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1. Introduction

The dielectric response of the medium to a swift ion induces collective charge-density

fluctuations which result in an oscillatory polarization potential trailing the ion ("wake").

The concept of such a "wake" dates back to Bohr1. The first quantitative treatment of

the dynamical screening potential around an ion was pioneered by Neufeld and Ritchie2.

Meanwhile, a large number of investigations implementing approximations at various levels

of sophistication have been performed3. A typical example of the wake potential Vwake

is shown in Fig. 1 for 5 1 6 + in Aluminum at vp = 1 a.u. calculated in plasmon-pole

approximation to the dielectric function. The plasmon-pole approximation is one of the

simplest approximation which still accounts qualitatively for most of the features of the

wake. Clearly, more subtle effects like bow waves and other dispersion effects are neglected.

We will restrict ourselves in the following to the plasmon-pole approximation including a

phenomenological damping. We also neglect in the following effects of the self-wake which

can affect the shape of the wake potential4'5.

In 1974, Neelavathi, Ritchie and Brandt6 put forward the intriguing proposal that

the additional minima of the wake potential trailing the Coulomb well should support

bound states. Electrons trapped in these wells have been named "wake-riding" electrons.

These states would correspond to a new type of bound states which is non-atomic but

nevertheless strongly correlated with the atomic (or ionic) projectile. A simple variational

calculation using Gaussian orbitals showed that the ground state is bound over a wide

range of parameters6"9. Wake-riding states are, in fact, only transient quasi-bound states

3I8TH18UTIDN OF THIS OOCUME*T IS



13

piau.)

- ^/T
z(au.)

Fig. 1 Wake potential of a S 1 6 + projectile with a speed of vp — la.u.

in an Al- foil (na = 0.0088,7 = 0.03) in the frame of the projectile. The

projectile moves in positive ^-direction.

which decay into the low-energy Coulomb continuum of the projectile upon exit of the

leading charged particle from the solid. Consequently, wake-riding electrons are expected

to form a peak in the forward electron spectrum with lab velocities near ve ^ vp. The

ejection of isotachic electrons in forward direction by ions penetrating solids is therefore a

signature of wake-riding electrons. Unfortunately, the real world is much more complex.

Ejection of electrons in forward direction in general, and in the velocity regime ve ~ vp

in particular, is induced by several competing mechanisms which can easily overshadow

the wake-riding electrons. Most prominent are the "cusp" electrons which correspond to

the low energy continuum states in the field of a positively charged ion formed by direct

excitation or electron capture10. According to Wigner's threshold law for an attractive

Coulomb field the cross section for elastic scattering approaches constant at threshold in

the frame of the projectile11,



) (1)

when fit are multipole moments (anisotropy coefficients) and 6 is the polar angle of emis-

sion. Both direct excitation of bound states of the projectile as well as electron capture

from the valence or core levels of the target can populate those final states in the con-

tinuum. In fact, any smooth excitation function across threshold leads to (1). Upon a

kinematic transformation this corresponds to a singular doubly differential cross section in

the lab frame,

(2)

The enhancement of the cross section near ve ~ vp according to (2) renders the observation

of wake-riding electrons very difficult if not impossible. In addition, multiple scattering of

binary encounter electrons in the solid provides an additional source of electrons populating

continuum states with ve ~ vp.

Recently, the experimental study of wake-riding electrons accompanying antiproton

transmission through carbon foils using the Low Energy Antiproton Ring facility at CERN

has been proposed12. First experiments are presently underway. We have performed a

theoretical study to explore the possible existence of a peak of'wake-riding" electrons

accompanying antiprotons13. Two important features to be discussed in detail below

make their observation in the forward-electron spectrum for antiprotons more likely than

in the spectrum for positively charged ions: (a) The well-known cusplike enhancement

in the forward spectrum of positively charged particles is absent, thereby facilitating the

observation of wake-riding electrons which appear in the same region of the spectrum,

and (b) the wake-riding states are localized a factor of ~ 3 closer to an antiproton than

to a proton of the same speed. Electron capture probabilities into wake-riding states are

therefore dramatically enhanced.



The threshold law (2) appears in the projectile centered continuum states as a final-

state normalization factor

where v = ve — vp is the velocity vector in the rest frame of the projectile with charge Zp.

An attractive final-state interaction between the electron and the ion (Zp > 0) leads to a

cusplike enhancement ~ 2TTZP/V of the cross section near ve « vp, while for Zp < 0 a pro-

nounced dip ("anticusp") ~ (2Tr\Zp\/v)exp(— 2TT\ZP\/V) occurs14. The repulsive final-state

interaction strongly inhibits forward scattering with small relative velocities v. thereby

"burning" a hole into the forward spectrum and suppressing ECC. Clearly, ELC cannot

occur because an antiproton (p) does not support bound states. The presence of this "hole"

for antiprotons may afford the opportunity to study the existence of wake-riding electrons.

2. Bound states in the wake

We have calculated the bound-state spectrum in the wake for antiprotons at vp = 6 a.u..

For an estimate of the yield of wake-riding electrons it is crucial to take into account

contributions from excited states in the wake, tor excited states the anisotropic harmonic-

oscillator approximation underlying calculations for the ground state breaks down. Figs. 2

a and b shows the potential along the beam (z) axis (i.e., p = 0) and perpendicular to the

beam axis (z = zmin) where zmin is the coordinate of the center of the first wake trough.

A crucial point for the likelihood to observe wake-riding electrons is the fact that

zmin = (2 + sgn(Zp))Xwake/4 (4)

where A = 2irvp/u}p is the wavelength of the wake oscillations and wp is the plasma fre-

quency. Therefore, zmin is approximately a factor 3 closer to an antiproton than to a

proton. This increases the anharmonicity of the potential as clearly visible in Fig. 2a. The
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Fig. 2a Wake potential near an antiproton with vp — 6 a.u. in carbon

along the beam axis (p = 0) .
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Fig. 2b as a perpendicular to the beam axis (z = zmin = —10.5 a.u.)



shape of the potential becomes important in the tail of the wavefunction which, in turn,

enters the capture cross section for wake-riding states. In calculating approximate wave-

functions we have retained the notion of approximate separability of the potential while

incorporating anharmonic effects by writing15.

(5)
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Fig. 3 Wavefunction X\(z) in the wake of an antiproton in carbon at

vp = 6 a.u.

where S(z) and T(p) are the potential curves taken from the cuts through the potential

surface (Fig. 2). The wavefunction can be written in factorized form as

The resulting one-dimensional Schrodinger equations can be easily solved numerically. The

solutions for the three lowest-lying states Xi(z)(G < i < 2) are shown in Fig. 3. Their

binding energies (including the ground state energy in the p motion which closely resembles

a harmonic oscillator) are e0 = -0 .1 , eA = -0.03, and c2 = 0.04. The second excited state

is already a resonance in the continuum describing an electron bouncing forth and back
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between the adjacent humps of the wake potential. Resonances in the continuum can

contribute, however, when their lifetime due to autoionization is larger than the lifetime

due to collisional destruction. The latter affects true bound states as well and can be

taken into account within the framework of the transport theory discussed below. The

numerically determined wavefunctions Xi(z) were fitted to a basis expansion of harmonic

oscillator eigenstates. The latter are particularly convenient for calculating capture cross

sections. It should be noticed that the accuracy of the resulting wavefunction is limited for

two reasons: For highly excited states near the ionization (in our case, Xi,2) the separability

assumption(5) is no longer valid. We have investigated the energy spectrum in the near

threshold regime of the wake using semiclassical methods16 and find significant deviations

from a separable behavior characterized by ordered sequences of energy levels. Secondly,

even though the fit to the harmonic oscillations basis converges rapidly in the £2 norm (i.e.

on the average) it can be quite inaccurate in the tail of the wavefunction which contributes

substantially to the wake cross section.

3. Electron capture into the wake

The transition amplitude for electron capture into wake-riding states is given in second-

order Born (2) approximation by

Uf = (QvnkelV, + VK?o^|*i>, (7)

where Go is the free-particle Green's function and Vp<t are the (effective) interaction poten-

tials of the projectile and target. At high speeds, capture from the K shell of the target (in

the following carbon) dominates (i.e., $; = $ia). Accordingly, Vt can be taken as the bare

Coulomb potential of the carbon nucleus with an effective value Zt = 5.7, where we have

taken into account screening effects by the passive Is electron. The projectile potential Vp

contains both the bare Coulomb potential and the dynamical screening potential. However,

since capture requires a large momentum transfer in a hard collision and the dynamical

screening potential is "soft," only the Coulomb part is important. The evaluation of the
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capture cross section ac using Eq (7) and standard techniques17 reveals the remarkable

result that the first-order Born term (Bl) is negligibly small compared to the second-order

Born term. This is a simple consequence of the fact that in the Bl approximation capture

is mediated by high-momentum components of the initial- and final-state wavefunctions.

However, the "soft" wake potential exponentially suppresses high-momentum components

in $a,oJte leading to an exceedingly small cross section18. The dominant contribution is

therefore provided by the second-order Born term in Eq.(7) which closely resembles the

well-known Thomas double-scattering mechanism19 for ion-atom collisions. Here an elec-

tron is first scattered off the projectile by « 60°, followed by a second deflection at the

target by about 60°, such that the electron finally propagates in approximately the forward

direction at zero speed relative to the projectile. The fact that Vp is repulsive for antipro-

tons rather than attractive for positively charged ions is immaterial since pure Coulomb

scattering is invariant under charge conjugation (Zv —> —Zp) and resulting differences in

the phase factor in the B2 term cancel because the Bl term is negligible.

The velocity dependence of ac for capture into the ground state of the wake in the

harmonic-oscillator approximation of the wake near an antiproton is displayed in Fig. 4.

At vp ~ 6a.u. the cross section per carbon atom is of the order of ac ss 10~22cm2. Using

the numerical wavefunctions (Eq.6) instead of the harmonic oscillator approximation and

including the first excited state increases the cross section by a factor ~ 1.3 at vp = 6a.u.

Inclusion of the second excited state results in a increase by a factor 3. Since, on one hand,

excited states contribute significantly to the total cross section while, on the other hand,

they are rather inaccurate, there is considerably uncertainty as to the resulting emission

spectrum. Their influence on the emission spectrum will be illustrated below.

Considering the high solid target density and the fact that additional contributions

from outer target shells have been neglected the experimental observation of a peak of wake-

riding electrons should be within reach. For protons, on the other hand, the cross section

is several orders of magnitude (;£ 6) smaller in the velocity range under consideration
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because of the rapid decay of spatial overlap. This very likely accounts for the fact that

wake-riding electrons have not yet been found10.
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Fig. 4 Cross sections as a function of the velocity vp of p used as input for

the classical transport simulation. —, cross section for capture of a carbon

JC-shell electron into the ground state (harmonic-oscillator approximation)

of the first binding well of the wake of p, , cross section for electron

ejection with laboratory velocities ve > vp in a binary collision with p in

first Born approximation.

4. Transport of wake-riding electrons

The wake-riding electrons, as well as electrons generated in binary-encounter events,

suffer multiple scattering before exiting the foil. The determination of the observable

emission spectrum requires the study of the electron transport in the presence of the field

of the nearby projectile. We employ a microscopic Langevin equation,20



j t (8)

describing classical trajectories of an electron under the influence of the field of the pro-

jectile as modified by the wake field. The exectrons are subject to random forces F(t)

representing stochastic collisions inside the solid. The complete solution of the transport

problem is given by a Monte Carlo sampling of an ensemble of initial conditions for the

phase-space coordinates which are propagated according to Eq. 8.

The phase-space distribution of initial conditions consists of both binary-encounter

(BE) electrons and wake-bound electrons. For the simulation of the initial velocity distri-

bution of BE electrons, a first-order Born approximation for ionization has been employed.

Only energetic electrons with ue ^ 0.8up have been included in the transport calculation.

The integrated BE cross section OBE f°r energetic electrons ue ^ vp (Fig. 4) is several

orders of magnitude larger than ac. In order to improve the statistics we have calculated

the stochastic evolution of wake-bound electrons separately and added their distribution

function, weighted by their relative cross section, to the binary distribution. The initial

classical distribution of the wake-bound electrons is determined by the spatial probabil-

ity density distribution |$u>aite(r)|2 restricted to the classically allowed region and by a

uniform distribution over all negative energies larger than the value of the wake minimum.

In order to relate the dynamical evolution in the bulk to the post-foil experimental

observation, modifications due to the penetration of the exit surface must be taken into

account. The sudden breakdown of the dynamical screening near the projectile at the sur-

face leads to a redistribution of the final-state population. This has particularly dramatic

effects for wake-riding electrons that are in the close proximity of a repulsive Coulomb field

of the.antiproton. Figure 5 shows the velocity distribution of wake electrons after the sud-

den switch-on of the Coulomb field which can be interpreted as a Coulomb half scattering

at the antiproton near the exit surface. The initial distribution prior to the break down of

screening was an isotropic velocity distribution of the classical wake-bound states centered
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about the projectile (vz = vp = 6a.u.). The defocussing by Coulomb scattering is clearly

visible.
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Fig. 5 Velocity distribution of electrons originally bound to the wake inside

the foil after (half) scattering in a pure Coulomb potential of p(yp = 6a.u.)

upon exit from the solid.

The effect of transport on the peak of wake-riding electron is illustrated in Fig. 6.

Here we display the shape of the resulting peak of wake-riding electrons with and without

modification by transport effects. The peak without multiple scattering corresponds to

the singly-differential spectrum derived from the two-dimensional distribution of Fig. 5

integrated over the forward cone with cone half-angle 0 = 5°. Note that the peak position

is shifted to lower velocities due to Coulomb defocussing, or more precisely, due to Coulomb

half scattering. The shift in velocity is approximately given by

(9)

where Ec is the Coulomb energy near the wake minimum

1
Zmi

(10)
mm
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This is the amount of energy (or velocity) gained by the electron in a Franck-Condon

type transition from the wake potential curve to the Coulomb potential curve at the exit

surface when the dynamical screening breaks down. The steady-state (or "equilibrium")

distribution resulting from steady-state production and decay by multiple scattering of

wake-riding electrons as described by the Langevin equation (8) does not display a peak

0.16

5.5 6.0

ve(a.u.)
6.5

Fig. 6 Shape of the peak of wake-riding electrons emitted by an antiproton

in carbon (vp = 6a.u.) into a cone with semiangle of 0 = 5°— wake

riding electrons without multiple scattering, - - - steady-state solution of the

transport equation (8) for the distribution under the influence of multiple

scattering.

shift but an enhanced tail of low-energy electron due to slowing down and a decrease of

intensity near the peak. Note that the distributions of Fig. 6 do not include the background

contribution due to multiply scattered binary electrons. Taking the latter into account the

resulting distribution at electron velocities near the projectile velocity (5 < vt < 7) is

shown in Figs. 7 and 8 for vp = 6 a.u. and cone half-angles 0O = 5° and 2.5°. In Fig. 7
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we have assumed that only the ground state and the first excited state contribute to the

capture while in Fig. 8 we have included the second excited state in the continuum as well.

In the absence of a usual cusp, three features are clearly visible: a steep rise at the

upper end of the spectrum which signifies the remnants of the anticusp valley in the

single-collision spectrum, a background due to multiply scattered binary electrons inside

the valley, and a broad peak due to emission of wake-riding electrons near ve — 5.6 on top

of it. Since the wake-riding electrons give rise to a well-localized peak while the binary

spectrum shows locally little angular dependence, the peak due to wake-riding electrons

should become the dominant feature for sufficiently small 0o- The contribution of slowed-

down binary electrons to the customary cusp peaks has also been found to be small21

for positively charged ions.
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•8
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0.015

Fig. 7 Normalized convoy electron spectrum for antiprotons (vp = 6a.u.)

emitted into a forward cone of half-angle 0o = 5°(—) and 2.5° ( ), only

ground and first excited state (xo.i) included.

It should be stressed that the accuracy of the present calculation is limited due to the

uncertainty in both the calculation of ac as illustrated in Figs. 7 and 8 and the treatment

of the transport of binary electrons. Since the volume of velocity space of the observed
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Fig. 8 As Fig. 7, but including the second excited state X2 (see text).

spectrum is small compared to the volume of velocity space of all initial conditions for bi-

nary electrons which can contribute to the spectrum after multiple scattering, even modest

statistical accuracy requires a large number of trajectories. We used a total of 1.8 x 106

initial conditions which resulted in ~ 600 events in the forward spectrum for a cone angle

0 = 5° and which required smoothing using large bin sizes (Au £ OAOa.u.). The validity

of the second Born approximation at only moderately high velocities (vp > 6a.u.) may be

questionable. Furthermore, we have observed that the cross section depends sensitively on

the shape of the wavefunctions in the exponential tail which, in turn, may be affected by

the separable form of the wake-bound state and by the plasmon pole approximation to a

free-electron-gas model employed in the present calculation.

In summary, while the observability of wake-riding electrons is not yet unambiguously

established, our calculations show that chances for success are considerably higher for

antiprotons that for protons.
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