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Forward Electron Production in Antimatter-Solid Collisions
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We investigate the forward electron emission induced by fast antiprotons transmitted through thin
carbon foils. The capture of electrons into wake-riding states is calculated in the second Born approxi-
mation. The transport through the foil is analyzed within the framework of classical stochastic dynam-
ics. We find evidence that the usual cusp-shaped peak for positively charged ions is replaced by a broad
peak due to emission of wave-riding electrons.

PACS numbers: 34.50.Fa, 05.40.+j, 79.20.Nc

Recent progress in the development of beams of an-
tiparticles (positrons and antiprotons) with intensities
sufficient for collision experiments affords the opportuni-

ty to study the behavior of atomic collision processes un-

der charge conjugation of the impinging projectile in

both the gas phase and condensed matter. The study of
the dependence on the sign of the projectile potential is

of significance from the viewpoint of a perturbational
treatment of the collision since even and odd orders of
the Born series have opposite parity under charge conju-
gation. This fact allows one to delineate the relative im-

portance of higher-order terms of the series. The experi-
mental' and theoretical study of the total cross section
for double ionization of He is an interesting case in

point. Drastic changes under charge conjugation have
also been found in the diff'erential single-ionization
cross section of He under single-collision conditions.

Recently, the experimental study of antiproton
transmission through carbon foils using the Low Energy
Antiproton Ring facility at CERN has been proposed.
The purpose is to study the behavior of the stopping
power and ionization under charge conjugation of the
projectile (Barkas effect ), maintaining otherwise identi-
cal conditions of mass and velocity. Projectile energies
in the first experiments presently underway are of the or-
der of 1 MeV (corresponding to a beam velocity of vt,
=-6 a.u. ).

In the following we present the first investigation of
the forward ionization spectrum induced by antiprotons
transmitted through carbon foils. We will focus primari-

ly on charge-conjugation effects for fast electrons with
velocities v, vp neglecting efI'ects on slow "secondary"
electrons. Our primary goal is to explore the possible ex-
istence of a peak of "wake-riding" electrons which was
predicted some time ago but has not yet been unambi-
guously observed. Two important features to be dis-
cussed 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 spec-
trum 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.

Ejection of target electrons with large speeds v, ))1
requires hard collisions at small impact parameters.
Such processes will closely resemble ion-atom collisions
since collective and condensed-matter effects are not im-
portant on this energy (or length) scale. For single col-
lisions, the forward spectrum possesses two well-known
features: the binary-encounter peak at v, =2vp which
represents "classical" head-on Coulomb scattering and
the "cusp" peak at v, =vp due to either electron capture
to the continuum (ECC) or electron loss to the continu-
um (ELC). While the binary-encounter process should
be invariant under charge conjugation Zp —Zp since
classical Coulomb scattering does not depend on the sign
of Zp in the nuclear charge, the cusp peak depends sensi-
tively on the sign of the final-state interaction factor

Zp 7l
N(v) =exp Zp

I 1+i
2

where v =v, —
vp is the velocity vector in the rest frame

of the projectile. An attractive final-state interaction be-
tween the electron and the ion (Z~ & 0) leads to a cusp-
like enhancement —2 Zt~t/v of the cross section near
v, = v~, while for Z~ (0 a pronounced dip ("anti-
cusp" ) —(2tt

~ Z~ ~/v)exp( —2tt
~ Z~ ~/v) occurs. The

repulsive final-state interaction strongly inhibits forward
scattering with small relative velocities U, thereby "burn-
ing" a hole into the forward spectrum and suppressing
ECC. Clearly, ELC cannot occur because an antiproton
(P) ion does not support bound states. Even though an
anticusp has not yet been experimentally observed, the
behavior of the forward spectrum for ion-atom collisions
seems to be well understood.

A qualitatively new situation occurs in a dense solid-
state target. The interaction potentials are modified by
collective eA'ects in the dense medium and the post-foil
spectral distribution is a result of a complex multiple-
scattering process. Both dynamical screening by the
medium and the transport properties of electrons in the
field of the projectile depend on the sign of the projectile
charge. The key point is that those solid-state eAects,
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often overshadowed by the cusp for positive ions, can be-
come visible for antiprotons because of the eA'ective

suppression of forward scattering.
The dielectric response of the medium to a swift ion

induces collective charge-density fiuctuations which re-
sult in an oscillatory polarization potential trailing the
ion ("wake"). ' The wake supports bound states near
the potential minima. Capture into this potential well
and subsequent release into continuum states with veloci-
ties v, = vp upon exit from the medium has been previ-
ously proposed as a mechanism for convoy electron pro-
duction by positive ions. Measurement of the Zp and vp

dependence of this cusp shape were, however, at variance
with this conjecture.

The transition amplitude for electron capture into
wake-riding states is given in second-order Born (B2)
approximation by

r ,f (kwa'ke I Vp+ ViGDV, I e; &, (2)

where Go is the free-particle Green's function and Vp
are the (eft'ective) interaction potentials of the projectile
and target. At high speeds, capture from the carbon K
shell dominates (i.e. , p; =p~, ). Accordingly, V, can be
taken as the bare Coulomb potential of the carbon nu-
cleus with an eA'ective value Z, =5.7, where we have tak-
en into account screening eAects by the passive 1s elec-
tron. The projectile potential Vp contains both the bare
Coulomb potential and the dynamical screening poten-
tial. 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.
For the ground state in the wake potential, &„,I,„a
harmonic-oscillator-type wave function, centered about
the first wake minimum, was previously used. Detailed
numerical investigations'' of the wave functions for ex-
cited states show, however, that the harmonic-oscillator
approximation becomes inadequate, in particular, for ex-
cited states p„".,k, in the wake. Since the capture cross
section depends sensitively on the tail of the wave func-
tion near the projectile, the contributions to the capture
cross section from excited states with larger radii cannot
be neglected. The evaluation of the capture cross section
o., using Eq. (2) and standard techniques' 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
B1 approximation, capture is mediated by high-
momentum components of the initial- and final-state
wave functions. However, the "soft" wake potential ex-
ponentially suppresses high-momentum components in
p„.,k, leading to an exceedingly small cross section. ' The
dominant contribution is therefore provided by the
second-order Born term in Eq. (2) which closely resem-
bles the well-known Thomas double-scattering mecha-
nism' for ion-atom collisions. Here an electron is first
scattered oA the projectile by =60, followed by a
second deAection at the target by about 60, such that
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FIG. 1. Cross sections as a function of the velocity v~ of p
used as input for the classical transport simulation. , cross
section for capture of a carbon K-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 v, ) v~ in a binary collision with p in
first Born approximation.

the electron finally propagates in approximately the for-
ward direction at zero speed relative to the projectile.
The fact that Vp is repulsive for antiprotons rather than
attractive for positively charged ions is immaterial since
pure Coulomb scattering is invariant under charge con-
jugation (Zz —Zz) and resulting diA'erences in the
phase factor in the B2 term cancel because the Bl term
is negligible. The crucial sign dependence on the sign of
the projectile charge stems from the fact that the center
of gravity of the final state p„,k, is displaced relative to
the coordinate of the potential V~ by a distance d=(2
+sgnZ&)k/4, where k =2+v&/co& is the wavelength of the
wake oscillations and cop is the plasma frequency.
Charge conjugation leads to a phase shift of n in the
dielectric polarization potential such that the first bind-
ing well for electrons in the wake behind the projectile is
a factor 3 closer to an antiproton than to a proton. This
proximity is crucial in determining the size of the cross
section because the capture requires, in addition to veloc-
ity matching, a nonvanishing spatial overlap between the
wave packet of the scattered electron and the final state
/wake.

The velocity dependence of o., for capture into the
ground state of the wake in the harmonic-oscillator ap-
proximation of the wake near an antiproton is displayed
in Fig. 1. At vp=6 a.u. the cross section per carbon
atom is of the order of u, = 10 cm . In the calcula-
tion of the forward spectrum at vp 6 a.u. , we have in-
cluded contributions from the first two excited wake
states (one of which is a resonance) using numerically
calculated wake-riding states'' in separable form which
increase the cross section by a factor of 3. Considering
the high solid target density and the fact that additional
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v= —VV +F(t),
ds

(3)

describing classical trajectories of an electron under the
infiuence of the field of the projectile (V~) including the
wake field. The electrons are subject to random forces
F(t) representing stochastic collisions inside the solid.
Details will be given elsewhere. ' The complete solution
of the transport problem is given by a Monte Carlo sam-
pling of an ensemble of initial conditions for the phase-
space coordinates which are propagated according to Eq.
(3).

The phase-space distribution of initial conditions con-
sists of both binary-encounter (BE) electrons and wake-
bound electrons. For the simulation of the initial veloci-
ty distribution of BE electrons, a first-order Born ap-
proximation for ionization has been employed. Only en-
ergetic electrons with v, ~0.8' have been included in
the transport calculation. The integrated BE cross sec-
tion rraE for energetic electrons v, v~ (Fig. l) is several
orders of magnitude larger than a, . In order to improve
the statistics we have calculated the stochastic evolution
of wake-bound electrons separately and added their dis-
tribution function, weighted by their relative cross sec-
tion, to the binary distribution. The initial classical dis-
tribution of the wake-bound electrons is determined by

contributions from outer target shells have been neglect-
ed, the experimental observation 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 because of the rapid decay of
spatial overlap. This very likely accounts for the fact
that wake-riding electrons have not yet been found.

The wake-riding electrons, as well as electrons gen-
erated in binary-encounter events, suffer multiple scat-
tering before exiting from 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,

the spatial probability density distribution
i p„,k, (r) i

restricted to the classically allowed region and by a uni-
form 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 surface leads to a
redistribution of the final-state population. This has par-
ticularly dramatic effects for wake-riding electrons that
are in the close proximity of a repulsive Coulomb field of
the antiproton. Figure 2 shows the velocity distribution
of wave electrons scattered 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 about the
projectile (v, =v~ =6 a.u. ). The effect of defocusing is
clearly visible.

The resulting forward electron emission spectrum into
a cone with half-angle eo is determined by the propagat-
ed phase-space distribution averaged over all contribut-
ing escape depths. This layer average determines the
steady-state electron distribution. The resulting distribu-
tion at electron velocities near the projectile velocity
(5 ( v, ~ 7) is shown in Fig. 3 for vp =6 a.u. and cone
half-angles co=5' and 2.5 .

In the absence of a usual cusp, three features are
clearly visible: a steep rise at the upper end of the spec-
trum 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 v, ~5.6 on top of it. Since the wake-riding elec-
trons 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 eo (Fig. 3). The
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FIG. 2. Velocity distribution of electrons originally bound in

a wake-riding state inside the foil after single scattering in a
pure Coulomb potential of p (vp =6 a.u. ) upon exit from the
solid.
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FIG. 3. Normalized convoy electron spectrum for antipro-

tons (v~ =6 a.u. ) emitted into a forward cone of half-angle
co=5' (---) and 2.5' ( ).
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contribution of slowed-down binary electrons to the cus-
tomary cusp peaks has also been found to be small. '

It should be stressed that the accuracy of the present
calculation is limited due to the uncertainty in both the
calculation of o., and the treatment of the transport of
binary electrons. Since the volume of velocity space of
the observed spectrum is small compared to the volume
of velocity space of all initial conditions for binary elec-
trons 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
x10 initial conditions which resulted in =600 events in

the forward spectrum for a cone angle e =5 and which
required smoothing using large bin sizes (Au 0.40 a.u. ).
The validity of the second Born approximation at only
moderately high velocities (v~ )6 a.u. ) may be question-
able. Furthermore, we have observed that the cross sec-
tion depends sensitively on the shape of the wave func-
tions 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.
A more accurate determination of the bound-state spec-
trum and of the capture cross section is presently under-
way. ' '

In conclusion, our calculation indicates that forward
electron emission by antiprotons propagating through
solids may provide the first direct evidence for the ex-
istence and formation of wake-bound states in the
dynamical polarization potential. A velocity range of
v~ —4-6 a.u. appears to be optimal for the observation.
At lower velocities wake structures become less pro-
nounced and the beam quality deteriorates. At higher
velocities the capture cross section into the wake be-
comes so small compared to the binary electron emission
cross section that the peak of wake-riding electrons
might be overshadowed by slowed-down binaries.
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