of angular momentum ! and V is the potential.
As in the present situation, if the potential is one in which a short-ranged part modifies
the long-ranged Coulomb interaction, then the general solution of this hypergeometric
differential equation behaves as

w(kr) —2 ¢, F{a, kr}+ c;Gi(a, kr) (11)

where F; and G; are regular and irregular solutions (cf Joachain 1983). It may be
shown that the phase shift is found from

tan 8, = ¢,/ ¢y. (12)
Defining the logarithmic derivative
L=u/y (13)
we have after a little algebra
L/kYF, - F;}
tan 5] o L/_)___L__f] . (14)

[(Gi—(L/k)G/]

The condition that at some sufficiently large radius, r,, the wavefunction and its
derivative must be continuous, allows one to integrate numerically the radial Schrodin-
ger equation out 0 r,, finding u, and u}, and then use the form (14) to obtain the
phase shift taking into account the asymptotic form of these radial functions through
knowledge of the asymptotic form of the hypergeometric functions. Thus, in equation
(11) o takes the value 2gq/ v, where ¢ is the asymptotic, ionic Coulomb charge. In this
work we have used a numerical integration scheme (Johnson 1973) which utilizes the
logarithmic derivatives, directly transforming the radial Schrddinger equation to the
Ricatti equation. This has the benefit of an error term decreased by one power of the
step size when compared to the Numerov method, and the fact that it is the logarithmic
derivative which is the quantity that we wish to find.

The form of the potential used here is one which is parametnzed in such a way
that the large range of ionic species that we wish to consider may easily be accommo-
dated. This potential is the Hartree-Fock model potential of Garvey et al (1975) which
simulates the interparticle separation dependent screening of the ion nuclear charge
experienced by the electron and is given by

[N-DA-0(N-Z]

r

V(r)= (15a)

where
QU =[(n/E)(e -1)+1]"" {15b)

and where (N —1) is the number of electrons present in the ion and the screening
parameters, n{Z, N) and £(Z, N), have been tabulated for any ion with 2= Z <54,
For heavier ions, the parameters may be found by a fit which utilizes points found
from a reduced parameter form of this potential by the same group (Green et al 1969).
We neglect the polarization of the ion electronic cloud since the effects which cause
the anomalous behaviour stem from small to intermediate impact parameters and will
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be influenced very little by polarization. In addition, previous calculations (Reinhold
et al 1990, 1991a) utilizing this potential have given excellent agreement with the
measurements of Richard er al (1990) for the binary peaks in F**+H, and He.

Also neglected in this calculation is the effect of electron exchange. That is, since
the target electron is indistinguishable from the electrons of the ion from which it
scatters, an amplitude should be introduced to account for exchange. Taulbjerg (1990)
has considered exchange in a one electron ion (F*") colliding with H, and He and
has found that exchange contributes about ten per cent to the enhancement of the
binary peak. In this survey, however, we will often be concerned with partially stripped
ions with many electrons;, consequently, some mention should be made as to the
expected effects of exchange.

The calculation of the exchange amplitude when many electrons are present is a
difficult task. It is, however, possible to estimate how many electrons would contribute.
Since the probability of exchange decreases with increasing relative collision velocity,
we may note that only the electrons within a shell with orbital velocities which, when
added to the collision velocity, yield small relative velocities to the target electron and
thus produce a strong overlap in the exchange amplitude, will contribute significantly.
Thus, the maximum influence of exchange could be several times as large as the
one-electron resuit if the individual amplitudes added coherently. However, it would
not be expected that all the individual amplitudes for those ‘active’ electrons would
sum coherently, and effects of spin and scattering angle dependence would aiso have
to be accounted for. We therefore estimate that over the wide range of ions that we
consider here, exchange could amount to at least a ten per cent modification, and
possibly a factor of several times that amount for ions with many electrons. Clearly,
future investigations should consider in detail the difficult task of calculating the
influence of exchange quantitatively.

Two oiher possibie considerations bear mention as weil. When the impinging ions
are of large atomic number, spin-orbit effects in the scattering of the target electron
may play a role. In particular, depending on the spin projection of the electron, the
spin-orbit interaction would either make the potential more attractive or repulsive, as
demonstrated by the Mott scattering of electrons from heavy atoms (see e.g. Kessler
1985). However, in collision systems with many electrons, it is expected that these
efiects more or less cancel. Calculations negleciing the spin-orbit potential have already
been shown to give good agreement with experiments showing the unusual binary
peak structure in U+ He collisions (Reinhold et al 1991b).

The second is the effect of relativity. We note that the innermost shells of heavy
ions are significantly influenced by the relativistic motion of the electrons. These
relativistic effects influence the inner shell wavefunctions and thereby the form of the

potential which represents their screening of the nucleus. Therefore, potentials which

represent a more detailed treatment of inner shells would be a useful extension of the
present investigation, However, a general, easy to implement form for such a more
elaborated potential does not seem to be readily available. We have found that small
changes to the potential that we employ do not drastically alter the elastic cross sections.

Further, ejected electron spectra calculated using non-relativistic methods (classical
traiectarv Manta Carlo) are in good aereement with exneriments nqna U™ and '[]92+

MG JUWAULY LYAULNLG Walil) GIL M BUVN Gl VLIRS B LA PLLIIIVIIG RS

projectiles at 120 and 420 MeV u™' (Berg et al 1988).

Finally, since in what follows we describe effects in both the projectile and laboratory
frames of reference, we indicate the relation of these two frames as concerns the binary
peak. If we consider the x-z plane as the scattering plane then the electron velocity



Partially stripped ion-atom collisions 3417

components in the projectile frame is given by
t,, = v, sin 6, Uy, = 1, €08 B,— v, (16)

where the subscripts p and t refer to the projectile and target frames, respectively.
From these one readily defines the scattering angle

cos 6, =~v, /(v +03 )2 (17)

Substitution of the relations (16) in equation (17) yields a form which cannot be further
simplified. But, we note that at the binary peak

v, = 2v, cos 6, (18)

which may be seen from equation (1) taking the reduced mass to be equal to one and
neglecting the binding energy term. With this approximation (17) becomes, after some
rearrangement of terms,

cos 8, =1~2 cos’ B, (19)
or, taking advantage of well known trigonometric relations,
f,=m—26,. (20)

This expression is, of course, only valid at the binary peak, and there only approxi-
mately, but it does give a useful rule of thumb to relate features of the elastic cross
section for the scattering of the target electron by the projectile to what result occurs
in the laboratory. For example, one sees from this expression that if we consider binary
electrons ejected at zero degrees in the laboratory, this corresponds to scattering by
180°, direct backscattering, in the projectile frame.

4. Forward angle behaviour

The relationship that backward scattering in the projectile frame corresponds to forward
ejection in the laboratory allows us to survey the enhancement of the zero-degree
binary peak. This is presented as the ratio of the elastic cross section for scattering by
180°, which we obtained in our partial wave solution to the Schrodinger equation for
an electron colliding with a partially stripped ion, and the Rutherford cross section at
180° for the bare ion. This ratio represents the relative magnitude of the binary peak
for the partially stripped ion compared with that for the fully stripped ion, evaluated
at the maximum of the binary peak. Thus, the behaviour is illustrated without recourse
to the more elaborate and costly impulse apptoximation which would reflect the shape
and magnitude of the entire binary peak more fully.

In figures 2 through 6 we present the results of such calculations for a wide range
of nuclear species (C, F, Fe, I and U ions) and over the range of charge states possible
with these ions, as a function of collision energy. Inspection of these figures indicates
that an enhancement of the forward binary peak for partially stripped ion impact exists
over a broad range of systems. Also immediately noted is the fact that the enhancement
reaches its largest value when the ratio of ionic charge to nuclear charge (q/2) is
smallest. The maximum enhancement for a particular nuclear species comes for the
lowest charge state. For example, Fe** produces a larger maximum enhancement than
does Fe''™, Likewise, the effect for U (g/Z =0.022) has a greater maximum than
Fe’* (g/Z =0.077).
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Figure 2. Ratio of the clastic scattering cross section for a target electron colliding with
various partially stripped carbon ions (C*, g =1, 2,4, Z =6) to that for the fully stripped
ion at 180° in the projectile frame. As explained in the text, this corresponds to the ratio
of the binary electron yields at 0° in the laboratory frame.
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Figure 3, Same as figure 2 except for fluorine ions (F¥", g=1,4,7, Z=9). The points
represent the experimental measurements of this ratio by Richard ef al (1990) for F** at
1MeVu~' and F’* at 1.5 MeVu™' colliding with H,.

Further, the increase in binary electron production for the partially stripped ions
related to that for bare ion impact is not a constant function of the impact energy. At
large impact energies the ratio of these productions tends to one, implying that the Z2
scaling is valid in that regime, and at low energy it drops below one, approaching the
g° scaling of the cross sections. We should note that at very low energies, the binary
peak may not be a distinct feature of the ejected electron spectrum, being subsumed
into the intermediate energy electron distribution. However, the ratio presented still
reflects the relative production rates of binary electrons, even if the binary peaks are
not separately distinguishable.
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Figure 4. Same as figure 2 except for iron ions (Fe'", g =2,6,11,21, Z=16}).
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Figure 5. Same as figure 2 except for iedine ions {19%, g =2, 11, 21, 35, 45, Z=53).

In the intermediate range of impact energies the greatest enhancements occur. For
light ions such as carbon or fluorine this occurs at a few hundred keV u™" and the low
charge state ions display binary peak magnitudes two to three times as large as those
for bare ions. The maximum is found at energies of a few MeV u™' and the enhancements
can reach factors of five to nine for the lawest charge states, for the heavy ions. In
fact, the maximum of the enhancement occurs within a relatively narrow energy range
for each ionic charge state of a given nuclear species. Thus, for example, all uranium
jons have the greatest effect at about 4 MeV u™'. This rule is not strict, and variations
from this peak position occur, especially for the highest charge states where the
maximum moves to higher energies.

At the energy where the maximum occurs, the enhancements are quite strictly
ordered in terms of the g/Z ratio, but, especially in the energy range just below the
maximum, the orderings are not so conveniently arranged. For example, the low charge
states have a quite steep rise to the maximum as a function of energy, whereas the
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E (MeV/u)

Figure 6. Same as figure 2 except for uranium ions (U?%, g =2, 11, 21,35, 52,60, 72, Z =92).

high charge states have a slower rise and display a much broader distribution about
the maximum. Consequently, experiments to measure the magnitude of the enhance-
ment would find that which ion charge state produced the greatest binary peak would
be dependent on impact energy.

But what is the origin of this behaviour? The most straightforward and concise
explanation is that the elastic scattering of the target electron by the projectile is
modified by the presence of the non-Coulomb interaction, arising because the electrons
of the partially stripped ion screen the nuclear charge. Thus the quasi-elastic, binary
peak is modified. This is, of course, the cause, but what is the mechanism? To answer
this Reinhold et al (1990, 1991a) looked to the classical deflection function, that is,
the relation in classical potential scattering between the scattering angle and the impact
parameter.

The classical elastic differential cross section is given by

do 1 db;
— =Y} 4
d)} siné 2;' ‘lde(b)

where 8 is the scattering angle, b the impact parameter, i indexes the various branches
of the deflection function, ® is the deflection function and the sum extends over all
impact parameters which lead to scattering to a single angle (cf McDowell and Coleman
1970). As has been widely noted, this relation is what leads to the great variety of
phenomena possible in classical potential scattering, since @ or its derivative with
respect to # may possess singularities, or since different branches of @ may superpose
due to the sum. The deflection function is given by

(21}

“drf  V(r) B\?
Ob)y=m-2b J-,UF(I_ E 2 {22)
where r, is the distance of closest approach, found as the root of the function
V(r) b’)
1— - 23
( E r (23)

where r is the radial coordinate, V(r) a central potential and E the collision energy.
For scattering from a bare ion, the potential is simply the Coulomb potential and one
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may analytically perform the integral in (22) and find that the relation (21) yields the
Rutherford cross section. Thus, either classically or quantum mechanically the same
result is obtained for scattering from the bare ion. The deflection function in this case,
varies smoothly between zero and 180° as a function of impact parameter.

However, scattering from the non-Coulomb potential which models the screening
present for the partially stripped ion, yields a much different behaviour. In fact,
Reinhold er al (1990, 1991) found that the deflection function in this case may exceed
180°, leading to the phenomenon known as glory scattering, and possess a local
minimum, resulting in rainbow effects (¢f Ford and Wheeler 1959). These features of
the deflection function are illustrated for electron scattering from the potential rep-
resenting Fe''", for example, in figure 7 and for a stronger non-Coulomb case, U,
in figure 8. Whereas rainbow and glory scattering are well known in low energy
atom-atom collisions (see e.g. Bernstein 1966) where both long range attractive and
short range repulsive portions of the interaction exist, thev are unexpected in the case
of intermediate energy ion-atom collisions. The effect of the screening of the nuclear
charge in the partially stripped ion case is to lower the velocity at which the electron
reaches the distance of closest approach, allowing a greater time for deflection and
the possibility that much larger impact parameters can contribute to a particular range
of scattering angles, especially in the backward direction. Hence, the larger elastic
cross section for the partially stripped ions at backward angles in the projectile frame,
maps into an enhanced binary peak in the forward direction in the laboratory.
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Figure 7. The classical deflection angle as a function of impact parameter far the elastic
scattering of an electron from the partially stripped ion Fe''" (full curve) compared with
that for the bare ions of equal nuclear charge, Fe®®* (broken curve) and ionic charge,
Na''* (dotted curve) at 1 MeV u™". The horizontal line indicates 180°.

We may see this from an early model due to Lindhard (1976) and recalled by
Quinteros and Reading (1991). If we consider a potential with Yukawa screening
representing the interaction of an electron with a clothed ion and given by the form

V=—Z/re™™ (24)
then upon expanding the exponential we have for r»>0
V=—Z/r+Za. {25)
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Figure B. The same as figure 7 except for electron scattering from U'' " at various energies.
The lowest curve is for 0.1 MeV u™! and those above it are for 02,05 1,2 5 10 and
20 MeV u™'. Here the horizontal lines indicate 180° and 360°.

As Quinteros and Reading point out, the effect is to subtract a constant term from the
energy in the Schrodinger equation, slowing the electron and increasing the Rutherford
cross section since it varies inversely with the square of the energy. However, we may
take this idea one step further. If we rearrange (22} and use the relation between
angular momentum and impact parameter

b=l{l+1)/pv (26)
we have
© pl/2 + 2y —1/2
Ob)=m-2b j 3 (E—V(r)—M) . 27)
¥o r 2]..“"
Inserting the expanded form (25) into this we obtain for the term in parentheses
4 +1)H\ V2
(E+-_zg_““—?)) . (28)
r 2ur

Since the greatest part of the deflection occurs at the distance of closest approach, the
terms which are a function of r contribute a constant amount there, K, and we have

(E—Za+K)™ "2 (29)

Thus, in equation (8), if this effective energy, E.x= E — Za, were used in place of E,
the Rutherford cross section would become very large as E — Za tended toward zero.
A fit to the form (24) of the potentials utilized in this work for distances near the
turning point, indicates that the screening constants take the value a ~ 5. In the spirit
of this approximation, one could assume that there will be a peak in the enhancement
relative to the bare charge that can be parametrized as a linear function of the projectile
nuclear charge.

Indeed, the present calculations show that the results for each ion of a particular
nuclear species peak near a single impact energy characteristic of that Z. For example,
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the uranium ions, with Z =92 corresponding to E = Z au of about 46 MeVu™' (i.e.
E=92aux272eVau™'x1836u '=46MeVu'), have maxima at around 3 to
4 MeVu™', From the calculations we find that a good rule of thumb is that the maximum
of the ratio of the partially stripped ion induced binary peak to that for the bare
projectile occurs at around

Eqax=0.75 Z. (30)

The constant 0.75 is far from the value a =5 derived from the potentials, which further
indicates the importance of the rainbow and giory interference effects in determining
the backward enhancement ratio. We point out that the simple argument leading to
this parametrization does not apply 10 energies below the peak since in that case E — Za
would be negative and the expression would be complex.

Also, at this energy where the maximum enhancement occurs, one may readily
establish from the calculations that the ratio is

R(Emax)z'\/?_q/\/?- (31)

This parametrization was found by considering a straight line fit to a plot of the
magnitude of the ratio at its maximum against ionic charge state. We note that since
exchange has been estimated to increase the predicted enhancement on the order of
10-20% per cent for the one-electron ion F**, and since only a few electrons on the
projectile will have orbital velocities in the range in which exchange should be
significant, R(E,,) could be multiplied by a factor N=1+0.1(n,) where n, is the
number of electrons within the appropriate shell.

Worthy of note is that at low impact energies the partially stripped ions produce
fewer binary electrons than equivelocity bare ions, but that for the very lowest g/ Z
ions, glory oscillations in the energy dependence of the ratio of peak magnitudes are
observed theoretically. The energy regime is sufficiently low that the binary peak will
not be a distinguishable feature in the ionized electron distribution, however. Such
oscillations have been studied in the case of low energy atom-atom scattering, as have
been a number of other features of the behaviour noted here (see, for example, Child
1974).

In summary, at higher energies, the binary peak magnitude for partially stripped
ion impact exceeds that produced by the bare ion, due to the glory created by the
screening of the projectile nuclear charge experience by the target electron. The figures
2-6 presented illustrate the degree of this enhancement in the ratio and its behaviour
and demonstrate the untenability of any proposed ¢° or Z7 scaling. At very high
energies, the effects of the difference between the scattering in either a Coulomb or
screened potential diminish in importance and the asymptotic ratio of the binary peak
magnitudes is one.

5. Non-zero degree effects

At ejection angles larger than zero degrees, the binary electrons are affected to a larger
extent by the influence of the two-centre field created by the target and projectile ions
and due to the cos® # dependence of E, the binary peak is found at lower energies.
The result is that the binary peak merges more with the rest of the spectrum and is
less clearly defined as a separate peak. Also, projectile electron loss may contribute
to the observed spectrum. Therefore, estimates of the ratio of the binary peak magnitudes
made using the technique above must be taken to indicate the relative formation rate
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of binary electrons, rather than strictly the ratio of the heights of the peaks formed by
either partially stripped or bare ions. With this caution, we consider in this section the
behaviour of this ratio for angles larger than zero degrees. In addition, as has been
demonstrated by Reinhold ef al (1991b) and Schultz et al (1991), unusual structure
in the binary peak region exists due to the quantum interference structures in the
elastic scattering cross section. Therefore we survey here the elastic cross section as a
function of impact energy to illustrate in what systems the oscillations are strong
enough that they should survive the convolution over target electronic mementum to
be present in the electronic spectrum.

First, we consider the behaviour of the ratio of the predicted binary peak magnitudes
for a case in which we do not find any unusual oscillations in the elastic differential
cross section. For this purpose, in figure 9 we display the ratio as a function of projectile
charge state for carbon ions at an impact energy of 1 MeV u™'. At the forward angles
considered, 0°, 10° and 20°, the same pattern that we have discussed above is observed
where the lowest charge states produce the largest enhancement over the bare ion
result. The ratio declines with increasing charge state and approaches the value of one,
indicating that the forward binary peaks for the partially stripped ions are at least as
large as that produced by the bare ion even to the highest charge states.

T rtrr1r 11 M1 71717 17T

Figure 9. Predicted ratio of the binary peak magnitude for impact at | MeV u™" by partially
stripped carbon ions to that by the bare ion as a function of projectile charge state, for
several ejection angles.

At larger ejection angles, such as 40° or 60°, the behaviour is not the same. In these
cases the distance of closest approach between the target electron and the projectile
nucleus is not as small as when zero-degree ¢jection occurs and the effect which leads
to enhancement is therefore not as great. Consequently, for large ejection angles the
ratio is much smaller and the binary electron production from the partially stripped
ions may become less than that for the bare ion. However, this does not necessarily
imply that there is no enhancement of binary peak over what one would obtain using
a g° scaling. That is, even though the enhancement does not exceed a factor of Z7 it
may still exceed a factor of ¢°, as has been recently shown experimentally by Jagutzki
et al (1991).
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The trend of this behaviour may also be seen directly from the elastic differential
cross section. For the C** ion this is displayed in figure 10 for 0.1, 0.5 and 1 MeVu™'
collision energy. The full curve, which represents the elastic cross section for the
scattering of a target electron by C** is seen to be larger than that for scattering from
the bare C** ion, indicated by the dotted curve, at large projectile angles. These angles
correspond to the forward direction in the laboratory frame and indicate the range of
ejection angles over which the partially stripped ion’s binary electron production should
exceed the bare ion's. For 1 MeV u™', one sees that these two curves intersect at about
90°. Using equation (16) which relates angles in the projectile and laboratory frames,
we see that this corresponds to a laboratory ejection angle of about 45°, consistent
with what one would read from the previous figure as to where the C** and the C**
ions should have the same binary electron production. Judging from the slope of these

CZ+ gt 0.1 MeV/u

3{t 0.5 MeV/u

log(Blastic DCS  au}

1 MeV/u

Figure 10. The elastic cross section in the pro-
jectile frame for scattering of a target electron
by an impinging carbon ion., The figure com-
pares this cross section for the partially stripped
ion C** (full curves) to that for the fully stripped
ion C** (dotted curves) and to that for a bare
ion of nuclear charge equal to the ionic charge
2, He* (broken curves), at collision energies

angle (deg) as indicated.

-~
-
~a—

0 20 40 60 B0 V0 20 WO 0 10



3426 D R Schuliz and R E Olson

curves at backward projectile frame angles, we can also see that between 140° and
180° the enhancement of the C** cross section is roughly constant so that in the range
of 0° to 20° in the laboratory the binary peak ratios should be roughly the same. For
larger laboratory angles, the C** induced binary electron production decreases and
goes below that for the bare ion.

Figures 11-14 display the elastic cross sections for particular ionic charge states of
fluorine (F*), iron (Fe''™), iodine (I*'*) and uranium (U''*), each for several collision
energies, to illustrate the dependence of the cross section on E, Z and g. The full
curves indicate the result of the quantum mechanical calculation utilizing the model
potential for the partially stripped ions, the dotted curves represent the result for the
bare ion of nuclear charge equal to that of the projectile ion and the broken curves
are for a bare ion of nuclear charge equal to the ionic charge of the projectile. Thus,
the figures compare the partiatly stripped ion result to scalings by either Z° or ¢
From them one can get an idea of the ejection angle range over which the partially
stripped ion binary electron production should exceed the bare ion’s, be roughly equal
to it or lie between the Z°> and g results. For example, figure 11, for the F* ion,
indicates that the largest enhancement of the binary peak should occur for the lowest
collision energies displayed, but should be confined to the forward direction in the
laboratory. In this case, the binary electron production relative to the bare ion result
should fairly quickly decrease as laboratory angle increases. On the other hand, at
higher impact energies, while the enhancement is much less, it should persist to much
larger angles. At the highest energies, the ratio of partially stripped to bare ion binary
electron production should of course reach one as noted above, and that the angular
range in which the ratio is about one should be quite large.

s\ s F* at 01 MeV/u

sl 0.5 MeV/u

1MeV/u

log(Elastic DCS  au)
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Figure 11. Same as figure 10 except for flucrine ions. The figure compares the elastic cross
section Tor F* to that for the fully stripped ions of equal nuclear (F°*) and ionic (H™) charge.
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Figure 12. Same as figure 10 except for iron ions, comparing the elastic cross section for
Fe''" impact to that for the fully stripped ions of equal nuclear (Fe***) and ionic {Na''")
charge.

Also immediately discernible from these figures is the fact that as the projectiie
nuclear charge increases, and therefore the available g/Z ratio may decrease, the
presence of a great deal of structure of the elastic cross section become prevalent at
the lower impact energies. If the minima of the structures are deep enough they may
survive the convolution over target momentum and be observable in the electronic
spectrum near where the binary peak would be predicted to appear according to
equation {1). The case for which we have previously performed the full binary encounter
treatment (Reinhold er af 1991b) to reproduce the experimentally observed double
peak structure is most like that seen in figure 14 for U''" at 1 MeV u™". The intriguing
possibility of observing even more structure is evident from the behaviour displayed
for lower collision energies and lower charge states of uranium. Certainly, this type
of structure should exist for other heavy ions such as iodine as illustrated by figure 13.

Thus, the present survey indicates that fot low charge states of intermediate energy

heavy ions, a great deal of unusual structure should be observable at emission angles
corresponding to the deep minima in the differential elastic cross section. We note
that the magnitude and frequency of the oscillations of the elastic cross section increase
with decreasing impact energy, but that at these lower impact energies, the binary

region of the ejected electron spectrum becomes more blended with the lower ejection

energy pGI‘t.uuS and consequently ¢ the most dramatic structures would nrgbab]v be

subsumed into the background. Also, it is important to emphasize that to facilitate
observation of this type of unusual behaviour, that is, to make the structure as cleanly
visible as possible, targets with the most narrow possible momentum distributions (e.g.
H, H,, He) should be utilized. The more narrow the target momentum distribution,
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Figure 13. Same as figure 10 except for iodine ions, comparing the elastic cross section
for I*'* impact to that for the fully stripped ions of equal nuclear (1°**) and ionic (S¢*'™)
charge.

the more sharply the rapid oscillations of the elastic cross section will be preserved in
the convolution which takes place in theory as well as occurring physically.

We note that similar enhancements and oscillations should also be present in the
spectrum of electrons lost from the projectile due to the analogous scattering of these
electrons from the screened target atom and have been observed by Duncan and
Menendez (1981) in the collisions of H™, Hy and He* at 0.5MeVu™' with Kr.
Theoretical investigations along these lines are being undertaken by Wang et al (1991).

6. Ramifications in ion—dense-target modelling

Since the use of g° and Z2 scalings prevails, we wish to emphasize that the unexpected
behaviour which we have described here can have significant impact on the modelling
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Figure 14. Same as figure 10 except for uranivm ions, comparing the elastic cross section
for U''* impact to that for the fully stripped ions of equal nuclear {U**™) and ionic (§c''™*)
charge.

of ion-dense-target collisions. One of the largest sources of damage in such collisions
is the binary electrons, since they are very energetic and produced with large cross
sections. Consequently, partially stripped ions, which have now been thoroughly
demonstrated to yield binary electrons in quantities exceeding even bare ions of equal
nuclear charge, are poorly modelled if the fully stripped ion impact data are simply
scaled. These considerations are especially pertinent to a number of current, important
studies including radiotherapy using heavy ions (e.g. Toburen ef al 1989), biological
effects of both naturally occurring and man-made radiation on human tissue (e.g. Katz
1989, Kraft 1987) and the hardening of space-borne semiconductors against cosmic,
or man-made, nuclear radiation (e.g. Dressendorfer 1989, Price and Cross 1989).
Beyond simply stating that the newly described effects should be considered, a
direct calculation will demonstrate the order of magnitude of their influence. Using
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the classical trajectory Monte Carlo (cTMc) technique, previous works had
demonstrated that the enhancement of the binary peak due to non-Coulomb scattering
was present in the case of classical scattering of the target electrons from the projectile
ion when a model potential was used. In fact, Olson et al (1990b} showed that the
ctMc method yielded enhancements in the binary peak for partially stripped
uranium ions colliding at 1.4 MeV u™' with argon and, further, Jagutzki et al (1991)
showed reasonable agreement between similar calculations and the experimental
measurements of the ejeced electron spectrum in 0.53 MeV u™' copper ions colliding
with He.

The cT™c results indicated the presence of rainbow and glory effects, but compared
with the same features calculated quantum mechanicatly, appeared to be overestimated.
That is, the classical rainbow and glory singularities are stronger and lead typically to
a cross section about a factor of two too large. The result is that the ctMmc calculations
give the correct behaviour of the enhancement, but not the corrected detailed form.
While based on classical scattering, the crMc results do include two-centre effects and
the contributions of the low energy, non-binary electrons ejected in the collision, and
thus provide an important treatment of the entire ionized electron distribution. In fact,
cT™Mc calculations (Olson 1989) have been shown to provide excellent agreement with
tabulated stopping powers.

In the present work, we calculated the stopping power for 1.4 MeVu™"' U®* in
neon with and without a model potential representing the projectile-electron interaction
with this technique. The ionic charge, chosen as the equilibrium charge state for this
collision system, was determined from the semiempirical tabulations of Ziegler (1980).
The calculation without the model potential utilized a Coulomb potential with a single,
constant screening parameter to represent this interaction. We found that when the
model potential was used, the stopping power increased by 15% and was entirely
attributablie to the enhanced binary peak cross section. Thus, in a soiid or biologicai
target where a high degree of damage is due to fast binary electrons the modelling
and understanding of secondary damage will be directly related to the enhanced cross
sections predicted.

7. Conclusion

We have shown that the enhancement of the binary peak produced by partially stripped
ion impact relative to that from bare ion impact is a phenomenon which should be
observed for a very broad spectrum of ions, especially at forward emission angles. It
has been shown how these enhancements behave as a function of impact energy and
projectile ionic and nuclear charge. Further, the prevalence of oscillations in the
differential elastic cross section for target electrons scattered by partially stripped
projectile ions with very small g/ Z ratios indicates that double or perhaps even multiple
peak structures should be observable near the binary peak region of the ionized electron
spectrum Finally, it has been emphasized that the consequences of these observations
should be quite important for the understanding of ion-dense-target collisions, where
a large fraction of the damage may be caused by binary electron emission. Thus
scalings based on either multiplying the bare ion impact cross sections by either q° or
Z* are shown to be inadequate to predict the behaviour of the binary peak for clothed
ions.
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