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Electron binding energies in the wake of a swift negative ion such as a muon or an antiproton
have been evaluated. The velocity distributions of electrons emerging from the solid at the ionic
velocities are also estimated. These calculations could be of guidance to the experimental project
of Yamazaki and co-workers directed to elucidate the nature of convoy electrons emerging from
solids after the passage of swift ions.

Since the pioneering works of Neufeld and Ritchie' and
Ritchie on the interaction of fast ions with an electron
gas, a great deal of theoretical and experimental work
has been concerned with the distribution in space and time
of perturbations of electron motion in solids caused by
passage of swift, charged particles. Specifically, the
influence of the wake of an ion on nearby ions in molecu-
lar clusters has been studied. Several authors have eval-
uated the wake potential and induced electron fluctuations
using an increasing degree of sophistication for the
electron-gas dielectric-response function.

When swift ions penetrate gaseous or solid targets, they
emerge with accompanying free electrons traveling with
nearly the same velocity as the ion. These are the so-
called convoy electrons. For gaseous targets, this
phenomenon was first observed by Crooks and Rudd ' and
explained by Macek" in terms of charge transfer to con-
tinuum states associated with the attractive Coulomb po-
tential of ions moving in vacuum. In condensed matter,
however, a different mechanism might be also present;
Neelavathi, Ritchie, and Brandt pointed out that in
solids the oscillatory wake of electron density fluctuations
trailing a fast ion may give rise to wake-bound electron
states that will emerge from the solid also with a velocity
distribution centered at the ion velocity. ' Some investi-
gators' ' have observed two components in the measured
energy distribution, and it has been suggested' that some
of the convoy electrons from solids might originate from
wake-bound electrons trailing the swift ion in the solid.

Capture and loss cross sections for capture have been eval-
uated for the case of swift protons. ' However, the exper-
imental evidence for positive ions does not allow one to
conclusively decide on this possibility. ' '

Very recently a new experiment that could, in principle,
conclusively decide on the existence of wake-bound states
has been suggested by Yamazaki. ' ' The experiment,
which uses negative muons or antiprotons as probes, is
currently being carried out by Yamazaki. ' '

The direct interaction with the electrons is now repul-
sive and therefore does not lead to direct capture as in the
case of a positive ion. The possibility of wake trapping,
associated with regions of depletion of electrons in the
induced-charge-density fluctuations, remains a valid one;
such trapping, however, now occurs closer to the ion, since
due to its negative charge the first depletion of electronic
charge occurs in the region surrounding the ion (in the
same region where there was a pile in the case of a positive
ion). In this Brief Report we explore the possibility of the
existence of such bound states in the wake of a swift nega-
tive ion, and conclude that, for an accessible range of ve-
locities, binding exists and convoy electrons originating
from wake-bound states may be experimentally detected.
We hope that our results could be of guidance to experi-
mentalists.

The wake potential [i.e. , the scalar electric potential
p„(b,z)] in a homogeneous, isotropic medium due to a
swift point charge Z&, with constant velocity v, is given
b 8
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V(eV) TABLE I. Binding energy and velocity distributions for elec-
trons trapped in the wake of a negative muon or of a proton.

v (a.u. ) Ep (eV)
p p

ttvb (a.u. )
p p

av, (a.u. )
p p
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1.71
1.83
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4.63

1.03
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0.91
0.73
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0.45
0.33

Z (a..u.)
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I

20
I
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FIG. 1. Plot of the potential energy of an electron, in the
wake of a negative muon (v =4, b =0, and r, =2). The result is
shown as a function of position along the track with z =0 and
b =0 corresponding to the location of the muon. zo indicates the
first minimum of the electron potential energy.

The cylindrical coordinates b and z refer to the direc-
tion of motion and are defined by b =(x +y ) 't and
z =z —vt, relative to the position (x,y, z ) = (0,0, vt ) of the
moving charge Z&. The wave number k =(q +coz/v ) 't2

has component q in the b direction, Jo is the Bessel func-
tion of order zero, t. (k, ro) is the electron-dielectric-
response function, and Re(x) stands for the real part of x.
(We shall work in atomic units throughout. )

In the earlier calculations for positive ions, numeri-
cal values of the total potential energy of the electron have
been fitted in the neighborhood at b =O, z =zo by the ex-
pression

V(b, z) = —y„— Z]
(b 2+ -2) 1/2

Numerical values of the potential energy of an electron in

the wake of a negative muon are shown in Fig. 1 for v =4
and electron gas density parameter r, =2. The wake po-
tential of Eq. (1) has been evaluated using the full
random-phase approximation dielectric response func-
tion to represent the response of the medium. The binding
energies we obtain are given in Table I for three different
muon velocities.

To get an approximate expression for the velocity distri-
bution when the ion emerges from the solid, we follow
Brandt and Ritchie' and suppose that the wake created
by the swift ion is not perturbed as the ion approaches and
crosses the surface of the solid. Then, velocity distribu-
tions are Gaussian and their widths are given in Table I as
hv, and hvb. We also include the values for the case of an
electron trapped in the first trough of the wake of a pro-
ton.

The results described in Table I do not include the
effect of the self-wake of the trapped electron on its bind-
ing energy in the trough of the leading ion, but clearly
show the existence of binding. In fact, once the electron is
trapped, polaronlike nonlocal effects in the wake will tend
to increase the binding further. This effect can be taken
into account following the lines of the work of En-
chenique, Brandt, and Ritchie ' for the case of electrons
localized in the wake of a swift proton.

= —Vo+ ab +P (z —zo)

The binding energies are then obtained from standard
quantum mechanics. For the case of a negative muon,
Zj = —1, the direct Coulomb potential of the incoming
muon is not negligible at zo, as is usually the case for posi-
tive ions, because the localization occurs closer to the ion.
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