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Observation of Heavy-Ion —Induced Wake-Potential Interference Effects
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The superposition of the wake potentials of Coulomb-exploding fragments of diatomic
molecular projectiles penetrating a solid cause potential oscillations at the surface.
The total electron yield per projectile serves as a signal to detect these oscillations.
The plasma frequency of the solid and the wake-potential wavelength can be deduced
from the data.

PACS numbers: 79.20.Rf, 34.90.+q

Energetic ions penetrating solids induce a
cylindrically symmetric wake of electron-density
fluctuations behind the projectile. ' The damped
periodic potential @' corresponding to these charge-
density fluctuations is characterized by the charge
Zp and the velocity op of the projectile and by the
dielectric function &(&u~) with the plasma frequen-
cy &~ of the solid." Its wavelength A. is given
by A. =2&v~/&u~. The influence of the charge-
density fluctuations and their potential @(&»v» &)

on the spectra of secondary electrons has been
discussed previously' ' and the electron ejection
of the solid has been predicted. "

These calculations prompted our previous ex-
periments' where we studied the angular and en-
ergy distributions of low-energy (&,& 50 eV) elec-
trons emitted from solids under energetic heavy-
ion impact. The observed irregularities in the
electron energy and angular distributions coin-
cided with structures predicted by theory. '
However, these results were inconclusive be-
cause of large experimental uncertainties.

In a novel approach to find the influence of the
wake potential + on electron emission from solids
we measured the total (i.e. , integrated over all
emission angles and energies) electron emission
per projectile (y) from solids (carbon). At equal
velocities (isotachic) we compare the yields pro-
duced by monoionic projectiles C and 0 [y(C)
and y(O)] with the yield produced by the molecu-
lar projectile CO' [y(CO)] and calculate the ratio
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FIG. 1. Schematic presentation of the experimental
setup. The symbols are explained in the text. In the
present experiment the angle 0 = 0'.

& =y(CO)/[y(C) +y(O)]. The ratio & is measured
as a function of a quantity r„/& (see below)
which is roughly proportional to t' where t is the
dwell time & =x/v~ of the projectile in the target
with thickness x. A molecular-ion effect is ob-
served if R(r„/A)& 1. Since m.ost phenomena
associated with v p are monotonic functions of &p

in the velocity range of interest here we can vary
either x or Up.

The experimental setup is shown in Fig. 1. The
basic idea is fairly simple, and the equipment in-
expensive and quite appropriate to the present
poor state of the world economy: Projectiles C',
0, and CO with 1.5&&10 ' - u&- 4&& 10 ' cm/s
are produced in a 2.5-MV Van de Graaff acceler-
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ator. After collimation the beam penetrates thin
carbon targets (areal density px; 2 ~ px - 15 pg/
cm') and is stopped in a Faraday cup. The
charges at the target Qr and the Faraday cup
QFc are recorded. The charge balance in the
intersection of the beam with the target allows us
to calculate the total electron yield y =pz Qr/
QF c —(g~ —gf) where q, is the charge state of the
incident projectile and q'f the mean charge state
of the emerging projectiles. ' A voltage U~ could
be applied to the target to compensate contact
potentials. The charge distributions of the emerg-
ing C and 0 particles from incident C', 0, and
also CO' projectiles were measured. The mean
charge state q'~ of the emerging particles calcu-
lated from these distributions did not deviate
within experimental error's of + V%%uo from mean
charge states calculated from published distribu-
tions. '

Carbon targets were used throughout the experi-
ment because (1) they are self-supporting and
readily available in the desired thickness range;
(2) damage of the foils during beam exposure was
found to be not serious; (3) under the available
vacuum conditions (-10 ' Torr) thickness changes
during bombardment are likely to add only car-
bon. The absolute px values were measured by
Rutherford scattering (see Fig. 1, surface-bar-
rier detector at an angle of 10 ) with experimen-
tal errors on the order of + 5%. Possible changes

during beam exposure were also monitored by
the Rutherford scattering so that relative thick-
ness changes &x/x were known to be & 3%. The
thickness x =px/p was calculated with p =1.90 g/
cm' (Kennedy, Youngblood, and Blaugrund")
and yielded the dwell time t =x/U~ of projectile
in the target.

The experimental results of four carbon target
thicknesses are presented in Fig. 2. Here, the
isotachic ~atio R y(CO)/[y(C) +y(O)1 is plotted
versus r„/A=r„&,u~t/(2vx); the quantity x„=x„(t)
represents the distance of the molecular frag-
ments at the exit surface (see below). The fol-
lowing properties can be stated: {1)R(&„/& ) & 1
for most (&„/& ) values. (2) R(&„/A ) ~ 1.
(3) R(r„/x ) oscillates. (4) The amplitude of the
oscillations is damped and approximated by a
function R =A +8(v) sin(&„/&„+ P), for each tar-
get thickness where &, &, and p are fit parame-
ters. (5) The wavelength of the oscillation and A
are independent of the target thickness. (&) For
thin targets the phase P equals zero; the phase is
found to be p & 0 for thicker targets.

The tentative interpretation of the observed R os-
cillations is based on the periodic fluctuations of
the electron density near the surface of the solid
caused by the superposition of the wake poten-
tials 4', and 4', of the two fragments of the mo-
lecular projectile. The plasma frequency ~
[= (21.4 eV)/@ for carbon" ] and u~ determine the
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FIG. 2. Total electron yield ratio 8 =p(CO)/t p(C) +p(O)] vs ~~/&~ for carbon targets. The solid line is a fit of
g~;, =A+~ sin (x„/A, + p) with ~& = (23 eV)/S. The fit parameters of the different target thicknesses are as follow:
px= 2 pg/cm (filled circles), B = -0.3, y = 0; px= 5 pg/cm' (filled triangles), ~ = -0.3, y = 0; px= 8 pg/cm (empt
circles), B = -0.3, cp

= 0.5; px = 12 pg/cm (empty triangles), B = -0.25, y = 0.7.
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wake wavelength A, =2&v~/&~ of the wake poten-
tial 4'(Z~, v~, &(~~)) (see, e.g. , Ref. 3).

After having lost their outer electrons when
entering the solid the two fragments of the mo-
lecular ion separate very violently (Coulomb ex-
plosion'). The trajectories of the two fragments
[charges q, ' and q,', reduced mass p, , and bond
length, i.e. , internuclear separation before en-
tering the solid r, =r(t & 0) = 1.13 A] inside the
solid are described by the equation of motion
pr(t) =q,q, e'/r'(t). It allows us to calculate the
internuclear separation r„=rg =v~t) of the two
fragments after the dwell time t at the exit sur-
face. The charges g, and q', inside the solid are
approximated by the charges deduced from ener-
gy-loss experiments in solids t.Eq. (13) in Ander-
sen and Ziegler" ]. Constructive interference of
the two wake potentials C', and @', near the sur-
face will occur when r„/X„=n (with n =0, 1,2, 3,
. . .), and destructive interference when r„/A.
=(n+ ').

Very different mechanisms can contribute to the
ion-induced electron emission from solids
such as, e.g. , kinetic emission, potential emis-
sion, or electron emission from heavy-ion-in-
duced collectively excited solids. Generally,
three parts can be distinguished: (1) electron
production somewhere inside the solid or in the
surface; (2) transport of the electrons to the
surface; and (3) transmission of the electrons
through the surface. Part 3 is particularly sensi-
tive to potential changes at the surface caused,
e.g. , by the wake potential.

In the framework of these considerations Fig.
2 can qualitatively and —in part —quantitatively
be explained as follows:

(1) R (r„/A. ) & 1 for most r„/X values indicates
a distinct molecular effect.

(2) R(r„/X ) ( 1. An additional negative poten-
tial caused by the constructive interference of the
exploding molecular fragments at the surface does
not increase the yield y since a saturation is
already reached at - 30 V. A reduction of the neg-
ative potential, however, caused by destructive
interference reduces the emission considerably
(R(0) 15

(3) The R(r„/& ) oscillations have a wavelength
of r„/A. =1. This allows calculation of (a) the
plasma frequency independently as ~~ =(23 eV)/@
in reasonable agreement with other methods"
and (b) the wake wavelength a =2vv~/&u~ =6.7 A

at, e.g. , v~ =3.7&&10' cm/s.
(4) Both increasing straggling and an increas-

ing mismatch of the wake-potential amplitudes

leads to a reduction of the destructive interfer-
ence minima at increasing r„/X„values. For r„
» ~„ the damping param'eter & decreases.

(5) The plasma frequency of carbon determines
the wavelength of the r„/a oscillations. There-
fore, this wavelength and the parameter A are
found to be independent of the carbon target
thickness.

(6) Since the target thickness uncertainty &x of

thicker targets approaches the wake wavelength
a phase shift p can be expected and is indeed

observed for thicker targets (p & 0).
(7) It is interesting to note that the first data

in Fig. 2 occur only at r„/A. &0.15 values: The
Coulomb explosion starts not at r(t =0) =0 but at
r(&=0)=r,=1.13 A. The wake wavelength of the
highest velocity data is +„,„=8.21 A; thus r„/&
=r,/&, „=0.14, in agreement with the experi-
mental observation.

Concluding, a strong effect of the interferenee
of wake potentials on secondary electron emis-
sion has been observed. The molecular ion
serves as a tool to probe dynamic properties of
the solid in the range of a few angstroms. Thus
the wake-potential wavelength and the plasma
frequency of the target material can be deduced.
The effect of wake-potential interferences on the
convoy electron emission will be discussed else-
where. "
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The localization and electron-electron interaction parts of the small conductivity varia-
tion with temperature have been extracted from data obtained on narrow field-effect tran-
sistors. One-dimensional behavior is observed and is compared with measurements on.

the two-dimensional region of the test samples. Magnetoconductance which selectively
removes the localization part of the resistance has allowed a theoretical interpretation
of the total temperature dependence.

PACS numbers: 71.55.Jv, 72.15.Lh, 73.40.Qv

The interpretation of magnetoconductance meas-
urements perf ormed on two-dimensional silicon
inversion layers has been a significant triumph
of localization theory. ' ' By comparison with a
scale set by a magnetic length &s =(h/2e&)", ex-
periments have deduced the electron diffusion
length between inelastic collisional events, a
quantity which previously has been difficult to
measure with such directness. '4 Concurrently,
the calculation of perturbative corrections to the
conductivity showed that small conductivity varia-
tions will arise of form similar to that predicted
by localization considerations. The exchange and

Hartree contributions making up this electron-
electron interaction nearly cancel each other for
the case of short-range impurity potentials appli-
cable to inversion layers. ' Thus, in comparison
with localization the interaction. effect is small. '
In the transition from two dimensions to one di-
mension, ' phase-space considerations prevent

this near cancellation. Hence there is a high
likelihood that both phenomena will be significant.
We report observations on quasi one-dimensional
silicon inversion layers where both contributions
to the small conductivity changes are comparable
and distinguishable by magnetoconductance meas-

urementss.

Long but narrow metal-oxide- semiconductor
field-effect transistors (MOSFETs) have been
fabricated where the width is comparable to &;„,
the inelastic length. That such a structure ought

to exhibit one-dimensional localization behavior
can be seen by examining the theoretical expres-
sion for the weak-localization conductance appli-
cable at a finite temperature, '

Ses D 1
~n I.iV, , (Dq'+1/~, „)'

Here I- and 8' are the length and width, respec
tively, of the sample, T;„ is the inelastic time,
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