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The four characteristic features in the electron spectra from fast ion-atom collisions, the soft electron peak, the cusp, the
electron loss peak and the binary encounter peak are strongly influenced by one or both of the atomic (or ionic) potentials acting
on the electron, calling for a nonpertu~ative
treatment of the respective final-state interaction. Recent experimental results
concerning the peak as~met~
and peak structures are reviewed and interpreted within the available theoretical models.

1. Introduction

The spectroscopy of electrons emitted in ion-atom
collisions is a sensitive tool to study the electronic
structure of the collision partners, and to supply information on the interaction potentials and the collision
dynamics [l]. The peak structures in the electron spectra are very sensitive to the underlying theoretical
models and hence their detailed comparison with experiment provides a stringent test of theory.
There is a maximum in the doubly differential cross
section d%/dE,d&
for electron emission at energies
E, + 0 (the so-called soft electron (SE) peak). These
electrons are caused by direct interaction with the
projectile and populate the low continuum states of the
target. Conventionally, the first-order Born approximation for direct ionisation [2] has been used for their
description, but the new experimental discovery of the
peak asymmetry [3] caused by a strong interaction with
the projectile field, calls for an improved theoretical
model.
Electron spectra recorded at forward emission angles (& < 60”) exhibit a second peak near Ef =
2v2cos2~~ + ET where u is the collision velocity and eT
the initial-state energy of the electron. This is the
binary encounter (BE) peak which is basically caused
by a binary collision between the projectile nucleus and
the active target electron. Since for such fast electrons
the final-state interaction with the target field is rather
weak, the gross features of the BE peak can be reproduced with the plane wave Born approximation. However, a series of recent experimental investigations on
the precise peak position [4,5] and the discovery of a
double-peak structure for very heavy projectiles [6,7]
demonstrate that the final-state interaction with the
projectile cannot be neglected [8].
When the electrons are recorded in the beam direction (af = O), a third peak appears at E, = u2/2, the

forward peak or cusp. For bare projectiles, this peak
originates from electron capture to the projectile continuum (ECC) and requires the full consideration of
the final-state interaction between the electron and the
projectile f9]. A proper description of the peak asymmetry is only possible within a higher-order theory
[lO,ll]. For partly stripped fast projectiles another cusp
contribution stems from the projectile electrons emitted into low-lying projectile continuum states (ELC).
This ELC cusp which is related to the SE peak by a
mere frame transformation has a similar asymmetry as
the latter. The ELC cusp asymmetry has been confirmed by several experiments [12-141 and can only be
explained within a higher-order Born approach for
direct ionisation 1151.
In electron spectra induced by partly stripped projectiles at larger emission angles (+,> 10”) the cusp is
replaced by the electron loss (EL) peak near E, = u2/2
+ e: where l
r is the initial energy of the projectile
electron. At backward emission angles, this peak is
related to the binary encounter peak by a frame transformation 1161 and hence shows similar properties as
the BE peak when the collision system is reversed. In
particular, an anomalous behaviour in the EL peak
position and width for very heavy targets has been
found [17].
While the mutually related peaks can be treated
with the same theoretical models, there is nevertheless
a basic difference between the peaks originating from
target ionisation and those from electron loss. This
difference is due to the fact that the projectiles are
usually ionised and hence have at most tightly bound
electrons which remain inert during the target ionisation. On the other hand, EL is generally accompanied
by a simultaneous ionisation of the loosely bound target valence electrons [2,18]. This doubly inelastic process will not explicitly be considered in this work as it
does not add essentially new things to the understand-
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ing of the peak properties. The reader is referred to
the literature as concerns its calculation within the
first-order [2,19] or second-order [20,21] Born approximation.

2. Theoretical
comparison

description of the spectral features
with experiment

in

The peak structures in the angular differential energy spectra are caused or influenced by the two potentials acting on the electron, namely the parent core
field and the field of the perturber atom or ion. Hence,
the ejected electron will be in an eigenstate of this
two-center potential. While for slow collisions, the
molecular orbital theory is well established [22], the
use of two-center expansions is rather intricate for high
collision velocities, because the strong time-dependence of the potentials requires the consideration of
many basis states, including continuum states. Hence,
the coupled-channel prescription has up to now basically been used for the calculation of the angular
integrated electron spectra 1231. Current theories for
electron emission in fast collisions are therefore based
on high-energy perturbative approaches which, however, cannot provide a unifying prescription of all the
features in the angular differential spectra. We will
therefore discuss all spectral features separately within
the framework of optimised theories valid in particular
regions of the spectra. The interrelation of some of
these features allows for a considerable reduction of
theoretical efforts required for their interpretation.
2.1. The forward peak

The cusp phenomenon which is well established for
charged projectiles, is caused by the long-range
Coulomb interaction between the ejected electron and
the projectile nucleus or ionic core. A correct description must include this interaction nonperturbatively
and describe the final electronic state as a projectile
continuum
eigenstate.
In momentum
space, this
Coulomb wave acquires the following form, when the
momentum k, of the ejected electron approaches the
collision velocity u (in atomic units, h = m = e = 1)

$4 ew(vf/2)W

d-“(4) -+
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+ h)

xexp(2i(Zp/q)cos eq,kr-u), kr+u,
(1)
where nf = Z,/l k, - u ( and Z, is the projectile
charge. The prefactor exp(nQ2)
r(l + inf) causes
the Ik,-vj-’
divergence of the doubly differential
cross section for electron emission. The angular depen-

dent phase factor which is discontinuous at k, = v
leads to an asymmetry of the forward peak. The presence of this phase factor makes the theory very sensitive to additional couplings between the electron and
the target field, which have to be included within a
higher-order approach.
One distinguishes between two classes of theories,
one which treats this interaction nonperturbatively
in
the final state. To this class belongs the continuum
distorted wave (CDW) approximation and related approaches which represent the final electronic state by a
product of eigenfunctions
to projectile and target
[24,25]. In the CDW approach, the transition amplitude is given by
agDw = -i
&(p)

/

E&(P)

dt <@_U+zf e@‘@)lHexp(ikp),

q(u)

ia, I xi>,

= -ivr-

fu’t,
(2)

where I/I’ and JIT denote a projectile and target eigenstate, respectively, 1,6~(p) is the distortion part of the
continuum wavefunction +&) which multiplies the
plane-wave factor exp(ikp), and I is the electron coordinate with respect to the midpoint between projectile
and target. The initial distorted wave xi is also described as a product state of the bound target function
(for ECC) or the bound projectile function (for ELC)
and a continuum eigenfunction to the other collision
partner
(cIpt$Texp(icp( -v)),

for ELC

(3)
xi= i @T&P, exp(icp(v)),
for ECC.
The transition operator H - ia, with H = T + VP + V,
the effective single-particle Hamiltonian describing the
electron in the projectile field (VP) and the target field
(V,) induces a coupling through kinetic energy (T)
related terms. The full inclusion of the Coulomb fields
in initial and final states in this theory may, however,
lead to a divergent behaviour of the doubly differential
cross section for electron emission [8]. Therefore, one
usually makes the eikonal initial state approximation
[25] in Xi
C?,(P)

+ exp( -i(Z,/u)
ln(up + UP)).
(4)
This CDW-EIS theory is free of divergencies, while
still obeying the correct Coulomb boundary conditions.
The second class of theories disregards the influence of the target field on the final-state electron but
includes it - for heavy targets nonperturbatively
- in
the intermediate electronic states. For electron loss,
this is achieved by the strong potential second Born
theory [15,20]
(5)
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In the propagator G, the weaker of the two fields VP
and Vr is disregarded. Accordingly, one approximates
G+

G r,

light target,

G r,

heavy target,

0.2

(6)

with Gp=(ia,-T-I/,+ie)-l
and G,=(ia,-TVr + ie)-‘.
For electron capture to continuum, I/I: is replaced by a
target state $7 and correspondingly the adjacent Vr
by VP. This leads to the impulse approximation [11,26],
which first had been developed for bound-state capture
WI

-0.L $
-O&J

&’ = -i

/

dt <(c1&” 1Vr + I/,GI/,

I (CIT),

(7)

with G from Eq. (6). The substitution G * G, is
termed “post IA” while G + G, leads to the “prior
IA”. In the two theories for ELC and ECC, Eqs. (5)
and (7), an on-shell approximation is made in the
intermediate states.
The second class of cusp theories which gives a
better account of the interaction zone at the expense
of violating the Coulomb boundary conditions is very
satisfactory in describing details of the cusp shape
[11,15]. As an example, Fig. 1 shows the ELC cusp
from 1.5 MeV He+ on Xe. The calculation is performed with the SB2 (G + GT) which has been averaged over the acceptance angle of the detector (0, =
1.28”). The data [28] have not been measured on an
absolute scale, and hence are normalised to theory.

He*-Xe
v = 3.875

I

I

l&l

200

’

’

--He Ne Ar

Kr

Xe

Z,

Fig. 2. Cusp shape parameter pr for ELC from 0.4 MeV/amu
He+ as a function of target charge. Experiment: l, Jensen
[12]; n , Atan et al. [14] and Lucas [28]; 0, Gulyh et al. [29].
Theory: X , SB2, including the doubly inelastic contribution to
second order (for He, ref. [20]) and to first order (for the
heavier targets, ref. [15]). The lines are an eye-guide.

Comparison of the cusp shape parameter B, for Xe
and Ar with absolute data [12,14,15] indicates that the
SB2 theory slightly overestimates experiment (within a
factor of 2). The cusp shape parameters are defined
through the expansion of the doubly differential cross
section in terms of electron momentum IQ = k, - v and
ejection angle 0; in the projectile reference frame

with E, = kf2/2 and Pl a Legendre polynomial. Fig. 2
depicts the target dependence of the shape parameter
p, = B,,/B,, (which is a measure for the cusp asymmetry) in the case of 0.4 MeV/amu He+ impact. Unfortunately, the /3i data extracted at different laboratories
[12,14,28,29] for a given target differ strongly from each
other. This may be related to the sensitivity of pi to
small features in the spectra close to the cusp maximum which are strongly influenced by the detector
transmission function, but may have only a minor physical meaning. Although this large spread of the pi data
casts some doubt on the significance of a B,, expansion, the data (from a given laboratory) as well as
theory [15,20] clearly exhibit the tendency of an increased asymmetry when passing from light to heavy
targets.

\,

220
:
Ef (eV1

Fig. 1. Doubly differential ELC cusp cross section for 1.5
MeV He+ +Xe as a function of electron energy: l, experiment [14,28] normalised to theory; -, SB2 theory [15], including the doubly inelastic contribution via first Born; ----,
singly inelastic contribution.

2.2. The soft electronpeak

Electrons of very low energy are strongly influenced
by the target field. Their final state has therefore to be
described by a target continuum eigenstate. In order to
show that the soft electron peak is closely related to
the electron loss cusp, the doubly differential ELC
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cross section is transformed into the projectile frame of
reference (denoted by primed quantities)
dZ+c
]kf-v]
d2crELC
=-(9)
d E,dfln, ’
k,
i dE;dG 1 p.f.
From this equation it is immediately seen that the
prefactor
1k, - u I cancels the divergence in the
Coulomb wave (Eq. (1)) such that the projectile frame
cross section is finite. The SE cross section is then
simply obtained by interchanging projectile and target,
and by replacing v by --u:
(10)

In a higher-order approach, also the role of projectile
and target has to be interchanged, i.e. the ELC theory
for a light projectile and a heavy target corresponds to
the SE theory for a heavy projectile and a light target.
Although Eq. (10) with Eq. (9) implies that the SE
cross section is finite at E, = 0, the asymmetry from
the phase in Eq. (1) persists. Measurements of the SE
peak shape are much more difficult than those of the
ELC cusp shape because the energy of the electrons is
in the eV region only (as compared to hundreds of eV
for the ELC cusp), which requires extremely thin targets [3,30]. Fig. 3 shows the first measurement of the
SE cusp asymmetry for 106 keV/amu HC and 3He2+
colliding with Ne [30]. The influence of the projectile
field skews the SE peak to the high-energy side (i.e.
emission angle af = 01, whereas the ECC cusp is skewed
to the low-energy side. So far, a qualitative theoretical
interpretation has only been given within the CDW-EIS
approach [25,30].

0

a.%

0.6

1.2

The binary encounter peak originates from target
electrons undergoing a quasielastic collision with the

I

Electron
velocity v, IOU)
Fig. 3. Differential cross section da/dk,
for soft electron
emission from Ne by 106 keV/amu HC impact (0) and
‘He’+ impact (v) at ar = 0 (corresponding to k, = u, > 0)
and $?r= 180” (k, < 0). Taken from Suarez et al. [30]

16

2

2.L

2.6

3.2

E, IkeVI

Fig. 4. Doubly differential cross section for electron emission
in 1 MeV H+ +He collisions at 19,= 0 as a function of
electron energy E,. Experiment (acceptance angle 0a = 1.67”):
o, data averaged over a certain energy interval; l, selection of
not averaged data points from Fiedler et al. [32]. Theory
(averaged over 0a in the cusp region): thick solid line, transverse peaked post IA [ll]; -.---,
fully peaked prior IA [26];
----,
CDW-EIS [31]; thin solid line, PWRA with a
Roothaan-Hartree-Fock
target function.

projectile. The final-state influence of the target field
is of minor importance,
and hence the simplest prescription is the plane wave Born approximation
where
the outgoing electron is described by a plane wave:
d2CrPWBA

dE,dR,

2Pk

= LNi/dg
LJ

I~p(~)121~~(k~-~)12S(E~--~-~~).

2.3. The binary encounter peak

soft
Electrons

lo21

(11)

I’, and (PT are the Fourier transforms of the projectile
field and the target bound state, respectively, and Ni is
the number of target electrons in the state i. The gross
features of the BE peak (except for heavy structured
projectiles) are well described by the PWBA: The peak
position near E, = 2v2cos2ef + l
T is determined by the
S-function and the peak shape is related to the boundstate momentum distribution (with maximum at q = Jr,).
However, a detailed investigation of the BE peak shows
the influence of the projectile field (and to a lesser
extent also of the target field) on the ejected electron.
The fields cause a change in intensity and a shift of the
peak maximum to lower energies [4,5,8,31]. Fig. 4 gives
a comparison between experiment [32] and various
theoretical approaches for the simplest collision system
investigated, 1 MeV H++ He. The best description of
the data over a wide energy regime is provided by the
prior impulse approximation, whereas the PWBA and
the post IA give too low intensities in the binary
encounter region. The CDW-EIS
theory gives the
correct peak intensity but a too high peak position.
I. INVITED PAPERS
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For heavy projectiles, the first Born treatment of
the projectile interaction in Eq. (11) becomes inadequate. Theory can readily be improved by noting that
the projectile field in momentum space is related to
the first Born approximation fB’(g) of the elastic
scattering amplitude for an electron from the projectile
Pr( 4) = - (2a) - 1’2fnt(Q)

(12)
where 4 is the momentum transfer. The full electronprojectile coupling can readily be accounted for by
replacing fB1(q) with the exact scattering amplitude
f(k, - v - q, k, - v) which not only depends on q, but
also on the momentum of the scattering electron in the
projectile frame, k, - v. Then one arrives at the quantum mechanical version of the elastic scattering model
[33], the so-called electron impact approximation (EIA)
1341
d2uEIA
k
-=$~ldqlf(k,-v-q,k,-v)l’
d E,dl&
~IcpT(k,-q))~6(E,-+qv).

(13)

This theory is often termed impulse approximation
[4,35], which is misleading because it includes only the
first-order term in the IA, Eq. (17), and not the second-order term. In the case of bare projectiles, Eq.
(13) is equal to the Born approximation (11) because
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Fig. 5. Doubly differential cross section for electron ejection
from 1 MeV/amu U”+ on He as a function of electron
energy at the angles r9r = 30”, 35” and 40”. 0, experiment,
EIA theory
normalised to theory; . . . . . . EIA theory; ---plus background from distant collisions, calculated with the
CIMC method. The arrows indicate the energy E, =
2u2cc&9r + ey. Taken from Reinhold et al. [37].
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Fig. 6. Doubly differential cross section for electron emission
in 0.5 MeV H+Kr collisions at i+ = 120”, 140” and 150”. o,
Kuzel et al. [17], singles data; -, EIA for electron loss, singly
inelastic contribution. The vertical line denotes E, = u ‘/2 +
cr.
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for a Coulomb field, the first Born approximation to f
gives the correct modulus of the exact scattering amplitude. This explains the success of the Born theory even
for heavy projectiles. For partly stripped projectiles, on
the other hand, f can be very different from f B1,
particularly for heavy projectiles with many electrons.
Like in the case of elastic electron scattering on heavy
neutral atoms [36], the angular dependent differential
electron-ion scattering cross section shows sharp Ramsauer minima at certain scattering angles which vary
with impact energy. These structures in f strongly
influence the shape of the binary encounter peak. Fig.
5 shows the change of the BE peak shape with angle
for 1 MeV/amu U21+ on He between 30-40”. Whereas
the first Born theory (Eq. (11)) predicts a continuous
shift of the peak maximum with angle, the Ramsauer
effect leads to a discontinuous peak shift accompanied
by a double-peak structure around 35”. This structure
is clearly seen in the experimental spectra and can
qualitatively be described by the above theory [37].
2.4. The electron loss peak
The electron loss peak for large emission angles is
closely related to the binary encounter peak for the
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reversed collision system. In complete correspondence
to Eq. (91, the two phenomena are related by a simple
transformation from the projectile frame to the target
frame of reference
d2uEL

k,

(

[ d2aBE \

if the collision system is reversed (i.e. the role of
projectile and target interchanged) and the velocity u
replaced by --v. Extracting the properties of the BE
electrons from Eq. (ll), one easily finds the position of
the EL peak,
Ef =

l; + v2/2,

23oc

(15)

as well as the connection between the emission angles
for the binary encounter electrons (IY~“) and for the
EL electrons (8:“), both defined with respect to u (i.e.
in the target frame)
+n” = Tr - 2+=.

(16)

In Eq. (16), the initial-state energy l
,r’ has been neglected. From the interrelation (14) it follows that for
heavy target atoms, the Ramsauer structures will also
influence the electron loss peak. In Fig. 6 electron loss
spectra from 0.5 MeV H on krypton at backward
angles around 140” are shown. For this system, the

d*a
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,
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Fig. 7. Doubly differential cross section for electron emission
in 0.5 MeV/amu Z, + Kr at 8, = 150” (one-electron projectiles with nuclear charge 1, 1.5 and 2). Calculated with the
EIA, singly inelastic contribution. The arrows mark Ef =
k;/2 = v2/2+ $‘.
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Fig. 8. (Top): Differential cross section for elastic electron
scattering on Kr at energy v2/2 (----);
d2u/dErdnr
for
electron loss from 0.5 MeV H + Kr, integrated over the energy
interval (0.15-0.4) keV as function of emission angle t9r (-,
-.-.-);
Experiment (0): Singles data from Kuzel et al. [17],
normalised to theory. For absolute cross sections, all data
points should be multiplied by 1.27. (Middle): position of the
EL peak maximum. The arrows denote Epeak= v2/2( + 1 and
G/2+ l
p ( -1).
(Bottom): full width at half maximum of
the EL peak. The arrow denotes the width corresponding to
the Compton profile. Experiment (+): singles data for 0.5
MeV H+Kr from Kuzel et al. [17]. Theory: -, EIA for
electron loss; -.-.-,
peaked strong potential second Born
theory for electron loss [U], singly inelastic contribution.

effects from the Ramsauer minimum at 135” for the Kr
target 1361 are hidden, but they become prominent if
the projectile charge is artificially increased to 2, = 1.5
(Fig. 71, causing a double-peak structure as for the
binary encounter peak in reversed collision systems.
This double-peak structure is a type of resonance effect which can be observed upon varying the projectile
velocity, the projectile charge or the emission angle
I. INVITED PAPERS
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such that the width of the structures in the scattering
amplitude f entering into the loss cross section
= $$dg
x 1c&q)

unifying theory is existing at presence which can describe all details in the angular differential energy
spectra to high accuracy.

If(q+a, &)I2
I ‘a( E, - e; - u2/2 - qv),
(17)

matches the width of the bound electron’s momentum
distribution (pp [38]. However, although in the H + Kr
system the Ramsauer structures are not clearly visible
in the spectra, they cause large variations in the position and width of the electron loss peak near those
angles which are related to minima in the differential
cross section for elastic electron scattering on Kr (Fig.
8). The EIA, Eq. (17), used for their theoretical interpretation is only valid for emission angles above N 20”
where the influence of the target field on the ejected
electron dominates. For smaller emission angles the
strong potential second Born theory (Eq. (5)) has to be
used. A peaking version of the SB2, as first introduced
by Hartley and Walters [39], is well able to describe the
increase in peak energy and the decrease in width for
9, --) 0 which is seen in experiment [17].

3. Conclusion
A series of examples has been given which demonstrate the importance of a proper description of the
electronic states for the interpretation of angular differential eiectron spectra. In particular, for certain
collision systems (e.g. ionisation of a light atom or ion
by a heavy collision partner) or regions of the spectra
(e.g. the cusp region) the ionisation process cannot be
treated by a perturbative description of the interaction
potentials, even at high collision velocities. The gross
structures in the spectra are reproduced upon selecting
the final electronic continuum state as eigenstate to
the stronger of the two interaction potentials in that
particular region of the spectrum. However, details of
the electron distribution like precise peak position and
shape can often only be properly described by a
higher-order theory which allows the electron to propagate in intermediate eigenstates of the heavier collision partner, which for fast collisions are lying in the
continuum. If the interaction potential is not purely
Coulombic but modified by core electrons, the electronic states have to be chosen as exact scattering
eigenstates, rather than hydrogenlike approximations.
This is essential for the ECC cusp in case of partly
stripped projectiles, as well as for the EL peak at
backward angles and the BE peak in the case of
structured heavy collision partners. Unfortunately, no
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