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Abstract

High-resolution zero-degree electron spectra, total
electron yields as well as Auger-electron spectra have been
takenfor 5MeV/uions(N™, S, Ni#*, and Ag*") penetrating
carbon and insulator foilsat normal incidence. A shift of the
convoy-electron velocity with respect to the experimentally
determined projectilevel ocity isfound. For thecarbontarget,
thereis an acceleration of convoy electrons, whereasfor the
insulating targets, thereis adecel eration of convoy-electrons
as well as a deceleration of target-Auger electrons. These
experimental findings are compared to theoretical estimates
for dynamicion-induced potentials.
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Introduction

lon-solid interactionshave beeninvestigated for more
thanacentury [50]. Two different categoriesof investigations
may be distinguished: those that are concerned with the
influence of the target on the projectile state including its
motion, and thosethat determinetheinfluence of theprojectile
ongtatic and dynamic propertiesof thesolid. Thefirst category
includes the determination of stopping powers, angular and
energy straggling[2, 5, 10, 13, 16, 17, 37, 41, 46, 47, 55, 58, 69,
72,73,91, 94,95, 101, 123] aswell asprojectilecharge-states
and specific state populations[4, 11, 12, 18, 29, 30, 77, 85, 86,
90, 114, 122; ds0, private communicationwith Y. Yamazaki and
N. Stolterfoht, 1994]. Many of these projectile-related
quantities are well described and understood, especially for
fast ions. In the second category, transient material states
and permanent modifications of bulk or surface properties of
solids are examined. Although the underlying basic atomic
mechanisms have been investigated intensively, thereis till
aconsiderablelack of information concerning the properties
of ahighly excited solid. Thelargebody of experimental and
theoretical works, for mainly singly-charged projectiles,
suggestsadistinction between nuclear and el ectronic damage-
production/rearrangement mechanisms. Especially the
electronic excitationsare often sengitiveto detailsof thetarget
structure, and these electronic mechanisms govern the ion-
solid interaction for fast projectiles.

The main unsolved question concerning material
modificationsishow the el ectronic excitations are converted
into atomic motion. The Coulomb-explosion model [42, 62,
109, 117] is based on the assumption that target atoms get
ionized (or excited in similar models), and electron
recombinationissow enough, so that mutual atomic repulsion
can take place. Thus, the electronic potential energy, or
equivalently, the degree of target ionization/excitation, leads
totheatomic motioninthismodel. Thethermal-spike model
[66, 79,109, 116] assumesthat el ectronic excitation leads, via
the electron-photon coupling, directly to an atomic motion.
Thus, except for the electron-photon coupling, the kinetic
electron energy is the main ingredient in this model. It is
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emphasized, however, that atomic motionin solid matter will
be converted into a stochastic motion on atime scale of 1012
to 10 s (s = seconds), independent of the early stage of
evolution. Hence, there seemsto beno way to decide between
both modelson apure experimenta basis, if only macroscopic
properties are investigated.

One possible way to improve the interpretation of
material modification effects is the investigation of prompt
emitted“ particles’ that carry informationfrominsidethetrack.
Ejected electrons or X-rays can be used as precursors of the
corresponding transient material states. Electrons may be
probesfor the first 10" to 10 s of the track formation and
energy dissipation. For reviewson transport of fast electrons
and fast-ion-induced electron emission from solids, see[14,
53,82, 84, 92]. Thecontinuous part of the el ectron spectrum
will be referred to as d-electrons or secondary electrons (in
the sense of secondary particles) throughout this paper.

In this paper, we will be concerned with projectiles at
energies of 5 MeV/u, corresponding to 10% of the speed of
light. Theseprojectilesserveasanearly instantaneous source
of excitation along their trgjectory. In thisinvestigation, we
use only thin targets and projectiles near their equilibrium
charge-state. Thus, the ions lose only a minor part of their
energy, and their charge-state is approximately conserved.
We present and discusstotd electronyields, aswell asAuger-
and convoy-electron spectra taken for 5 MeV/u heavy ions
(N, Ne, S, Ni, and Ag) interacting with carbon foils
(representative for conducting materials) and with
polypropylene foils (representative for an insulator). In the
next section, the experimental methods are described; then
follows a section on theoretical considerations on the time-
dependent electron density and ion-induced potentials in
solids, and in the final section, the experimental data are
presented and discussed in the light of theoretical estimates.

Experimental Methods

In the following, we give a brief description of the
experimental setup. A moredetailed description can befound
in previous publications [96, 100]. Most results that are
presented in this work have been obtained with heavy ions
(with nuclear charges in the range from Z = 7 to 47) at an
incident energy of 5MeV/u. Thebeam wasdelivered by the
heavy-ion cyclotron of the lonenstrahl-Labor (1SL) at the
Hahn-Meitner-Ingtitut, Berlin. Boththe5MYV Van-de-Graaff
and the 8 MV tandem accelerator were used as injectors for
the cyclotron. The beam was send through a post-cyclotron
stripper foil to determine the mean equilibrium charge-state
and to select magnetically a projectile charge-state close to
equilibrium. The charge states determined in thisway agree
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very well with theabinitio predictionsof Rozet et al. [85, 86].

Before entering the magnetically shielded target
chamber, the beam of typically 0.1 to 10 particle nA was
collimated to about 1 mm?. Up to 14 solid-state targets were
mounted inthe middle of the chamber on arotatable disc that
is connected to a target wobbler. Wobbling of the targetsin
both directions perpendicular to the beam is essentia for
accurate fluence determinations in the case of well focused
beams. All datathat are presented and discussed in thiswork
correspond to normal incidence conditions. Theratio of the
currents from the target and the Faraday cup allows a
determination of thetotal yield of gected electrons, sincethe
mean projectile charge-state is known, and sputtering from
the carbon surfacesis of minor importance compared to the
largenumber of gected electrons. Behind thetarget, asurface
barrier detector was placed very close to the beam axis and
allowed an energy determination of scattered projectilesafter
elastic or quasi-elastic interactions with carbon nucle of the
meterid.

For thekey point of thisinvestigation, themeasurement
of electron energy-spectra, two electrostatic electron
spectrometerswereused. For thedetermination of zero-degree
electron spectra (gection in beam direction) a tandem
spectrometer was used [59, 60, 112], wherethe primary beam
can pass through the first stage of the analyzer. The
measurement of target Auger-electron energy distributions
was performed with asingle-stage parall €l -plate spectrometer
a an gection angle of 135° [111]. The uncertainty of the
energy cdibrationsisabout £ 0.5 eV.

The experiments were performed with two types of
target foils, namely amorphous carbon foils of 3, 20 and 100
pg/cm? and also with polypropylene (PP, [CH,] ) foils at
thicknesses of 0.5 and 1.5 um. An Auger-spectroscopic
surface analysis showed that the PP samples have a 5% O
contamination, and the carbon samples have a 3% O
contamination near the surface that might stem from H,O.
These contaminations are expected to lead only to minor
uncertainties for the present investigation. Two serious
problems, however, exist for the PPfoils: beam-induced melting
and evaporation due to the low heat conductivity and aso
macroscopic charging due to the low electrical conductivity.
We have solved both problems by evaporating a conducting
film on one side of the sample. For the results presented in
thiswork, we have used Al coatings of 20 and 30 pg/cm? and
for the PP substrate we expect amaximum temperature rise of
lessthen 50K for the highest ion flux during theirradiation.

The effects of macroscopic charging are easy to
observe for electron irradiation [31]. Within some minutes,
the target-Auger lines, that we have measured for 3 keV
electronson PP, were shifted to higher energiesby upto afew
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hundred eV. When the shift was approaching abreakthrough
voltage, it was suddenly reduced, and the charging-up process
was repeated. By reducing the electron currents from about
10 nA (similar asin the ion experiments) down to 1 nA, the
time scale of thesefluctuationswas extended asexpected. In
contrast to the electron measurements, we found no such
indicationsfor charging up inthe case of heavy-ionirradiation
a the same incident velocity. Here we found sharp Auger-
and convoy-line structures, and no significant dependence
of the target/beam current ratio on the beam current. This
allows usto put an upper limit of about 3 V on fluctuations
and about 20 V on the absolute value of a surface potential
due to macroscopic charging in PP

The low-energy electron spectra, however, indicate a
shift of the continuous spectral structure toward lower
energiesinthecaseof low fluences. Withincreasing fluence,
thisshift vanishes, sincethefoilsloosetheir hydrogen contents
duringirradiation, the so-called carbonization process. Atthe
highest fluences investigated in this work, the relative
hydrogen contents is reduced from 66% to below 50% [ 96,
100]. This leads to an increased conductivity and reduced
recombination times, as can be seen from the Auger- and
convoy-electron spectra, as well as from dc-resistivity
measurements. It isemphasized that the el ectronsat energies
below about 50 eV are mainly created via el ectron-electron
collision cascades[99, 104] and penetrate the surface further
away from the ion path (typically 20 to 100 A). Thus, the
€lectron spectrum closeto zero energy will predominantly be
influenced by macroscopic surface potential sand lessefficient
by any track effect.

Figure 1 displayslow-energy part of thefirst (circles)
and the last (squares) spectrum of a series of measurements
taken for 5 MeV/uAr'®* projectileswith the same 1.5 um PP
sample. Thefluencediffersby about two ordersof magnitude
between the two measurements. Thelow-energy part below
about 20 eV showsa strong increase with increasing fluence
(seetheinsetin Fig. 1) and thefinal spectrumissimilar tothe
onefor amorphous carbon (not shown in thefigure). Aswill
be shown in the following, this increasing intensity at low
energiesisaresult of decreasing macroscopic charging and
of aconductivity enhancement in the sample. If we assume
that chemical changes of the sample do not influence the
spectrum inside the solid and that the macroscopic field
between sample and spectrometer may be approximated by a
planar potentid, wemay transformthesingly differential energy
distribution dN/dE for a sample without macroscopic fields
into aspectrum dN'’/dE under theinfluence of apositivesurface
potential AV using
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Figurel. Experimental low-energy eectron-spectrafor 5SMeV/
uAr® jonson polypropylene (PP) measured under abackward
angle of 135° at two different fluences. The carbon KVV-
Auger structures for single and double K vacancies are dlso
visible. Thedashed lineisexplained inthetext.
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where E is the electron energy with respect to the vacuum
level. The original spectrum is shifted by the potential AV,
and the last term describes the refraction at a finite planar
potentia [81, 105, 106, 110; a o, private communication with
M. Roder, 1993]. Inour experiments, therearedeviationsfrom
the planar symmetry that should increasetherefraction effect.
On the other hand, the carbonization and the corresponding
compeaction may lead to an enhancement of the microscopic
sample-surface potential by about 2 eV at high fluences. For
the determination of AV, both effectstend to cancel each other.

Thedashed linein Figure 1 showstheresult of eg. (1),
where the experimental high-fluence data are transformed
using AV =6 V. Below an energy of about 100 eV, thereis
good agreement of thiscurve with the low-fluence spectrum.
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The fit gives accurate results for AV, so that the main
uncertainties for the charging are due to the approximations
involvedineg. (1). Atenergiesof about 250 and 300 eV, there
are structures superimposed on the continuous spectrum in
Figure 1. These structures are due to carbon KVV-Auger
electronsfrom thetarget, and they are shifted by about 18 eV
between both measurements. The dominant contribution to
thisshift isproduced by the nuclear-track potential [96, 100],
aswill bediscussed in Resultsand Discussion.

We have performed fits, using eg. (1), for several
spectradueto N-, Ne- and Ar-ions. A macroscopic charging-
up of 6to 12 eV isconsistent with all of our observationsand
determines adso the uncertainty for the carbon KVV Auger
results in the case of heavy ions interacting with 1.5 pm PP
foils. For the 0.5 um PP fails, the charging was reduced by
approximately a factor 3, and for N ions, we found larger
macroscopic charging effects than for the heavier ions. Itis
noted that amacroscopic charging of 30to 40 V wasobserved
for N ions penetrating polycarbonate samples. Thus, electron
recombination is less effective in this material, and
consequently, significant quantitative results on microscopic
effects can hardly be obtained with polycarbonate samples.

Theheavy ionsproduceionization tracksthat seemto
enablerecombination viatheAl surfacefilm. Wefoundarise
in the conductivity of PP (measured between both sample
surfaces) by several orders of magnitude and enhanced
recombination rates (see Resultsand Discussion) after heavy-
ion irradiation. For the light Li ions, no change of the
conductivity was observed, and for N projectiles, thereisan
increased charging of the samples as compared to heavy
projectiles. Themaximum charging-upincreasesby ordersof
magnitude for incident electrons. Thus, the continuous
ionization tracks produced by highly charged heavy ions
appesar to be responsible for the small macroscopic charging
observed in PP

Theor etical Consider ations

Before details of ion-induced potentialsin solids are
discussed in this section, some more general remarks on
electron densitiesof isolated atomsaswell assolidsmay bein
order. Thetime-dependent local eectron density p(r, t) ina
crystal that isperturbed by aheavy charged particle of nuclear
charge Z, moving along the trgjectory Rp(t) reads (in atomic
units)

p(r’RP’t): le(nmko)(t)z (2)
Ny K,

E<E
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where n; is the initid-state band index a t — -, k isthe
Blochwavevector and W isthetime-dependent wave-function
evolving from each initial state. The sum extends over al
initial stateswith energies E; below the Fermi energy E.. For
simplicity, we will not discuss antisymmetrization effects or
theinfluenceof correlation. Hence, weadopt theindependent-
electron model, replace n and k by acommonindex and write

W0 (1, Ry )= 8 (t) &0 T [ (1) +

> a0t &t L Ly (1) ®
J

E>E,

Thefunctionse*’ [parethe stationary Bloch wave-functions,
and @is periodic with respect to the crystal structure. @ may
be obtained from modern band-structure calculationswith a
sufficiently high degree of accuracy. The time-dependent
amplitudes a, however, have not been calcul ated rigorously
for any system. It is noted that the modulus square of the
initia state amplitude corresponds to the density of states of
the unperturbed solid. If the density changes Ap(r, R, t)in
€g. (2) aresmall comparedtotheinitial electron density p (r)
one may apply perturbation theory (first order Born
approximation) to the determination of the amplitudes. This
meansthat wereplace a, , by acertain constant valuefor each
initia state and require that couplings between intermediate
excited statesare of minor importance. Hence, wemay write

t
aj,0(t)= -i g [ dtdErED"

<@, & WDV (1 - Ry () | > @

whereV(r - Rp) isthe perturbing potentid, i.e., the projectile
Coulomb potential screened by bound projectile electrons
and modified by the collective screening dueto all other target
electrons. To our knowledge, an equation equivalent to eqg.
(4) has been solved only for intraband transitionsinduced by
protonsat low velocitiesfor channeling and random directions
in Naand Li crystals[46, 94, 95]. The solutions of eqg. (4),
however, are proportional to an effective charge Z ; that
depends on the energy transfer during the excitation. At this
point, weinsert eg. (3) into eg. (2), using our knowledge that
8y~ Zy and get
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p(r,Ry, )=

2 ®
Po(r)+ Zes OF 1 (1, Ry, 1) + Zest " ,(r, R, 1)

wherethefunctionf, correspondsto products of excited-state
wavefunctions ® and f, corresponds to the cross terms
involving the initial-state wavefunction. In atrestment that
goesbeyond perturbation theory, all ordersof Z_ would come
into play, and the contribution due to theinitial-state density
isreduced because of thetransitionsto dl final states. From
egs. (3) and (5), we can seethat thefirst two termson theright
hand side correspond to linear responsetheory [39, 46, 69, 80,
94, 95], if wereplacethewavefunction 0 by 1 (planewaves).
The last term corresponds to products of excited-state
amplitudes. This term gives only a small contribution to
transient density changesinsidethesolid, sincetheexcitation
amplitudes are required to be small if perturbation theory is
valid. Outsidethe solid, the first two terms approach zero
becausetheinitia-state density isbound to the solid, with an
exponential decaying density outside the surface.
Furthermore, theintegral over the second (linear) termiszero
(Jdrf(r) =0). Thus, thelast term describes electron gjection,
if the energy dissipation in electron-electron interactions is
neglected. This means, measured electron intensities or
ionization cross sectionsare proportional to Z_ 2, and density
changes inside the solid are proportiona to Z_, as long as
perturbation theory holds. Deviationsfrom such abehaviour,
the so-called non-linear effects, will be shown and discussed
inthiswork. Itisnoted, that the abovediscussionisvalid for
any solid, but from this point on, we will deal only with
amorphoussolids, respectively with non-channeling (random)
motion of the projectile.

Echenique, Brandt and Ritchie [39, 80] have shown
how to cal culate the time-dependent electron density and the
ion-induced potential, for different dielectric functionse(k,w)
inthelinear responsetheory. Theresultsincludesingle-particle
excitations aswell as collective excitations and are based on
the homogeneous el ectron-gas picture of asolid. For highly
charged projectiles, however, the linear response theory is
expectedtofail. Furthermore, thelocal variationsof thesolid-
state potential due to the target nuclel, the corresponding
localized states, energy dissipation via electron-electron
interactions and electron tunneling are not incorporated in
themodel. Thus, one may expect apoor representation of the
excitation and recombination processes in semiconductors
and insulators; or, more rigoroudly, for all bound electrons
below the conduction band. The induced wake potentia @,
a aradial distance r from the projectile path and for the
coordinatez’ inthe projectileframeof reference, isgivenfor a
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Figure2. Non-perturbativetheoretical results(CTMC results
for Ne*, NiZ* and Ag®*) for the scaled track potentia e [(¥b/
g in polypropylene (PP) as function of the projectile charge-
state g. The dotted curve shows the projectile Coulomb
potentia, and thearrow showstheflight direction. Theshaded
curve correspondsto thelinear-response estimatefor PP, using
ageneralized plasmon-poledie ectric function.

projectile of charge Z, and velocity v, by

d(r,z)=

degn(:m)_]idw

eiaﬂ*/vp

[k?CE(k w)]

Zp
nﬂ/p

(€3

withk?=K?+ /v 2 Accounting for thefiniteenergy gapsw,
onemay generalize the plasmon-poledielectric function [ 39,
54, 80] to congder dl vaence- andinner-shell bandsaccording
to

£ (kw)= 1+
N(n)

b
7 %wé () + B2Kk%+ k* /4~ wlw+iy(n)] @

where N isthe occupation number for each band n (density of
states). For thedielectric function of polypropylene([C,H,] )
wehaveused «,=0.178,0.481,10.55 and 0.316 asenergy gaps



G Schiwietzetal.

of the three shells of carbon and the hydrogen 1s-shell. The
molecular density is denoted p,, B = 0.78 is related to the
conductivity and y = 0.25 is a damping constant that gives a
rough estimate of the recombination behaviour and energy
dissipation.

Figure 2 displays the scaled dynamic ion-induced
potential e [0d/q (solid curve with shaded area) calculated
with the dielectric function defined abovefor polypropylene.
The projectile Coulomb potentid is also displayed (short-
dashed curve) and in linear response theory, both potentials
are proportional to the projectile charge q. Itisseen that the
induced potential goes through a minimum with negative
valuesdirectly behind the projectile position. Thisisaresult
of theenhanced electron density duetotheattractive projectile
potentid. Itisnoted that the derivative of theinduced potential
attheprojectilepostion (r=z- v, = 0) isdirectly proportional
totheion stopping power. Further away behind the projectile,
theinduced potential showsdamped oscillations, theso-caled
wakepotential. Thereasonfor theoscillationsinthismodel is
acollective effect. Initially electrons pile up at the center of
the ion path, and the repulsive e ectron-electron interaction
inducesan electronic motion away fromthe z-axis. Thisleads
toasignificant reduction of the electron dendity at alater time,
the electronic motion will be reversed and so forth.

In an insulator, electron recombination can be
suppressed dueto traps (localized excitonsand color centers)
and low tunneling rates. Thus, wewill describe anew model
that is complementary to the above discussed electron-gas
mode! and that should bemorereliablefor insulators. Wewill
neglect collective effects and electron recombination in our
treatment, but will account for energy dissipation of electrons
as well as the target nuclear field. Furthermore, projectile-
electron interactions beyond first order perturbation theory
will be considered, and thus, there is no restriction on the
projectilecharge.

Aswehavediscussedin detail inapreviouswork [46,
94, 95], high-energy excitations from any state of asolid as
well as excitations of strongly localized states are better
described in an atomic collision model than with an el ectron-
gas model. Here we have performed CTMC (classical-
trajectory Monte Carlo) calculations for different impact
parameters b and for each individua target shell n[15, 93,
115]. A Monte Carlointegration techniqueisusedto caculate
the time-dependent evolution of the electron density under
theinfluence of the electrostatic potential of atarget coreand
the unscreened projectile Coulomb-potential. Test calculations
for a restricted impact-parameter range indicated that the
collective screening will lead only to minor deviations. The
target field isgiven by aCoulomb potential, with an effective
charge dependent on the shell under consideration, and the
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initia electron density isgiven by amicrocanonica ensemble.
The CTMC model, similar to all other classical models of
electronic motion, does not account for long-range dipole
interactions[15, 115] that will (at least partialy) lead to plasmon
cregtioninsolids. For highly-charged particles, however, dipole
interactionsare suppressed [48]. It wasshownthat the CTMC
method yields reliable results for heavy particlesinteracting
with atoms, but failsfor small perturbationsof thetarget system
as, e.g., for fast incident protons [48].

We have modified our CTMC code to account for
€lectron-energy dissi pation in themedium: e ectronsthat move
outside the Wigner-Seitz cell of their parent nucleus are
decelerated according to a continuous slowing down model,
so that the el ectrons stop at acertain distance from the parent
nucleus. These calculations yield the densities of nuclei p*
and electrons p asafunction of timet, the radial distancer’
fromthetrack andthedistanceZ’ with respect to theprojectile
along thetrack. For non-interacting atoms of nuclear charge
Z, and atomic density p,, distributed randomly in the solid,
the averaged net-charge density reads (in a.u.)

Eo(r', Z)=2rnW, 3 pa I a0
A -0
@)
® Za
jdb bZA o™ (r',Z,tb)- S o, (r',Z,t,b)]
0 n=1

wheretheindex A correspondsto carbon and hydrogen atoms,
respectively. Thetime-dependent charge densitiesstem from
an average over 10* classica electron trgjectories for each
target shell. These trgjectories represent exact numerical
solutions of the classical three-body problem. The induced
bulk potential @, at adistance r from the center of the track,
and for thecoordinatez inthelaboratory frame of referenceis
given by

®(r,Z)=-Vsurfacs™
Bo(r',2)

tS)
V-1 (2 - 2)

ZITDT dz T dr'r’

-00 o

withz' =z-v_ [I. Thelowerlimitr,=0.6au. waschosento
exclude the charge-density contribution at the center of the
track. Thisisnecessary in order to avoid double counting of
charges, since at alater point, we will include the action of
localized atomic ionization at the center-of-track by using
atomic Hartree-Fock energiesfor agiven degree of ionization.
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The surface potential V. can be extracted from the target
potential calculated without external field (q=0). Thesurface
potential sthat have been derived from our independent-atom
CTMC chargedistributionsare 9.3 eV for PPand 23.3 eV for
graphite. A more accurate value for graphite is 24.9 eV, as
obtained from solid-state band-structure calculations[ 70, 74].

Figure 2 displays our non-perturbative theoretical
resultsfor the scaled ion-induced potentials e [¥b/q along the
z-axisfor different projectile charge-statesqin PP. Thecurves
denoted CTMC were cal culated as described above and are
subject to statistical uncertainties of about 2%. 1t isseen that
the CTMC vauesfor heavy ions are similar to the electron-
gas results near the projectile nucleus. At larger distances
behind the projectile, however, there are oscillations
superimposed on acontinuoudly rising potential that reaches
anequilibrium at avalue of about q (10 eV.

The potential minimum directly behind the projectile
position isdueto the attractivefield of theion. In contrast to
the electron-gas results, the oscillations are not related to
collective-field effects{ no collective-field effectsareaccounted
forinegs. (7 and 8)}. Instead, they are dueto charge-density
fluctuations localized near the atomic nuclel and may be
assigned to the atomic excitation spectrum. Thus, in the
electron-gas picture oscillations result from the mean
eectronicfield, andin our independent-atom CTMC model,
ogcillationsare dueto theinteraction between bound el ectrons
and the corresponding tar get nuclel.

Theequilibration of theinduced potentia in PPat non-
zero positive values corresponds to ionized electrons that
stop further away from the track. This contribution to the
induced potentia far behind the projectileand itsequilibrium
valuewill be named nuclear-track potential in the following.
Thenuclear-track potential isproportional to g? for projectile
charge-states q << 7 (not showninthefigure), anditisnearly
proportiona to qfor heavier ions[96, 100]. According tothe
discussion of egs. (2) to (5), a permanent density reduction
proportional to ¢? at the center of the ion track would be a
non-linear effect for non-localized electrons. For localized
electrons, however, thefunction f, might be closeto zero near
thetrack, so that only aquadratic g-dependenceisleft. Hence,
at least for g >> 7, the behaviour of our CTMC results far
behind the projectile is related to a non-linear effect. This
nuclear-track potential represents the main difference in
comparisonto metal targetsand it can be measured, aswill be
shown in the following section. 1t should be stressed at this
point that recombination in ametal is much faster (typicaly
10 g) thanininsulators, and correspondingly atreatment as
described above cannot be applied to collective-field effects
in metals. For metds, one ill has to rely on electron-gas
models.

271

Resultsand Discussion

Inthefollowing subsections, wewill deal with electron
gjection from (semi-) conducting amorphous carbon samples
and insulating polypropylene (PP) samples. Onemay sort the
different target types according to their conductivity: metals,
semi-metal sand semi-conductors, insulators, frozen and atomic
gastargets. With respect to electron dynamics, it isnecessary
to distinguish between excitation and transport processes.

Asdiscussedindetail by Inokuti [56], only conduction/
valence-band excitations may show significant differences
between solidsand gastargets. Inanother work it wasshown
[46, 94, 95], that even these differences disappear for high
energy excitations of conduction-band electrons. Thus, only
low-energy excitationsof weakly bound e ectronsare sengtive
to the solid-state structure.  This includes single-electron
excitationsand, of course, collective excitations (plasmons).

Concerning theprojectilescreening therearesignificant
differences between solids and gas targets. Fast projectiles
approach increased charge-states due to the high collision
frequency in solids, and correspondingly, there areincreased
excitation ratesand stopping powerscompared to gastargets,
as known from many experimental and theoretical
investigations. In a recent investigation, however, it was
shown that the collective screening inasolid may also reduce
the stopping power of intermediate- and low-energy ions|[3,
6].

The transport of electronsin solids is determined by
elagticandinelagtic scattering processes[14, 53, 78, 81, 82, 84,
92; dso, private communicationwith M. Roder, 1993]. Eladtic
scattering gains importance with increasing target nuclear
charge and inelastic scattering processes of fast electronsare
determined mainly by the density of weskly bound target
electrons. Thetransport of low-energy electrons, however, is
very sengitiveto the solid-state structure. Inmetalsand semi-
metd's, the el ectron stopping power near the Fermi velocity is
strongly reduced as a consequence of the Pauli exclusion
principle[64]. Near the Fermi level e ectron-photon couplings
and even crystal imperfections gain importance. Slowing
down in other targets is strongly influenced by the gap AE;
between the valence and conduction band. For areview on
electron dowing down in gaseoustargets, thereader isreferred
to works by Inokuti and Kimura [57, 63]. With respect to
electron gection from solids, one may distinguish between
two types of insulating material s depending on the electronic
band gap and on the electron affinity A. Those materialsfor
whichA< AE, holdstruewill lead to anincreased |ow-energy
electron gection, since el ectrons below an energy of AE -A
with respect to the vacuum level cannot loose energy via
electronic excitations. Thisrequirement isfulfilled by many
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Figure 3. Scaled total electron emission yields y/¢f for 5
MeV/uheavy ionsnear theequilibrium charge state penetrating
carbon foils under normal-incidence conditions. The
investigated target thicknesses are 3 (triangles), 20 (circles)
and 100 pg/cm? (squares). Thedatafor Z<7 (hollow circles
without error bar) have beentaken fromrefs. 33, 34].

large-band-gap materias(LiF, diamond, frozen rare gases).
Total electronyields

Electronic effects are often discussed in terms of the
electronic stopping power S, Thisis true aso for the total
electronyield y,, Someapproximate solutionsof thetransport
equations predict a proportionality between both quantities
[105,106, 110]. Fromother dectron-trangport models, it emerges
that such a proportiondlity is not self-evident and could be
only due to cancellation effects [81, 99, 104; aso, private
communication with M. Rodler, 1993]. In fact, for light
projectilesin different materials, aproportionality between S,
andy,, withvarying materia constants, wasfound for avariety
of projectilevelocities[33, 34, 65]. Significant deviationsfrom
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an S, proportionality (up to afactor of two) have been found
for heavier ionsin previousworks: with increasing projectile
nuclear-charge, thereisareduction of theratioy /S, [7, 8, 19-
21,32-34,65, 71, 83]. Thisdeviationwas proposed to bedue
toahypothetical positively charged ionization-track inmetals
that deceleratesall el ectronsand lowersthe number of emitted
electrons [19-21, 65]. In thiswork, we concentrate only on
oneprojectilevelocity (14.1 a.u.) and present datathat enable
an interpretation of the Z, dependence of the total electron
yieldsfrom Cfoils.

Figure 3 displaysscaled electron emissionyieldsfor 5
MeV/u heavy ions incident on carbon foils with their
equilibrium charge states. The results for the 8 MeV/u U%*
ions(the stopping power of U in Cat 8 MeV/uistowithin 1%
equal to S, at 5MeV/u) and 5 MeV/u Ne** ions have been
reeval uated fromtheraw dataof refs. [99, 104]. Thedatafor 5
MeV protonsin 20 pg/cny’ C-foilshave been taken fromrefs.
[33,34], and thedatafor Li and Cionshave been extrapolated
from results of the samework (open circles). Thedatafor Z=
7, 16, 18, 28 and 47 have been determined in this work.
Experimentswere performed for carbonfoil-targetsof 3 (solid
triangles), 20 (solid circles) and 100 pug/cm? (solid squares).
The scaling variable q denotes the mean projectile charge-
state. Theoretical predictions for the charge-state evolution
[85, 86] have been used to extract themean charge statein the
center of thefoil. Thus, theresults presented herediffer dightly
(typically by lessthan 15%) from preliminary published results
[96, 100], wheretheincident charge state was used.

The scaled stopping power S/qf for carbon, as has
been measured by other authors for different projectilesat 5
MeV/u[43, 45], yieldsanearly constant valuefor Z < 15. For
afew projectiles(N, Ne, S, Ni, Ag), we have also determined
the stopping power in an auxiliary experiment and find
quantitative agreement with these more accurateresults. From
Figure 3, it is clear that the scaled electron yield A /of* is not
constant and, thus, not proportional to S/q,. There is a
decrease of the scaled experimental electronyieldfor Z <15
(about afactor of 3), with atendency to approach a constant
valueat IargeZp. It should be emphasized at thispoint that we
do not agreewith thecommon assignment [ 7, 8, 19-21, 65] that
low-energy e ectrons should be suppressed by ahypothetical
positively-charged ionization-track, being a cylindrical trap
for electrons.

As discussed in section 3, we expect dominant
repulsivefields (@ < 0) directly behind the projectile and not
atractiveones[39, 40,67, 80]. Fest eectronswill beacceer ated
by the collective potential, and low electrons are influenced
by therapidly oscillating fieldinthe case of metals. Thus, the
proposed decel eration of electrons, dueto apositivenet charge
at the center of thetrack [19-21, 65], isincons stent with the
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electron-gas theory of metals [39, 40, 67, 80]. Since the
oxtillating fieldsarenotincludedinthetrack model of Borovsky
and Suszcynsky [19-21], it should not bevalid for metals.

Furthermore, thismodel predictsthe electronyieldy,
to be proportional to ¢? - ¢ [gy* for smal values of g, whereas
thefitsin Figure 3 (an exponential plusalinear term) indicate
acp - c [P relation, with amaterial dependent constant c. This
isanindication for an effect from second order perturbation
theory, similar to the Barkaseffect for stopping powers, and it
might berelated to asuppression of plasmonsand low-energy
electrons during the primary excitation process. It is noted
that recent experiments by Y. Yamazaki et al. (private
communication, 1996) for 5MeV/u i+ and - bombardment of
a10 pg/cm? carbon foil might bein contradiction with our fit
curvesat small g. Theu* and - coincidence datafor single-
electron gection areidentica to within 2%, but from Figure 3
one would expect significantly enhanced electron yields for
| projectiles.

The thickness and charge-state dependence of the
datafor Z,>15 has been discussed in detail previously [96,
100]. Theobserved differencesare dueto the gection of fast
electrons that can penetrate the whole foil. These electrons
arefavorably produced by strongly screened heavy ions, such
as Use,

Auger-electron emission

Themaodification of solidsby fast highly chargedions
may be dueto high ionization densities near the center of the
track. In practice, one would like to get quantitative results
concerning primary ionization probabilities. This enables
estimation of the maximum local ionization density near the
track. Furthermore, it is possible to extract from such data
whether there is a continuous ionization track or not. The
integral number of inner-shell vacancies produced near the
track can be determined from X-ray- or Auger-spectra
observed in backward directions. The number and energy of
o-electronsgected in backward directionsislower thaninthe
forward hemisphere. Thus, &-electron-induced inner-shell
ionizationislesslikely to occur [98] at the beam-entranceside
of the fail, and thus, vacancies are produced directly by the
ionand near the center of thetrack. Nearly 100% of al inner-
shell vacanciesof carbon atomsdecay viathe Auger-process.
Correspondingly, we have analyzed the target-Auger spectra
for different projectiles. The integral cross sections are
determined mainly by large-impact-parameter collisions (as
compared to the shell radius) and yield noinformation on the
ionization probahilitiesin violent encounters. Retiosof double-
to single-ionization cross sections, however, are sensitive to
theionization probahilitiesin central collisonsaswill beshown
inthefollowing.
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Figure4. Retioof doubletosngleK-shell vacanciesin carbon
versus projectile charge state g. The solid line is obtained
from the independent electron model and the Magnus
gpproximation.

Figure4 displaystheratio of double- to single-K-shell
ionization cross sectionsin collisions of highly charged ions
at 5 MeV/u with carbon atoms in an amorphous carbon
environment. Itisnoted that Smilar resultshave been obtained
from the carbon Auger-spectra of polypropylenetargets (see
Fig. 1). We have used two methods to determine the cross
section ratios from the K'VV Auger intensity at E = 253 eV
andfromthe K2/ V intengty at anenergy of E= 305 eV, yielding
Smilar results:

o™ _ Nm(K?W) S.(E(K?W))

0" Nm(K'W) So(E(K*WV))
< Ni(KW) A(E(KIWV))
Ni (K2W) A(E(K2WV))

©

Here S, isthe electron stopping power at the energy E and A
is the corresponding €lectron escape depth. N, isthe yield
determined fromanintegral over theAuger lineand N _isthe
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Figure 5. Experimental Auger-energy reduction and the
corresponding prediction of thetrack model (shaded area) as
a function of the projectile equilibrium-charge-state. Also
shown is the bulk track-potential including quantum and
collective-field correction (dotted curve).

maximum line intensity, in both cases after background
subtraction. Experimentshave been performed for el ectrons,
N, Ar and Ni inthiswork and previoudly also for U ions[99,
104] at about the same projectile vel ocity.

In an independent electron model (IEM) within first
order perturbation theory, one expects a* to be proportional
to ¢? and 0% to g*. Thus, theratio should behaveas?. This
is not the case, as can be seen from Figure 4. Already the
vauefor Ar projectilesisabout 25% |ower than expected from
the scaled N result. Furthermore, for Ni and U ions, thereis
clearly asaturation of thecrosssectionratio. Thesolidlinein
thefigureisatheoretical result, calculated within the Magnus
gpproximation [87, 88, 119] for numerica wave-functionsbeing
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Figure6. Convoy-electron spectrafor 5MeV/u S** + carbon
foils at thicknesses of 3 (open circles) and 20 pg/cm? (solid
squares). Thedashed curveisthe convoy-electron peak which
isobtained from akinematic transformation. Thedotted curve
shows the projectile Auger-pesks which are obtained from
calculated Coster-Kronig transition energies. Thesolid curve
showsthe sum of both contributions, plus an estimate for the
contribution dueto fiel d-ionized Rydberg el ectrons.

eigenstatesof aspherically averaged solid-state potential [48,
94, 95]. It is still based on the IEM, but goes beyond
perturbation theory.

Thereisaquditativeagreement between thetheoretical
results and the data, the saturation values being the same.
Theionization probabilitiesin the Magnus approximation are
closeto 100% at small impact parameters (corresponding to
250%infirst order perturbationtheory) for al shellsin5 MeV/
uAr® + C collisions and also heavier ions. Exactly these
high ionization probabilities |ead to the saturation observed
inFigure4. Thisclearly isanon-linear effect, anditisclosely
related to the fact that the nuclear-track potential scales
quadratically with the projectile chargefor light ionsand only
linear for heavy ions (CTMC in Fig. 2). The overestimated
double-ionization cross sections for small g in Figure 4 are
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known from investigations of ion-atom collisions. They are
due to the neglect of dynamic screening and electron
correlationinthedoubleionization process[111, 112]. Taking
thisfailure of our model resultsinto account, we estimate that
thereiscompleteionization of theK - aswell astheL -shell of
carbon in central collisions with projectiles of charge-states
g> 24 (indicated by anarrow in Fig. 4). For uraniumions, we
expect acylindrical volumewith adiameter of 1A around the
ion path to be completely ionized.

In a previous work, we could show that there is a
strong influence of the nuclear-track potential on the energy
of emitted Auger electronsin5 MeV/u Ne* interactionswith
PP and mylar foils[96, 100]. The positive net chargein the
center of the track may survive long enough to decelerate
Auger electrons, and corre-spondingly microscopic Auger-
energy reductionsof up 45 eV, with respect to carbon samples
or carbonized PP samples, have been observed. Here we
present measured Auger-energy shifts for N7+, Ne>, Ari6*
and NiZ* ionsat 5 MeV/u aswell astheoretical results from
our CTMC modd!.

The bulk track-potential as derived from egs. (7) and
(8), at positions asymptotically far behind the projectile, has
been corrected for collectiveeffects (areduction of the potential
by uptoafactor of 2 for q>> 5) and for quantum mechanical
dipole contributions (an increase of the potentia by up to a
factor of 2 for g << 3) [96, 100]. It is emphasized that this
determination of the nuclear-track potential (including non-
perturbative and quantum effects) goes far beyond all track-
potential modd sthat areknowntous[1, 19-21, 61, 79, 96, 100].
Inmost of these models, theimpact-parameter dependence of
ionization, quantum effectsaswell asnon-perturbative three-
body effectshave been neglected. Inthetheoretical description
of thetrack potential, asdiscussed sofar, acertain region near
the center of the track was excluded. Thiswasdonein order
toincludethe effect of multipleionization of the” Auger atom”
inamorerefined way. It leadsto an Auger-energy shift that
was estimated from theoretical outer-shell ionization
probabilities[47, 91, 101] and from the corresponding atomic
Auger-energy reductions of about 8 eV per outer-shell
vacancy, obtained from thework by Schneider et al. [102].

Figure 5 displays our measured Auger-energy
reductions together with the predictions of the above
described track mode asafunction of the projectileequilibrium-
charge-state. TheAuger-energy shifts have been determined
for suchlow fluencesthat the surface stoi chiometry, extracted
from the Auger intensities, is about equal to the bulk
stoichiometry of unirradiated PP. All datahave been obtained
for Auger emissionfromthebeam-entrance side of thesample,
and correspondingly theAl layer was evaporated on the other
side. Theseexperimental data are corrected for macroscopic

275

charging of the samples, contrary to the previously published
values [96, 100]. The theoretical bulk track-potential is
displayed as a dotted curve and includes the corrections for
collective effects and dipole contributions, but not the
enhancement due to the increased ionization density at the
“Auger atom.” Theshaded areamay directly becomparedto
theexperimenta Auger results. Thelower limitisdetermined
for Auger electrons from deep inside the bulk, and the upper
limit of thisareacorrespondsto the expected energy shiftsfor
Auger emission from the surface (the value of the bulk
potential isreduced by afactor of 2 at the surface).

The experimental data for light projectiles (N and
Ne*) arein good agreement with the theoretical expectation.
For heavier projectiles (Ar'®* and Ni%*), the shift is
significantly lower than the bulk track-potential. For these
ions, with g > 10, one cannot predict Auger-energy shiftsin
PP with a model that neglects electron recombination. For
such high projectile charge-states, thereareinitialy morethan
two outer-shell vacancies in the carbon atom; and an Auger
decay isimpossible with less than two outer-shell electrons.
Hence, two electronshaveto berecombinedin order to alow
an Auger decay. The Auger-energy shift for g > 10 islower
than the maximum shift in the shaded area. Thismight bean
indication for aslow recombination that occurs sequentialy,
either from the outer part of track or along thetrack.

From the measured data, we can put limits on the
recombination timein thetrack, sincetheAuger decay repre-
sentsaclock. Fromthe agreement between model resultsand
experimental datafor N and Ne, onemay estimatethat there-
combinationtimesin PPwill exceed 15fs(femtoseconds, 10
), Thus, therecombinationin PPisslow compared to Auger
decay times. A similar estimate of the recombinationtimeis
not possible with the datafor g > 10, without any further in-
formation on the recombination behaviour. Alsoitisrecalled
that the Auger decay isimpossible (the clock is stopped) as
long as there are less than two outer-shell electrons near the
carbon nucleus. If therecombinationisvery slow for g > 10,
thereisanother processtofill theK vacancy, namely radiative
decay. Such adecay, if it isimportant, would reduce the ab-
soluteAuger intensity. Furthermore, theratio of K2VV/KVV
Auger emissionwould bereduced by about afactor of 2. This
ratio, however, issimilar for PP and amorphous carbon, and
the absolute Auger yield from PP compared to carbon is
consistent with the different stoichiometry (to within an
uncertainty of 20 to 30%). Hence, from theoretical radiative
decay rates, we can put an upper limit of 10 ps (picoseconds,
102) on the recombination timein polypropylene.

Convoy-electron energies

At an electron gjection angle of 0° with respect to the
beam and for avelocity equal to the projectile speed, a cusp-
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shaped peak appears in the spectrum of gected eectrons.
For bare projectiles, the peak can be assigned to the so-called
Electron-Capture-to-the-Continuum (ECC) process[ 35, 68, 89],
where atarget electron is captured into a continuum state of
theprojectile. For projectilescarryingloosely bound el ectrons,
acompletely different process, namely the Electron L ossinto
theprojectile Continuum (EL C), leadstoasmilar pesk structure
[24, 113, 120]. Here projectile electrons are ionized at low
energy transfers due to the interaction with screened target
atoms. Both processes have been investigated intensively
for gastargets[9, 22, 23, 69] and asmilar peak, named convoy-
electron peak, was also found for solid-state targets [51].

Figure 6 displays the convoy peak a an energy of
about 2740 eV for 5 MeV/u S** ions penetrating carbon foils
of 3and 20 ug/cm?. Itisnoted that the spectrum for thethicker
foil hasbeen shifted in energy, todlow for the projectileenergy-
lossin the foil. The convoy peak is dominated by the ELC
[90], anditisasoinfluenced by the ECC process, but collective
effects[38] areunlikely to contribute significantly totheyield.
Electrons that move with the projectile inside the solid are
subject to arandom walk under theinfluence of the attractive
projectile potential as well as different interactions with the
congtituentsof themedium [26, 28, 75]. Incomparisontofree
electrons, convoy electrons travel for extended periods of
timeinthe0° direction[26, 28, 75, 97].

In general, the cusp peak is an effect of the attractive
projectile Coulomb-potential of positively charged heavy
particles. It may, however, aso beviewed asakinematic effect:
if there is no significant post-collision interaction with the
target and a non-vanishing energy distribution around zero
kinetic energy intheprojectileframe (thisisalso anindication
for attractive potentials), the kinematic transformation of
energy interval and solid anglefrom the projectileframeinto
the laboratory frame of reference will aways lead to a pole
exactly at the projectilevelocity [36, 44]. Near itsmaximum,
the shape of the measured peak is then only determined by
the energy resolution and solid angle of the electron
spectrometer. Such a simulated convoy peak is shown as
dashed linein Figure 6 [121]. After itsdiscovery, the convoy
electron pesk was assumed to coincide exactly with the
projectile velocity. Only recently, it was found that convoy
electrons may be accelerated dueto the interaction with the
projectile image-potential in glancing ion/metal-surface
collisons[52, 76]. Thefirst evidence for aconvoy-electron
acceleration under normal-incidence conditions has been
presented recently for 5 MeV/u heavy ions interacting with
carbonfoils[121].

The experimental spectrum can be decomposed into
three parts, which are convoy electrons (dashed curve),
projectile-Auger electrons (dotted lines), and field-ionized
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Rydberg-electrons, respectively. The asymmetry of the
experimenta spectrumincomparison to the smulated convoy
spectrum is ascribed to the contribution of Rydberg states
ionized by the electrostatic field of the tandem spectrometer
near theentrance dit of thefirst spectrometer stage[103]. The
Rydberg spectrum enhances the intensity of the convoy
spectrum on the high-energy side. Accordingly, aleV energy
shift of the experimental peak position may beinduced.

The structures superimposed on both shoulders of
the convoy-pesk are recognized asthe spectrum of projectile
Auger gtates, which lead to 1s2pnl (n>9) — 12sel’ Coster-
Kronigtransitions. Each peak inthe projectileframeappears
twice in the laboratory frame, since the dow Coster-Kronig
electrons are gected in the forward and in the backward
direction with respect to the fast moving projectile [59, 60,
112]. Under the assumption that the projectile velocity is
equal to the convoy velocity, the pesks positionsin Figure 6
have been determined from configuration-interaction Hartree-
Fock energies[49].

A closer examination of Figure 6 shows that the
theoretical predictionfor the Coster-Kronig linepositionsis7
eV too highin al cases. It isemphasized that the projectile
Coster-Kronig-electrons are emitted, in case of the 3 ug/cm?
fail, far behind theexit surface of thefail, sincethe penetration
of thefail takes only atime of about 18 a.u., which is much
shorter than typical Auger transition-times. This means that
the Coster-Kronig lines are not influenced by any solid-state
potential and allow a determination of the final projectile
velocity [59, 60, 112]. Thus, we conclude that the convoy
peak energy is7 eV higher than the value expected from the
fina projectile velocity. This method of determining of the
convoy energy shift relative to the projectile velocity is
denoted Auger method. It has originaly been applied by
Yamazaki and Stolterfoht to the analysis of convoy-energy
shifts, but no significant effect wasfound for two investigated
ion-solid collision systems[122; al so, private communication
with Y. Yamazaki and N. Stolterfoht]. Another method of
determining the convoy-energy shiftisthe solid/gasmethod.
Here the convoy peak position is measured for a gas target
(no surface potentials) as well as for foils of different
thicknesses[121]. Extrapolationtozerofoil thicknessdirectly
enables a comparison with the gas results, showing the
influence of solid-state potentials on the convoy energy
(resultsobtained with both methodsare plotted in Fig. 8, which
is discussed later).

Figure 7 shows the peak energy of convoy electrons
for 5MeV/uNiZ* ionspenetrating PPfoil swith the evaporated
Al layer inbeam direction (squares) and oppositeto thebeam
direction (circles). Two different sampleshave been used for
each of the two geometries, and the accuracy of the energy
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Figure?7. Peak energy of convoy electronsfor 5 MeV/u Ni%
+ PP foils versus fluence. The upper data set (squares) was
takenfor theAl film, and thelower dataset (circles) for the PP
surface toward the 0° spectrometer. The dotted lines arefits
to the data

determinationsisabout 2 eV. It isseen that the energy of the
convoy peak increaseswith increasing fluence. For the upper
curve, our measured convoy-energy changes are consistent
with the projectile-energy results obtained with a surface-
barrier detector and also with the interpolated energy losses
fromrefs.[13,43, 123]. Carbonization of the PPfail leadstoa
reduction of the foil thickness, and correspondingly, to a
reduced projectileenergy-loss. Thisgivesrisetoanincreased
final projectileenergy.

Thelower curve, however, isinfluenced by additional
solid-state potential sthat vanish in thelimit of high fluences.
This behaviour is determined by the electron-recombination
propertiesof PP, which changedrastically with fluence, again
as aresult of carbonization. Asdiscussed in Experimental
M ethodsthereisamacroscopic charging-up at the PP surface
of about +9 V. Such amacroscopic charging canonly explain
40% of the observed deviations between the Al and the PP
measurements. Thus, themeasured shiftis, to alarge extend,
also of microscopic nature and reflects a single-track
phenomenon. The absolute microscopic energy shift for PP
may be deduced from theknown macroscopic charging AV
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lineisafittothedata. The convoy-energy shift for PP (open
square) is obtained from Figure 7 via the surface/surface
method.

and the microscopic shift AE(T) for aconducting target T as

AE(PP) = AE(A) + AE, - AV, (10)
where AE___isthe measured energy difference between PP
and Al surface, asit can be obtained from Figure 7. For Ni%*
ionsan auxiliary comparison of convoy electronsfromthin C
and Al targets has shown that AE(Al) = AE(C), to within
0.5 eV. Thus, wereplace AE(AI) by theknown vauesof AE(C).
Thismethod of determining absol ute microscopic energy shifts
for thick foilswill be named sur face/surfacemethod, sinceit
isbased on acomparison of the two surfaces of asample.
Figure 8 displays the cusp-energy shifts, relative to
the energy of electronswith projectile velocity, asafunction
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of the projectile atomic number Z . For most projectileions,
we have used the solid/gas method (open circles), and in
those cases where significant Coster-Kronig lines are
observable, we have applied theAuger method (closed circles).
For NiZ* ions, both methods were used, and the results are
consistent with each other. It is seen that there is an
acceleration of convoy eectrons for the amorphous carbon
target. This acceleration decreases significantly for heavier
ions. Thesolid lineisthedynamicimage potential induced by
theion aswell asby theconvoy electron[25, 39, 80]. Itsvalue
isproportional to q -1, whereq isthe mean projectile charge-
state after the passage of thefoil. Contrary to the results for
carbon foils, the measured microscopic energy shift for PP
(open square), determined with the surface/surface method at
low fluences, corresponds to a deceleration of convoy
electrons.

Previoudy, weperformed aprdiminary surface/surface
analysis of results for polycarbonate (PC) foils too, where a
convoy deceleration of 35+ 7 eV wasmeasured for NiZ* ions,
and the macroscopic charging was assumed to be small
comparedtothisvalue[121]. Usingeq. (1) todetermineV __,
however, we find a charging of nearly 30 eV for PC in
comparisonto9eV for PP. Sincethe uncertaintiesadd upto+
12 eV for PC, it is not possible to give reliable results for
polycarbonatefails.

Burgdorfer and coworkers have shown that the main
features of convoy electron production and transport can be
incorporated in aclassical transport model [26-28, 75; a <o,
private communication with J. Burgdorfer, 1995]. However,
the corresponding Monte Carlo calculations are very time-
consuming and, hence, it is not feasible to perform such
calculations for our collision systems with low convoy-
electronyields[27; private communicationwith J. Burgdorfer,
1995]. Inapreviouswork, wehaveperformed smplified Monte
Carlo calculationsfor the penetration of aprojectile-centered
charge cloud, represented by a statistical electron ensemble,
through asurface step-potential [121]. Wehaveused asudden
approximation to describe the influence of the rapid passage
through the surface-potential step on the electrons, and the
final electron-momentum distribution incorporates the
interaction with the highly charged projectile behind the
surface. With realistic values for the potentia (taken from
refs. [25, 39, 80]) and for theradia extension of the convoy-
electron distribution, we have computed acusp shapesimilar
as depicted in Figure 6, but without any significant energy
shift. Only for potentials exceeding afew hundred eV or for
radia extensions exceeding 50 a.u. at the surface, we found
significant changes of the peak structure and also a shift of
the cusp position. Hence, short-range potentials, as applied
here, do not haveasdgnificant influence on the convoy-€lectron
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energy for the investigated cases.

Thus, we conclude that the long-ranging image
potential of carbonisresponsiblefor the convoy acceleration
displayedin Figure8. Thereduction of thisaccelerationwith
increas ng projectilechargeisanindication for thecompetition
between projectile charge and induced image charge. A
qualitatively similar argument is. the formation of the cusp
structure appears further away from the surface for heavier
ionsand, hence, theinfluence of surface potentialsisreduced.
It isemphasized that aso non-linear effects might comeinto
play. Thefinite electron density at the surface aswell asthe
electron-electron repulsion can lead to a saturation of the
image potential. A reduction of the potential with increasing
projectile charge, however, seemsto be not conceivable.

For the polypropylene target, the nuclear-track
potentia induced by highly-charged projectilesislikely to be
the reason for the observed shift. This potential is expected
tobeabout +100eV inddethebulk for 5 MeV/uNi®* projectiles
(see Fig. 5). The resulting convoy-electron deceleration at
thePPsurfaceisonly 8 eV, ascan be seenfrom Figure 8. We
have found significant convoy-electron energy-shifts also
for other projectiles, and the corresponding experimental
results will be evaluated and published soon.

Conclusions

We have measured thetotal yield of e ected electrons,
and we have investigated convoy, aswell as C-KLL Auger,
electrons for different heavy ions penetrating foil targets at
5MeV/u. Forthetota yield of electronsgjected from carbon
foils, we found clear deviations from the assumption of a
proportionality with respect to the el ectronic stopping power
of the projectile ions. It is noted that there are a few
investigations in which such deviations from the assumed
proportionality have been assigned to a hypothetical
positively charged center of thetrack inmetas[7, 8, 19-21, 65].
Such an assignment, however, is in contradiction with the
electron-gas theory. Furthermore, our non-perturbative
independent-atom cal culations show that there is a negative
net chargedirectly behind the projectile, evenfor aninsulator.
Thus, we expect the behaviour of the electron yieldsfor Z <
15 to reflect a suppression of the ion-induced production of
plasmons or low-energy electrons in the primary excitation
process.

We have performed a systematic experimental and
theoretica study of the C-KLL-Auger-energy shift induced
by the transient nuclear-track potential in PP targets. We
have presented anionization-track model that includesanon-
perturbative description of the electronic motion, collective-
field aswell as quantum corrections, and we find very good
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agreement with our experimental data. From the uncertainty
of the measured shifts for N and Ne projectiles, we could
estimate that the recombination timein PP will exceed 1.5 x
10 s. From the measured C-KLL Auger intensities, for PP
and C foils in the case of Ar*®* and Ni®** ions, we conclude
that fluorescence plays no significant role. Therefore, the
recombination timewill bebelow 10 s,

Additional Auger-pesk determinations for incident
electronsand heavy ionson carbon foilshave been performed.
These measurements indicate that the electronic
recombination timeis below 1 fsfor this material, since we
found no Auger-energy shift to within the experimental
uncertainty of £ 0.5 eV. Thisiscons stent with arecombination
timeof 0.1fs, asestimated for an electron gas.

These Auger results do have some consequences for
ion-induced material modifications:

(1) Our results for carbon foils show that thereisa
fast recombination. From the calculated time-dependent
potentials, we expect arestricted Coulombimplosion and not
an explosion [66] to occur in metals. At 5 MeV/u, the
corresponding energy transfer will be less than 0.2 eV per
atom evenfor U projectiles.

(2) Highinner-shell ionization probabilitiesand even
double-K-shell vacancies have been found in this work.
Correspondingly, long-lived inner-shell vacancies (10* s) and
the corresponding antibinding states may have someinfluence
on modificationsin PP aswell asin amorphous carbon. The
corresponding energy transfer may exceed 5 eV per atomina
narrow cylinder around the path of highly charged projectiles.

(3) For the polypropylene target, we find a
recombination timebetween 15 fsand 10 ps. Thus, for heavy
projectiles, Coulomb explosion will be important in this
insulator, and the maximum energy transfer to the atoms near
tothetrack canby far exceed energiesof 50 eV (protonsmight
even be accelerated by nearly thefull track potential). Atthe
surface, the nuclear-track potentia is reduced by a factor 2
compared to the bulk value, since the atomic density
corresponds to 50% of the bulk density. Furthermore, for
dower projectiles(<< 5 MeV/u), weexpect lesseffectivecharge
separartionsin the track and reduced track potentials. Thus,
we estimate the energy of the fastest protons, desorbed due
to Coulomb explosion, to beroughly 30 eV, in agreement with
recent experimentsfor theinteraction of fission productswith
different organic compounds[118]. Convoy-€l ectron spectra
for 5 MeV/u highly-charged ions penetrating carbon and
polypropylene foils under normal incidence have been
investigated experimentally. In the case of carbon fails, we
have observed convoy-electron accel erations between 0 and
6 eV with respect to the projectile speed. Two different
experimental methods have been applied for the determination
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of the projectile velocity and both give consistent results.
Themeasured shift for carbontargetsismost likely duetothe
long-range part of the dynamic surface-wake potential (image
potential).

Contrary, for polypropylenefoilswefind decel erated
convoy eectrons (8 + 3.5 eV for 5 MeV/u NiZ* projectiles).
Thisenergy decrease seemsto berelated to thedynamic track
potential that isformed during the el ectron/hole-pair creation
near thesurface. At present, itisnot clear whether the observed
energy shift for carbon as well as for polypropylene can be
disentangled into separate contributions from the solid-state
potential and from the projectile potential, or whether the
polarization due to the simultaneous action of both fields
cannot be separated.
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Discussion with Reviewers

R.Baragiola: Youmention Coulomb explosionsand thermal
spikes as the two ways to convert electronic excitations into
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theatomic motion needed for meterial modification. How likely
are those mechanisms compared to direct excitation or
dissociationin singleevents? Thesedirect mechanismscause
chemical changes like decoloration and decomposition even
for impact of ultraviolet light, and weakly ionizing el ectrons
and protons.

Authors. For small projectile charges and aso for single-
photon excitation, we expect Coulomb explosion and thermal
spiketo beof noimportance. For heavy projectiles, however,
both mechanisms may strongly exceed the material
modification rates due to direct mechanisms. In fact, for
polypropylene, we have observed a threshold effect in the
carbonization rate (foil thickness changes) for projectile
charges near Z,=10. For thismaterial, we see no indication
for direct mechanisms (which shouldyield aZp2 scaling). Itis
noted that the situation is different for other materids; there
are even polymerswhich do not show any threshold effect in
the carbonization rate.

R. Baragiola: In the discussion of convoy electrons, you
consider the image interaction with the surface but not the
Coulomb interaction with the many low energy secondary
electronsgected by the sameion, which may be of comparable
magnitude. What do you think would be the effect of the
space charge created by these low energy electrons?
Authors: For heavy projectiles, we expect the number of
gjected low energy secondary electrons near the track (about
15% of thetotal electronyield) to exceed theprojectileimage
charge. The corresponding space-charge potential, however,
will bereduced by afactor vp/4ve duetotheimage potential of
the gjected electrons. Thus, we estimate a 40% contribution
to the total potential for Ag®™* projectiles and less then 10%
for N projectiles. Unfortunately, there seems to be no
quantitativemodel for thetotal dynamic potential that includes
the space-charge effect.

R.H. Ritchie: A question that might be addressed by the
authors has to do with their theoretical model of electron
transport following g ection from an atomic site by ahigh Z-
ion. Itisstated that such electrons are assumed to slow down
continuoudly (the “csda’) until they come to rest. How are
they treated following this? The central track region becomes
highly charged according to theresultsdisplayedin Figure 2;
itisconceivablethat very strong accel eration toward the center
of the track, and even avalanche formation, could take place
after electrons are stopped in the solid.

Authors: In contrast to the electron-gas picture, we assume
these electrons to be trapped and to stay at rest. Of course,
this assumption can only be valid for particular materials
(insulators). The acceleration toward the center of the track
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may giveriseto an avalanche, but thefield can also stabilize
trapped eectrons. Our experimental resultsfor polypropylene
aswell asearlier measurementswith mylar targets, however,
point to existence of long-lived trapsfor these materials.



