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We test the conjecture that convoy electrons emitted from solid targets originate from
electrons bound in the potential wake trailing the traversing ion. Although we observe
distinct differences in the longitudinal velocity distribution between solid and gaseous
targets, we do nof observe the predicted Z&, velocity, and target-material dependences.
From this we conclude that the majority of convoy electrons from solids do not originate
from wake-bound electrons.

When swift ions penetrate gaseous or solid
targets, they emerge with unbound electrons
traveling in the direction, as well as with a ve-
locity, coinciding with that of the incident ion.
These electrons have been called convoy elec-
trons. For gaseous targets this phenomena was
first reported by Crooks and Rudd' and explained
by Macek' as charge transfer to continuum states
(CTC) associated with the Coulomb potential of
ions moving in vacuum. Since that time other ex-
perimental as well as theoretical studies have
been published. '4 The cardinal parameter for
comparison of theory and experiment is the full
width at half maximum (FWHM, in this paper re-
ferred to as I', „)of the longitudinal electron
velocity distribution of the electrons emerging
in the forward direction. In CTC theory I, „
can be expressed, ' in atomic units, as
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where v~ is the projectile velocity in atomic units
and 8, half of the acceptance angle, in radians,
of the electron velocity analyzer. For gaseous
targets, the experimental results ' are consis-
tent with Eq. (1); however, distinct differences
concerning the yield, or cross section, have
been reported. '

If the target is a solid medium one observes
I"s that are essentially independent of the veloci-
ty of the projectile. '4 These results are at odds
with Eq. (1) and the assumption that the "last tar-
get layer"' is the source of the convoy electrons.
A proposal has been advanced' that the convoy
electrons from solids originate from electrons
bound in the wakes of the electron density fluc-
tuations trailing the swift ion in the solid. The
properties of convoy electrons coming from wake-
riding (WR) states are significantly different from

CTC electrons. The FWHM of the longitudinal
velocity distribution for WR electrons can be ex-
pressed, ' in atomic units, as
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where ~„, is the material-specific plasma reso-
nance frequency, B=Z] Cg, where Z, ' is the
effective charge of the ion in the medium, ' C
=exp(- 3my/4&@„, ) accounts for the damping of
the wake through y (the width of the plasma-fre-
quency distribution), "and ii =1-2 is determined
by the correlation between the wake and the wake-
bound electrons. ' In the WR description of convoy
electrons the FWHM is determined by the charac-
teristics of the target material (~„„y)and the
effective charge of the ion. It should decrease
with increasing projectile velocity in contradis-
tinction to Eq. (1).
The experiments reported in this Letter were

designed to test these specific predictions by us-
ing various targets (C, Al, Ag, and Au), and
large atomic numbers for the incident ions (Z,
=1-28) at high projectile velocities (6-14 a.u. ).
With these experimental conditions, one should
form wakes during the traversal of the ion through
the solid. Previous experiments with solid tar-
gets' were performed at lower projectile veloci-
ties (1-3 a.u. ) where it is questionable if a wake
is formed. ' We find that there are distinct dif-
ferences between solid and gaseous targets in
agreement with other experiments, ' but none of
the predictions of the WR theory concerning the
width of the longitudinal velocity distribution of
convoy electrons is borne out.

The experimental arrangement is simple and
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straightforward. The ion beams (H, ', E, =2.5-
3.86 MeV/amu; 0", E, =1-3.86 MeV/amu; Si+',

E, = 1-4.7 MeV/amu; and Ni+', E, = 1-2.5 MeV/
amu) of 10-20 pA intensity and various charge
states were provided by the Brookhaven National
Laboratory tandem accelerator. All ion beams
were collimated to 3 mm diam and +0.025 angu-
lar spread. It then traversed either a 4-mm thick
gas cell terminated by a 2-mm aperture, or a
solid target substituted for the gas cell. The
emerging ion beam and the accompanying elec-
trons then entered along the central ray of 180'
spherical-sector analyzer of mean radius 3.8
cm, whose energy resolution ~/E =1.4o/o

(FWHM) was set by a 0.72-mm analyzer exit aper-
ture. The ion beam passed through an aperture
in the larger radius plate of the analyzer and in-
to a Faraday cup used for beam normalization.
Standard electronic and multichannel scaling
techniques were employed in collecting the data.
The experimental chamber was surrounded by
three pairs of mutually perpendicular Helmholtz
coils, each of approximately 2 mm diam, to re-
duce the magnetic field in the electron analyzer
region to less than 10 mG. Using this experimen-
tal arrangement we were able to measure the en-
ergy distribution of electrons emerging with the
incident projectiles from gaseous or solid targets
under similar experimental conditions.

A typical result, Fig. 1, shows the longitudinal
electron velocity distribution, do/dv, (the dis-
tributions have been corrected for the variation
in the acceptance energy, AE.,~E„of the elec-
tron energy analyzer) for 108-MeV (v = 12.4 a.u, )
Si" incident on 100-pg/cm' Au foil (as a solid
line) and the normalized velocity distribution
(normalization constant -3) for 108-MeV Si+"
traversing 30 mTorr of argon. The dashed ver-
tical line marks the velocity of the incident pro-
jectile. The velocity distribution observed from
a solid target was independent of the incident
silicon charge state q (q =6-14), the velocity of
the projectile, the target material, and the thick-
ness of the target. Hence the solid line marks
the typical distribution obtained with solid tar-
gets. Since the mean exit charge state from a
solid of 10S-MeV Si ' is 12.9, a direct compari-
son between the electron distributions from the
gas and the solid can be made. We note that they
are distinctly different. For gaseous targets the
velocity distribution (dashed line) exhibits a nega-
tive skewness (an asymmetry towards lower
electron velocity). For solid targets the velocity
distribution (solid line) is narrower, as meas-
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FIG. 1. The differential cross section do/dv, as a
function of the electron velocity, v, , of convoy elec-
trons emerging at 0' with respect to the ion beam for
10S-MeV Si+~3 (dashed curve) on 30-mTorr Ar gas and
Si+ (solid curve) on 100-pg/cm2 Au foil. The electron
energy E, is marked across the top of the figure.

ured by the FWHM, " and exhibits a positive skew-
ness. This is a completely unexpected result not
predicted by either the CTC" or WR' theories
and can be indicative of the different processes
of excitation for projectiles traversing solids
and gases.

Velocity distributions of the kind shown in Fig.
1 were collected for targets of C (t= 30 ItIg/cm'),
Al (t=50 tug/cm'), Ag (t=100 pg/cm'), and Au
(t= 100 tug/cm') with the aforementioned ions.
The target thicknesses were chosen such that
there would be sufficient spatial extent to form
a wake and that charge equilibrium would be
achieved. We find the FWHM of the velocity dis-
tribution is, within experimental uncertainty, in-
sensitive to the incident projectile, its charge
state or velocity, as well as to the target materi-
al and its thickness. The results of about 80
measurements are summarized in Table I. The
uncertainty in each measurement is estimated to
be +0.02 a.u. , or 10/c, arising from statistics,
background subtraction, and instrumental resolu-
tion. " Although distinct trends appear, all of the
data for solid targets can be represented, within
experimental uncertainty, by a FWHM I', „=0.25
+ 0.02 a.u.

Comparison of the experimental results with
CTC theory, Eq. (1), and WR theory, Eq. (2),
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TABLE I. The measured full width at half-maximum, I'& „ in atomic
units, of the longitudinal velocity distribution of convoy electrons in the
forward direction from thin solid targets. The energy range, in MeV
per atomic mass unit, of the incident ions is indicated below the ionic
species in parentheses. The material plasma frequency w,~, in atomic
units, and damping constant C, defined following Eq. (2), are listed,
respectively, in parentheses below the target material. These numerical
values are culled from Ref. 10. The bottom line lists the mean value of
I'& „ for a particular target material.

C

(0.74, 0.16)
Al

(0.57, 0.90)
Ag

(0.92, 0.009)
Au

(0.95, 0.009)

H

(2.5-S.86)
0

(1-S.86)
Si

(1-4.7)

Ni
(1-2.5)

Mean

0.222 + 0.02 0.212 + 0.02 0.285+ 0.02 0.228 + 0.02

0.280 + 0.02

0.260+ 0.02

0.265+ 0.08

0.220 + 0.02

0.247 + 0.02

0.270 + 0.08

0.232 + 0.02

0.258 + 0.02

0.285+ 0.08

0.256 + 0.02

0.265 + 0.02

0.287 + 0.08

0.244 + 0.025 0.288 + 0.025 0.250 + 0.025 0.261+ 0.025

are shown in Fig. 2. The dashed line through the
origin is the result of the CTC theory, Eq. (1),
with an acceptance half-angle for the electron en-
ergy analyzer of 8, =1.3 . The results for gaseous
targets (Ne and Ar) with 0"and Si"' projectiles
are indistinguishable within experimental uncer-
tainty (+10%) and follow the predicted velocity de-
pendence of Eq. (1) in the velocity range of 8.7-
12.4 a.u. About twenty-five measurements with
gaseous targets and 0+' and Si"' projectiles are
represented by the three open points in Fig. 2.
The light solid lines in Fig. 2 are the result of
the WR theory, Eq. (2), for various incident ions,
marked by Z„on an Al target. The material
constants, v„, and constant C, are shown in Ta-
ble I. For C targets, Eq. (2) predicts values of
F that are approximately 2/3 of those for Al.
For Ag and Au targets, Eq. (2) predicts about
equal values of I' that are approximately 1/3 the
Al values. The solid curve marked Ag is obtained
from Eq. (2) for protons incident on Ag. The
heavy solid line at F, „=0.25 a.u. summarizes
the present experimental results for solid tar-
gets shown in Table I. Clearly the experimental
results disagree with the velocity dependence of
the CTC theory [Eq. (1)j, and with the Z„ve-
locity, and target-material dependence of the WH
theory as exemplified by Eq. (2). From this we
conclude that the majority of convoy electrons
from solids do not originate from wake-bound
electrons trailing ions in solids.

Measurements of the longitudinal velocity dis-
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FIG. 2. The full width at half-maximum of the longi-
tudinal electron velocity distribution, I'& „, in atomic
units for convoy electrons as a function of the electron
velocity v, , in atomic units. The incident projectile en-
ergy, in MeV per atomic mass units, is marked across
the top of the figure. The dashed line, Eq. (1), is the
CTC-state prediction. The solid lines, Eq. (2), are the
predictions of the WB theory for an Al target with the
indicated projectiles The lowe. st solid curve marked
Ag is the prediction of Eq. (2) for protons incident on
Ag. The experimental data for solids, summarized in
Table I, are represented by the heavy solid line. The
open points represent the gas target (Ne and Ar) results
for 0+8 and Si ~4.
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tribution of convoy electrons from solids disagree
with predictions of CTC theory and with the con-
jecture that convoy electrons from solids origi-
nate from electrons bound in the wake of the trail-
ing ion. It is evident from the present experimen-
tal results that further theoretical analysis of
this phenomenon is required, and it is hoped that
the present results will serve as a guide and
stimulus.
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We recognize that the measurement of the FWHM of
a distribution that exhibits skewness introduces addi-
tional errors. However, an inspection of Fig. 1 con-
cerning the magnitude of this error should convince
the reader that the conclusions of this paper are not
affected by this uncertainty.

~2For a cusp-shaped (Ref. 7) electron velocity distribu-
tion the electron energy or velocity analyzer always
measures an apparent FWHM, I"', that is greater than
the actual FWHM, I'. We estimate I"/I'= I+~(4E()0) ~,
where ~/E is the FWHM of the energy resolution and
~0 the acceptance half-angle, , in radians, of the analy-
zer. For our analyzer, an acceptance half-angle of
1.8' and a measured energy resolution of ~ 1&& 10
I"/I' = 1.11 and hence the results are within the quoted
unc ertainty.
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Using a special infrared scanning technique we have produced photographs of the elec-
tron-hole-droplet cloud in unstressed Ge. Contrary to past beliefs, the cloud of droplets
resulting from focused-laser surface excitation in neither spherical, hemispherical, nor
cylindrically symmetric about the excitation point. 'The observed concentration of drop-
lets along certain crystal-symmetry axes provides compelling evidence for a phonon wind
which pushes droplets into the sample.

The nonequilibrium excitonic phases in semi-
conductors are commonly produced by surface
excitation with photon energy much larger than
the band gap. In high-purity germanium at low
temperatures, the high-energy photoexcited car-
riers rapidly lose their kinetic energy by gen-
erating phonons, and within 10 ' sec they bind
into free-exciton (FE) and electron-hole-liquid
(EHL) phases. ' These photoexcited states are
conveniently studied by their characteristic LA-

phonon-assisted recombination luminescence
near hv = 714 and 709 meV, respectively, with
lifetimes 7&E= 2-10 p. s and TENT=40 p. s. Below
2 K and at moderate excitation levels, nearly
all of the excitons have condensed into the lower-
energy liquid phase.

The spatial distribution of electron-hole drop-
lets produced by continuous point excitation has
been a subject of considerable interest and im-
portance. An argon laser beam with hv = 2.41 eV
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